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v

Over the past decade a major paradigm shift has taken place, from studying disease  resistance 
in plants to investigating the roles that plant pathogen effectors play in suppressing, trigger-
ing, or otherwise manipulating plant defenses. Effectors are secreted proteins or other 
molecules that can act either inside or outside plant cells. Many effectors are thought to be 
required for suppressing Pattern-Triggered Immunity (PTI), the front line of inducible 
plant defense. However, they can also be the targets for resistance proteins, leading to the 
activation of Effector-Triggered Immunity (ETI), making them central players in dictating 
the outcomes of plant–pathogen interactions. Effectors and their functions are being stud-
ied in their own right. However, they are emerging as major tools to dissect host defense 
pathways and as primary targets to develop new screens for host disease resistance genes. 
Effectors may also play other important roles in determining the success of a pathogen that 
are not necessarily related to suppression of host defenses. For example, effectors may be 
important for manipulation of the host metabolism to provide food to the pathogen. This 
is the case for the biotrophic plant-parasitic nematodes, which need to induce the forma-
tion of large and complex feeding structures in order to obtain nutrients, but is also likely 
to be true for other plant pathogens.

The past 3 years have seen an explosion in available plant pathogen genome sequences, 
revealing the blueprints for host interactions and the repertoires of effectors needed to 
overcome host immunity. Increased access to high-throughput sequencing platforms 
means that this pattern will continue and that generating genome and transcriptome 
sequences, and all the subsequent benefits of access to functional genomics approaches, 
will be achievable for most pathogens. Genomics has driven effector searches in eukaryotic 
pests and pathogens (such as fungi, oomycetes, nematodes, aphids). New bioinformatic 
methods for genome assembly, annotation, comparison and mining have emerged, indi-
cating the phenomenal dynamics in genome evolution, and flooding labs with effector 
candidates to study interactions and functions. Chapter 1 (Cock and Pritchard) describes 
a Galaxy platform and workflows to identify candidate effectors from genome sequences, 
and Chapter 2 (Reid and Jones) describes approaches to identify effector candidates from 
expression data, applied to nematode pests. Chapter 3 (Saunders et al.) presents methods 
to analyze and visualize genome architecture, indicating gene-rich and -sparse regions. It 
allows researchers to portray patterns of gene expression, nucleotide polymorphisms, and 
the relative locations of effector candidates in the context of overall genome architecture. 
Chapter 4 (Pritchard and Broadhurst) takes a timely and cautionary look at the statistics 
of candidate effector prediction, and provides strategies to assist in improving design and 
evaluation of effector classifiers.

New cell biology approaches have been developed to image the molecular processes 
underlying plant–pathogen interactions. Chapter 5 (Beck et al.) presents a high- throughput 
method to visualize the earliest stages of PTI and, in particular, to quantify the dynamics of 
endocytic trafficking following activation of pattern recognition receptors. Cell biology is 
also an increasingly important tool to study effector delivery, subcellular localization, and 
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interactions with host target proteins. In Chapter 6, Boevink et al. describe the use of bimo-
lecular fluorescence complementation to study in planta interactions, or close proximity, 
between pathogen effector proteins and their “target” proteins in the host cell. Chapter 7 
(Takemoto and Jones) describes a rapid procedure for particle bombardment-mediated 
transient expression of fluorescently tagged proteins in leaf epidermal cells. This procedure 
is applied to investigate subcellular localization of resistance proteins, and to identify associ-
ated targeting signals. The method also lends itself to detection of pathogen effector pro-
tease activities directed against target proteins in the plant cell and analysis of protease 
recognition sites within these target proteins. In Chapter 8 (Garnica and Rathjen) a method 
is presented for rapid purification of fungal haustoria, structures from which effectors are 
delivered inside plant cells. They describe a new technique which combines initial gradient 
purification of haustoria with flow-sorting based on labeling of haustoria with fluorescent 
Concanavalin A.

To study effector functions, methods have been developed to mutate them, or manipu-
late their expression, spawning techniques to study the effects of such changes on both host 
and pathogen performance. Chapter 9 (Elling and Jones) describes the use of RNA inter-
ference (RNAi) to knock down the expression of specific effector candidate genes in plant- 
parasitic cyst and root-knot nematodes in order to investigate their impact on host 
interactions. Plant-mediated RNAi is described in Chapter 10 (Coleman et al.) as an 
approach to knock down expression of candidate effectors in aphids, and Chapter 11 
(Rodriguez et al.) presents a method to identify effectors that, when transiently expressed 
in planta, have an impact on aphid performance. Chapter 12 (Tomé et al.) provides a 
method to quantify colonization of plant material by an obligate biotrophic oomycete 
(Hyaloperonospora arabidopsidis; Hpa) pathogen, which lends itself to evaluation of the 
contributions of Hpa effectors to pathogenicity. Chapter 13 (Ayliffe et al.) describes a gen-
eral approach to quantify fungal colonization (applied to the wheat pathogen Puccinia 
graminis f.sp. tritici), based upon the specific binding of the plant lectin wheat germ agglu-
tinin to fungal chitin.

New methods are presented to study the functions of defense-associated proteins in 
plant hosts. Zhang and Thomma (Chapter 14) describe the methodology for Tobacco rattle 
virus (TRV)-based VIGS in Nicotiana tabacum. Following coexpression of the tomato 
immune receptor Ve1 and the corresponding Verticillium effector Ave1 they show how the 
VIGS approach can be used as a rapid system for assessing the requirement of candidate 
plant genes for Ve1-mediated immune signaling. Hong and van der Hoorn (Chapter 15) 
describe the use of “click-chemistry” to profile serine hydrolase activities in the apoplast of 
Nicotiana benthamiana challenged with Pseudomonas syringae p.v. tomato DC3000.

There is considerable interest in finding host targets of pathogen effectors as this helps 
to develop an understanding of how these proteins promote host susceptibility and disease. 
Steinbrenner et al. (Chapter 16) present a rapid co-immunoprecipitation protocol to iden-
tify effector–host protein complexes in planta. To explore the roles of effectors in suppress-
ing the earliest events in PTI, Fraiture et al. (Chapter 17) describe a medium-throughput 
method to identify effectors that prevent activation of mitogen-activated protein kinases 
and upregulation of early marker genes in tomato mesophyll protoplasts.

As effector targets are identified, and effector functions are revealed, structural 
analysis of effectors in relation to function is an emerging area aimed at determining 
the detailed molecular basis of how these proteins manipulate host processes. Hughes 
and Banfield (Chapter 18) present a medium-throughput protocol for expression testing 
oomycete RXLR effectors in Escherichia coli, followed by methods to purify and 
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crystallize soluble effector protein. The methods help investigators to fully assess E. coli 
as a host for soluble protein production before considering alternative hosts for heterologous 
protein expression.

Effector availability has spurred the development of new approaches to screen for dura-
ble disease resistance genes in host plants. This, in turn, has promoted the conception of 
techniques to rapidly accelerate R gene discovery. Du and Vleeshouwers (Chapter 19) draw 
on their extensive experience of “effectoromics” in recent years to share tips, do’s, and 
don’ts of effector transient expression in host germplasm to seek responses indicative of 
ETI. Kanzaki et al. (Chapter 20) describe a rice protoplast cell death assay to identify can-
didate effectors based on their avirulence activities from Magnaporthe oryzae, and Upadhyaya 
et al. (Chapter 21) present the use of a bacterial type III secretion system to assay the func-
tions of, and responses to, fungal effectors in cereals. Finally, Jupe et al. (Chapter 22) detail 
the use of “capture arrays” to annotate resistance genes in plant genomes, and to accelerate 
the discovery of resistance genes in combination with bulked segregant analysis.

In conclusion, this volume covers a breadth of new techniques (bioinformatics, cell 
biology, protein structural, biochemical, and functional assays) developed to identify and 
characterize effectors and to study their impacts on host immunity and their role in patho-
gen biology. It presents protocols to identify avirulence and resistance genes and new meth-
ods to investigate the roles of effector targets and other defense-associated proteins in plant 
immunity.

Dundee, UK Paul Birch
John T. Jones

Jorunn I.B. Bos
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Chapter 1

Galaxy as a Platform for Identifying Candidate  
Pathogen Effectors

Peter J.A. Cock and Leighton Pritchard

Abstract

The Galaxy web platform provides an integrated system for its users to run multiple computational tools, 
linking their output in order to perform sophisticated analysis without requiring any programming or instal-
lation of software beyond a modern web-browser. Analyses can be saved as reusable workflows, and shared 
with other Galaxy users, allowing them to easily perform the same analysis or protocol on their own data.

We describe example Galaxy workflows for the identification of candidate pathogen effector  proteins. 
Our main example focuses on nematode plant pathogens where signal peptide and transmembrane predic-
tion tools are used to identify predicted secreted proteins.

Key words Effectors, Workflow, Pipeline, Galaxy, Classification, Bioinformatics, Sequence analysis, 
Genomics, High-throughput screening

1 Introduction

Computational biology enables higher fidelity sharing of reusable 
protocols than a human readable written description of the method 
in a scientific paper. A computer program or script in itself can define 
the method completely and is easily and unambiguously shared.

Much exploratory bioinformatics analysis is done on an ad hoc 
basis, using a combination of single-use scripts, command line 
tools, web-services, or applications, often with some simple script 
programming. Good note taking, in the form of a computational 
biologist’s electronic lab book or otherwise, is essential when try-
ing to publish the results of such an exploratory process. Inadequate 
note taking is a possible contributory factor in the common com-
plaint that many published Methods Sections do not cover the bio-
informatics in enough depth for the work to be reproducible.

To reach the goal of a fully reproducible computational 
method, authors should minimally provide: their software, with 
clear licensing terms, and ideally as open source to encourage col-
laborative contributions; clear installation instructions, including a 

1.1 Reproducible 
Bioinformatics 
Pipelines
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complete list of dependencies with version information; usage 
documentation; and sample data and tests, so that users may verify 
the installation process and that it works as expected. It is the 
authors’ experience that only a minority of published scientific 
software reaches this level, possibly for the very pragmatic reasons 
that this takes additional time and work, and is not typically 
required by journals or referees.

Sharing of reproducible workflows and tools for computational 
biology is one of the key goals of the Galaxy Project [1, 2]. 
However, this is sometimes pragmatically seen as secondary to the 
practical benefits of a Galaxy server: making a range of tools avail-
able to non-bioinformaticians via a web-browser, without the need 
for them to install and run tools, or learn any scripting or program-
ming language to chain tools together.

Basic installations of Galaxy provide wrappers for many tools 
that reflect the interests of the target user base of the public Galaxy 
Instance (http://usegalaxy.org). These tools are predominantly 
associated with high throughput sequencing analysis, such as read 
mapping. However, Galaxy is an extensible platform into which 
new tools and data-type definitions (i.e., additional file formats) 
can be added. The Galaxy Tool Shed (http://toolshed.g2.bx.psu.
edu/) acts as a community hub for sharing these add-ons, allowing 
research groups or institutes to set up their own local Galaxy instal-
lation, and customize it by the addition of further tools (see 
Note 1). Galaxy may be installed on local physical hardware or on 
rented machines using cloud computing [3].

Galaxy also allows for the provision of reference datasets, such 
as genome sequences and their annotations, and quantitative data, 
in a central location. Users may be anonymous, or can be identified 
individually by a login process, and allocated membership of one or 
more “groups.” Access to sensitive data can be restricted only to 
the appropriate groups or individuals.

Since 2011 we have been running an internal Galaxy installa-
tion at The James Hutton Institute, connected to our existing local 
computer cluster. This setup has increased the use of centrally 
funded resources and helped justify continued investment. 
However, the primary goal is user empowerment by making rele-
vant tools and pipelines available in an easy to use way. MacLean 
and Kamoun [4] describe a similar situation at The Sainsbury 
Laboratory (Norwich, UK).

Our local Galaxy setup has initially been targeted at plant 
pathogen researchers, and our tool selection reflects this. We have 
focused on gene and protein analysis, with the applied goal of iden-
tifying candidate pathogen effectors. This has required consider-
able investment in developing Galaxy wrappers for existing tools of 
relevance, and enabling the workflows we discuss here [5].

1.2 Galaxy

Peter J.A. Cock and Leighton Pritchard
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Although the term “effector” is widely used in host-pathogen 
interaction studies, precise definitions vary. Here we use the term 
to mean any protein synthesized by a pathogen that is exported to 
a potential host, which has the effect of making the host environ-
ment more beneficial to the pathogen. This includes biochemical 
effector functions such as DNA binding or protein–protein inter-
action to modify host gene expression; for example, to modify host 
metabolism or suppress host defenses.

When working with a newly sequenced pathogen, functional 
annotation of candidate effector proteins is often a priority. The 
most appropriate prediction methods may differ between organ-
ism, and effector class, but they generally use a combination of: 
predicted localization (e.g., secreted proteins); biochemical func-
tion (e.g., protein domains); evidence of differential expression; 
and/or similarity to known effectors. This is a classification prob-
lem, and all methods produce a list of positive predictions (or, 
more generally, a score for each candidate). The output of any 
model will include false positives and omit false negatives, and 
should be interpreted with care (see Chapter 4 in this volume).

In this chapter we describe simple effector protein prediction 
pipelines as examples of reusable workflows within the Galaxy 
platform.

The potato cyst nematode (Globodera pallida) effector finding 
protocol in Jones et al. [6] was one of the first workflows we 
wanted to reconstruct within Galaxy. This plant-parasitic nema-
tode possesses glands that secrete proteins that are injected into 
the plant host through a hypodermic needle-like stylet. There was 
no known sequence or motif reliably associated with effector func-
tion for this pathogen, so in order to identify candidate effector 
proteins we instead looked for sequences characteristic of secreted 
proteins, of which effectors are a subset. The published method 
takes the organism’s predicted protein complement (as a multiple 
entry FASTA file), and queries it to identify proteins that contain 
predicted signal peptides but do not contain predicted transmem-
brane domains, using the command line tools SignalP v3.0 [7] and 
TMHMM v2.0 [8].

One of the documented cases of false positive transmembrane 
domain predictions by TMHMM v2.0 is wrongly identifying a sig-
nal peptide as a transmembrane domain [8]. We initially therefore 
provided TMHMM with input that comprised mature peptides 
with the predicted signal peptide removed [6]. Galaxy contains a 
number of tools for manipulating sequences using genomic inter-
val files which can, in principle, be generalized to work on arbitrary 
regions of gene or protein sequences. We hope to work on this 
with the Galaxy team, but currently our workflow provides 
TMHMM with full length proteins as input, and any false-positive 
transmembrane predictions result in a reduced set of predicted 

1.3 Candidate 
Pathogen Effectors

1.4 Secreted 
Proteins

 Galaxy as a Tool for Effector Identification
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candidate effectors. In practice this is not a significant problem, as 
there are typically more candidates than it is feasible to investigate 
experimentally.

After wrapping the required tools (SignalP and TMHMM), and 
implementing a sequence-filtering tool, this slightly simplified ver-
sion of the protocol was straightforward to implement as a pipeline 
within Galaxy. This workflow was used in the genome project for 
Bursaphelenchus xylophilus [9], and is currently being used for other 
nematode genome projects and in as yet unpublished work on other 
plant pathogens, including bacteria, aphids, oomycetes, and fungi.

Reid and Jones (see Chapter 2, this volume) describe a con-
trasting approach to implementation of this pipeline using Unix/
Linux command line tools such as grep. This is an extremely pow-
erful way to explore data, but unlikely to appeal to the majority of 
non-bioinformaticians, whereas running a pre-existing Galaxy 
Workflow is less intimidating.

2 Materials

To follow the methods described, you will need a local Galaxy 
server where our additional Galaxy tools and workflows and the 
underlying command line tools have been installed. It is not pos-
sible for an ordinary Galaxy user to do this, so tool installation 
must be handled by the local Galaxy administrator and/or Linux 
system administrator.

Our Galaxy wrappers for SignalP and TMHMM, and sequence- 
filtering tool are all open source licensed, and are available for 
automated installation from the main Galaxy Tool Shed in the fol-
lowing URLs:

 ● http://toolshed.g2.bx.psu.edu/view/peterjc/secreted_protein_ 
workflow

 ● http://toolshed.g2.bx.psu.edu/view/peterjc/tmhmm_and_ 
signalp

 ● http://toolshed.g2.bx.psu.edu/view/peterjc/seq_filter_by_id

These Galaxy add-ons include documentation and unit tests to 
allow verification that they are installed and working as intended.

Regrettably, the SignalP v3.0 and TMHMM v2.0 tools were 
released under a fee-based license, or a free non-exclusive license to 
use the software for internal research purposes only:

 ● http://www.cbs.dtu.dk/services/SignalP-3.0/
 ● http://www.cbs.dtu.dk/services/TMHMM/

This prevents anyone else from packaging these tools to offer 
automated installation. The tools must therefore be licensed, 
downloaded, and installed by a local administrator such that the 
binaries signalp and tmhmm are on the system $PATH.

Peter J.A. Cock and Leighton Pritchard
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3 Methods

Here we describe how to perform this workflow within Galaxy 
manually (step by step), using the shared workflow (automated), 
and how to recreate the saved workflow. We will close with some 
related effector finding approaches within Galaxy.

This simple secreted protein workflow can be performed manually 
within Galaxy with eight steps as follows:

 1. Upload or import a protein FASTA file of interest (Fig. 1).
 2. Run SignalP 3.0 on the FASTA file from step 1, using the 

appropriate organism type, and a length cutoff of 60 amino 
acids (Fig. 2). This produces a tabular file of predictions.

 3. Filter the output from step 2 for positive results using the 
condition c14=='Y' or c15=='S', meaning the neural net-
work model D-score has 'Y' for yes in column 14, and/or the 
HMM has 'S' for secreted in column 14.

 4. Filter the original FASTA file from step 1 with the “Filter 
sequences by ID” tool, selecting column c1 to use the identi-
fiers from step 3. Select the “Just positive matches” option in 
the drop down list, to give a FASTA file of proteins that 
 contain a predicted signal peptide.

3.1 Performing  
the Secreted Protein 
Pipeline Manually 
Within Galaxy

Fig. 1 Galaxy with a protein FASTA file loaded as the first dataset (green box on right ), displayed in the central 
panel (by clicking on the “eye” icon on the dataset). The left-hand tool column has been scrolled to show the 
workflows entry (Color figure online; see Note 2)

 Galaxy as a Tool for Effector Identification
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 5. Run TMHMM 2.0 on the FASTA file from step 4, selecting 
the appropriate organism type (e.g., eukaryote).

 6. Filter the output from step 5 for negative results using the 
condition c5==0 (zero transmembrane helices in column five).

 7. Filter the FASTA file from step 4 with the “Filter sequences 
by ID” tool, again with the “Just positive matches” option, 
and selecting column c1 to use the identifiers from step 6, 
giving a FASTA file of proteins with a predicted signal peptide 
but no predicted transmembrane domain.

 8. (Optionally) delete the no longer required intermediate files 
from steps 2 to 6, leaving just the input and candidate secreted 
protein FASTA files (Fig. 3).

The most complex step here is deciding how to interpret the 
SignalP output. This produces two independent sets of predictions 
using a neural network and hidden Markov model (HMM), with 

Fig. 2 Galaxy showing the SignalP 3.0 tool (in central panel ), accessed from the list of tools in the left-hand 
column. This tool has three input parameters, a FASTA file of proteins (defaulting to the most recent FASTA file 
in the history, shown in the right-hand column ), the organism type (selecting from three options), and a 
sequence truncation length (defaulting to 70 amino acids). This tool would be run on the selected data using 
the blue “execute” button (Color figure online)

Peter J.A. Cock and Leighton Pritchard
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both a yes/no categorization (which we use here) and an associated 
score or probability (which could be used for a more inclusive filter).

Having performed a task like this once in Galaxy, it can be 
turned into a workflow, a process discussed in more detail below.

Once created, a workflow can be shared within the local Galaxy 
instance (for all users or with specific users), or downloaded for 
transfer to a separate Galaxy instance, or inclusion on the Galaxy 
Tool Shed. Reusing this workflow within Galaxy is then extremely 
straightforward:

 1. Upload or import protein FASTA file of interest (Fig. 1).
 2. Select this workflow from the workflows list, accessed from the 

bottom of the left-hand tools pane (Fig. 4).
 3. Confirm the FASTA file from step 1 as the input dataset, pick 

the organism type for SignalP, and click on “Run workflow,” 
then wait for the results (Fig. 3).

3.2 Running the 
Secreted Protein 
Workflow Within 
Galaxy

Fig. 3 Galaxy showing the results of the completed workflow. Here the input protein FASTA file was 16,417 
predicted proteins from the nematode Globodera pallida (history entry 1), and the output was a protein FASTA 
file of 1,705 candidate secreted proteins (history entry 7)

 Galaxy as a Tool for Effector Identification
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Galaxy will then automatically run SignalP, filter the output, 
run TMHMM, filter the output, and delete the intermediate files 
without further user interactions. This example is only moderately 
complicated, but it is clear that rerunning the workflow requires 
less expertise or manual intervention, removing two potential 
sources for error, than performing it step by step, even with detailed 
instructions.

Fig. 4 Galaxy showing the secreted protein workflow (in the central panel), accessed via the “All workflows” 
link at the bottom of the tools list (left column). The input dataset and SignalP organism type can be altered, 
and the workflow executed using the “run workflow” button

Peter J.A. Cock and Leighton Pritchard
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This workflow has been provided on the Galaxy Tool Shed so that 
it can be installed and reused elsewhere, but we will now use it as 
an example of how to create your own workflow within Galaxy.

The simplest way to create a new workflow within Galaxy is to 
start from a new empty history (workspace), import sample input 
data, and perform the necessary steps one by one by hand 
(as described above). Then, select “Extract Workflow” from the 
history menu. The starting data files will automatically be marked 
as workflow inputs, and by default, all the current tool parameters 
will be saved as is.

In this case we choose to mark the SignalP organism type as a 
workflow parameter (rather than always using the same option). 
This means when the workflow is run, the user must select both 
their input protein FASTA file and the appropriate organism type 
(eukaryotes, Gram positive or Gram negative prokaryotes), making 
the workflow more general than if it only applied to eukaryotes.

The workflow can then be edited within Galaxy (Fig. 5), which 
allows refinements such as assigning names to the data files 
 produced. The workflow editor can also be used to add additional 
tool steps, or alternatively to build a workflow up piece by piece.

3.3 Recreating  
the Secreted Protein 
Workflow Within 
Galaxy

Fig. 5 Galaxy workflow editor showing the overview of the secreted protein workflow. Due to space limitations, 
only the central panel is shown, which displays each tool as a box with data file inputs on the left and output 
on the right, with the connecting curved lines indicating where the output of one tool becomes the input of 
another. Using the mouse the visual layout can be adjusted by dragging the tools, and the connections them-
selves edited. The (collapsed) left-hand column would show the available Galaxy tools that can be added to the 
workflow to perform additional steps. The (collapsed) right-hand column allows the existing workflow steps to 
be edited, for example, to add text annotation (see Fig. 4, for examples)

 Galaxy as a Tool for Effector Identification
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Many of the tools we have wrapped for use within Galaxy predict 
effector translocation, which can be combined into pipelines along 
the lines above.

One specific example is a tool implementing three different 
protocols for the identification of RXLR motifs found in oomyce-
tes [10–12]. The tool takes a protein FASTA file as input and gives 
a tabular output file with one line per input sequence. A simple 
workflow would be to generate a FASTA file of the sequences with 
positive matches, using the same filtering tools as the previous 
example. Performed manually:

 1. Upload or import the protein FASTA file of interest.
 2. Run the “RXLR Motifs” tool on the FASTA file from step 1, 

selecting an appropriate classifier model.
 3. Filter the output for positive results using the expression 

c2=='Y', indicating a positive prediction as described in the 
RXLR tool’s documentation shown in step 2.

 4. Filter the original FASTA file from step 1 using the identifiers 
from step 3, giving a FASTA file of proteins with a predicted 
RXLR motif.

 5. (Optionally) delete the no longer required intermediate files 
from steps 2 and 3.

When saving this manual analysis as a workflow, we might opt to 
mark the choice of RXLR model as a workflow parameter, meaning 
it must be chosen when applying the workflow to another dataset.

A more complicated variation could run all three RXLR mod-
els to compare their output with a Venn Diagram, demonstrated 
with the workflow http://toolshed.g2.bx.psu.edu/view/peterjc/
rxlr_venn_workflow on the Galaxy Tool Shed. This shows visually 
that the Win et al. and Whisson et al. models give different subsets 
of the more inclusive Bhattacharjee et al. model (Fig. 6) [10–12].

The NCBI BLAST tools are rightly one of the most commonly 
used tools in biology and are employed for a range of tasks.  
As early adopters of the Galaxy platform, out of our own needs 
we implemented the original BLAST+ [13] wrappers available 
on the Galaxy Tool Shed:

http://toolshed.g2.bx.psu.edu/view/devteam/ncbi_blast_plus

One extremely general idea for identifying novel effector pro-
teins in a newly sequenced species or strain is to look for sequence 
similarity to known effectors in related organisms. Consider a proj-
ect that produces a fresh transcriptome assembly (nucleotide), or 
predicted gene set from a draft genome (nucleotide or protein), and 
a separate set of known effectors from a sister organism (nucleotide 
or protein). The known effectors will be a FASTA file used as the 
BLAST queries, while the FASTA file of novel genes will be turned 
into a BLAST database. One of the standard BLAST tools (e.g., 

3.4 Identifying 
Functional Domains: 
The RxLR 
Translocation Motif

3.5 Effector Finding 
Through Sequence 
Similarity
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BLASTN or TBLASTX if both files are nucleotides) can then be 
used to look for matches, and these results can then be filtered by 
Galaxy according to criteria such as alignment length or bit-score.

Similarly, one might wish to identify potential orthologues by 
comparing the gene or protein set of two related organisms. With 
the exception of complex gene families, reciprocal best hits (RBH) 
using BLAST are a useful technique to filter sequence sets, and iden-
tify these relationships (subject to limitations discussed in ref. 14), 
and we are working on facilitating this analysis within Galaxy.

Galaxy is useful when employed in combination with other soft-
ware. A common example is where microarray analysis has been 
performed using a package like GeneSpring (Agilent Technologies, 
Inc.), yielding a list of candidate genes for further investigation. 
A common next step is to prepare a FASTA file of just those 
sequences, which can be done in Galaxy as follows:

 1. Upload or import full gene set FASTA file.
 2. Upload the tabular file of candidate gene identifiers.
 3. Filter the original FASTA file from step 1 using the identifiers 

from step 2, giving a FASTA file of the genes of interest.

3.6 Sequence 
Selection with 
External Tools

Fig. 6 Galaxy showing the Venn diagram from the RXLR example workflow applied to the predicted protein 
complement of Phytophthora capsici, showing visually that the Whisson et al. [9] and Win et al. [10] definitions 
are refinements of the original more inclusive Bhattacharjee et al. [11] definition

 Galaxy as a Tool for Effector Identification
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4 Notes

 1. A local Galaxy installation is worth considering as a way of 
deploying both existing third party tools and new programs 
developed in-house. If you have developed a novel tool for 
effector finding, wrapping it for use within Galaxy and sharing 
this on the Galaxy Tool Shed should prove an excellent way to 
make the method available to other researchers by including 
the URL in your manuscript. The same applies to new work-
flows built using existing Galaxy Tools; the workflow defini-
tion itself can be shared either as a supplementary file, or via 
the Galaxy Tool Shed with a unique URL.

   Our hope is that some of the simple effector finding pro-
tocols described here, and the associated Galaxy workflows, 
will be useful in themselves, but also as starting points or inspi-
ration for more ambitious pipelines (using the Galaxy tools 
discussed here, or others).

 2. The visual styling of Galaxy has changed over time, and so the 
details in the screenshots will date. Also, the contents of the 
left-hand column of tools will differ between Galaxy setups.
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Chapter 2

Bioinformatic Analysis of Expression Data  
to Identify Effector Candidates

Adam J. Reid and John T. Jones

Abstract

Pathogens produce effectors that manipulate the host to the benefit of the pathogen. These effectors are 
often secreted proteins that are upregulated during the early phases of infection. These properties can be 
used to identify candidate effectors from genomes and transcriptomes of pathogens. Here we describe 
commonly used bioinformatic approaches that (1) allow identification of genes encoding predicted 
secreted proteins within a genome and (2) allow the identification of genes encoding predicted secreted 
proteins that are upregulated at important stages of the life cycle. Other approaches for bioinformatic 
identification of effector candidates, including OrthoMCL analysis to identify expanded gene families, are 
also described.

Key words Transcriptomics, OrthoMCL, Effector, Signal peptide

1 Introduction

Many studies on a wide variety of phylogenetically unrelated plant 
pathogens have shown that effectors are upregulated at specific life 
stages of the pathogen. For example, many Phytophthora infestans 
RXLRs are specifically upregulated during the biotrophic phase of 
infection [1]. In plant parasitic nematodes, several large-scale stud-
ies have shown that different pools of effectors are upregulated at 
different life stages, e.g., [2, 3]. This type of analysis can provide 
information about potential functional roles of nematode effec-
tors. Those important in invasion, migration, and induction of the 
biotrophic feeding structure peak in expression soon after the inva-
sive stage nematode emerges from dormancy. Other effectors have 
a role in suppression of host defenses and maintenance of the feed-
ing structure and peak in expression during the established para-
sitic stages. These observations underpin the strategy of using 
bioinformatic analysis of expression data to identify effector 
candidates.
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In principle, bioinformatics approaches for effector candidate 
identification are relatively straightforward and based on effector 
candidates being defined as secreted proteins lacking a transmem-
brane domain that are upregulated at key life stages. However, it is 
important to note that applying an approach based on these two 
criteria will identify many predicted secreted proteins that are 
clearly not effectors. For example, when we apply this approach to 
an RNA-seq dataset from the potato cyst nematode Globodera pal-
lida, these pipelines identify digestive proteinases and protein-
aceous cuticle components that are produced in abundance after 
the nematode settles to feed and begins the molting cycle  
(P. Thorpe & J. Jones, unpublished). The researcher may therefore 
wish to add a BLAST search of all candidates that are identified in 
order to predict their functions based on sequence similarity and 
generate a priority list of candidates of interest. Upon applying a 
bioinformatics approach to identify effector candidates one can 
check whether previously identified effectors from the species 
being studied, or orthologues of effectors from related species, are 
detected to validate the results.

There are several good reasons for using microarrays, although as 
the technology matures RNA-seq is becoming more feasible for a 
larger range of applications. Microarray analysis is relatively cheap 
once a microarray platform has been established allowing many life 
stages and replicates to be analyzed. However, the costs associated 
with RNA-seq are decreasing as Illumina sequencing machines 
such as the HiSeq achieve greater yields. In addition, it has become 
feasible to run multiple samples in each lane by multiplexing, which 
can further reduce costs. While smaller quantities of RNA may be 
used for microarray analysis, improvements in RNA-seq library 
preparation may allow a reduction in the quantity of samples 
required in future. RNA-seq has several inherent advantages over 
microarray analysis. A microarray analysis will only ever analyze 
expression profiles of sequences that are present on the array. This 
may be an issue where only a limited cDNA dataset or a poorly 
annotated genome is available. By contrast, RNA-seq will identify 
all the expressed regions of a genome and is therefore not reliant 
on a cDNA dataset or detailed annotation. RNA-seq data can 
drastically improve annotation of unannotated or poorly annotated 
genomes as it clearly outlines the intron-exon structure of genes, 
even those expressed at low levels. A downside of RNA-seq is that 
it is less well established than microarray technology and produces 
much more data and thus requires a higher overhead in terms of 
informatics as well as hardware and data storage capacity.

In this chapter we provide examples of protocols used for 
enriching a genome scale dataset for effectors and describe how 
RNA-seq data have been used to further enrich this dataset.

1.1 The Pros and 
Cons of RNA-seq 
Versus Microarrays

Adam J. Reid and John T. Jones
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2 Materials

Many standard protocols are available for purification of total RNA 
and mRNA, and these are not covered here. The integrity and 
purity of the RNA to be used for RNA-seq are of critical impor-
tance and need to be checked carefully before proceeding with this 
expensive technique. We have previously used a Bioanalyzer 
(Agilent) for this purpose.

Replication is essential for RNA-seq analysis. Ideally, three bio-
logical replicates are required as a minimum for each sample; sev-
eral studies have shown that increasing the number of biological 
replicates will improve the accuracy of the analysis. It is worth 
emphasizing that biological replicates are required, rather than 
technical replicates. Biological replicates are independent collec-
tions of biological materials from separate runs of an experiment. 
These replicates need not be split up unless technical replicates are 
desired and should, ideally, not be pooled. Pooling can be used in 
cases where there is insufficient material for individual replicates; 
however, this may result in an unwarranted increase in power to 
detect differential expression due to an artificial reduction in bio-
logical variability.

There are two fundamentally different ways to begin analyzing 
RNA-seq data, one of which requires a reasonably well-annotated 
genome sequence and one which can be done without any refer-
ence to the genome. Here we describe the first, in which RNA-seq 
reads are mapped against a reference genome and the reads mapped 
to each known gene are counted. The second approach, using  
de novo transcript assembly from the reads, is described in ref. 4.

Requirements:

 1. We assume here that gene models have been generated for the 
genome under consideration. Specifically, there are protein 
sequences in fasta format (for initial screening) and a GFF-
formatted annotation of the genome sequence for subsequent 
expression analyses by RNA-seq.

 2. Several stages of the life cycle need to have been interrogated 
by RNA-seq, including those where effectors are expected to 
be expressed and one or more where effectors are not thought 
to be expressed. For example, in the case of plant parasitic 
nematodes suitable timepoints would be the infectious J2 and 
parasitic stages (where effectors are likely to be expressed) and 
unhatched J2 (where effectors should not be expressed). An 
example of these types of comparisons can be found in the 
microarray analysis of Heterodera glycines [2].

 3. Almost all bioinformatic analysis requires basic programming 
ability in Perl or a similar language. In particular, data will usually 
need to be reformatted. Furthermore, working with large datas-
ets like RNA-seq data and performing BLAST searches against 

Effector Identification Using Transcriptomics
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large databases often requires the use of large  computational 
resources in order to process in a reasonable time.

The example we use here is that of the potato cyst nematode, 
Globodera pallida, which was sequenced by the Wellcome Trust 
Sanger Institute in collaboration with the James Hutton Institute, 
The University of Leeds and Rothamsted Research [5]. To follow 
the example you will need the genome sequence, genome annota-
tion, and predicted amino acid sequences for this genome. These 
are available from http://www.sanger.ac.uk/resources/down-
loads/helminths/globodera-pallida.html. You will also need the 
associated RNA-seq data, which is available from ArrayExpress. 
Alternatively we provide a subset of this data for pertinent life 
stages reduced to ten million reads per library to speed up mapping 
and subsequent analysis. This data can be downloaded from 
http://extras.springer.com/. A variety of software tools are used 
here and will need to be installed. We have provided information 
about where they can be downloaded from but not instructions or 
tips for installation. We assume that you are working in a Unix/
Linux environment. Commands are shown in courier font and 
should be entered on the command line in a terminal.

3 Methods

The methods described here demonstrate first how to identify a 
subset of the protein sequences predicted from a genome (initial 
screening) based on features of effector candidates. RNA-seq data 
is then used to identify effector candidates upregulated at stages of 
the life cycle associated with parasitism.

There are a variety of approaches that can be used for initial 
identification of candidates and these can be mixed and matched as 
appropriate. While many genes in the initial list will not be effectors 
and some genuine effectors may have been excluded, the aim is to 
use the full genome to predict a list of genes enriched for effector 
candidates for further downstream analyses.

The most commonly used enrichment approach is to determine 
the subset of genes whose protein sequences are predicted to 
contain an N-terminal signal peptide but that lack transmembrane 
domains. These are hallmarks of proteins that are trafficked via the 
Golgi-dependent pathway but that are not embedded in the cell 
membrane and are thus presumed to be secreted [6]. In some cases 
effectors may be exported through alternative pathways but these 
are not sufficiently well understood that we can identify their 
export signatures in the genome [6]. The researcher needs to be 
aware that using this strategy may, in some cases, be restrictive. In 
addition, predicting the correct start site for a protein can be 

3.1 Initial 
Identification of 
Candidate Genes

3.1.1 Identification of  
the Pathogen Secretome: 
SignalP and TMHMM

Adam J. Reid and John T. Jones
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computationally difficult. Genes may therefore be missing signal 
peptides erroneously due to incorrectly predicted start codons.

The most widely used tools for this analysis are SignalP ([7]; 
http://www.cbs.dtu.dk/services/SignalP/) and TMHMM ([8]; 
http://www.cbs.dtu.dk/services/TMHMM/). These tools iden-
tify signal peptides (signifying that the protein is exported) and 
transmembrane domains (signifying that the protein is membrane 
bound), respectively. These tools are available through webpages 
but the upper limit for submissions means that it is necessary to run 
a local installations for genome scale analysis. In practice, it is far 
better if all programs are installed locally and run, where possible, 
over multiple computers in order to reduce the analysis time. This 
also allows the generation of a bespoke pipeline which, once estab-
lished, enshrines your protocol and can be easily run many times 
with different parameters and on new datasets to discover effectors 
in other species.

Several iterations of SignalP are available. SignalP 4.0 is recom-
mended as this update is specifically designed to differentiate 
between signal peptides and N-terminal transmembrane domains. 
Note that SignalP imposes an upper limit of 10,000 sequences that 
can be searched at once. This can be adjusted in the script or you 
can split your sequences into batches. To run the program locally, 
use the following command:

signalp -t euk Gpal.v1.0.cds.fa > Gpal.v1.0.cds.sp

(Where the full list of sequences is in a file called Gpal.
v1.0.cds. fa)

The output of this program will include an indication as to 
whether each protein is secreted. The list of sequences that are 
predicted to contain signal peptides can be obtained using this 
command:

grep Y Gpal.v1.0.cds.sp | grep -v "#" | awk -F 
" " '{print $1}' > Gpal.v1.sp.ids

This shows that of 16,417 predicted genes in the G. pallida 
genome 1,897 are predicted to have a signal peptide.

In order to identify G. pallida proteins with a transmembrane 
domain TMHMM is run using this command:

tmhmm Gpal.v1.0.cds.fa > Gpal.v1.0.cds.tm

The list of proteins that are predicted to contain transmem-
brane domains can be obtained using the command:

grep TMhelix Gpal.v1.0.cds.tm | cut -f1 | sort 
–u > Gpal.v1.tm.ids

This analysis shows that 3,541 proteins have transmembrane 
domains. Proteins that have signal peptides but that do not have 
transmembrane domains can be found from the two lists using the 
following command:

Effector Identification Using Transcriptomics
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comm -23 Gpal.v1.sp.ids Gpal.v1.tm.ids > effec-
tor_candidates.ids

In this case almost all the genes with signal peptides lack trans-
membrane domains and we have identified 1,812 effector 
candidates.

Where your organism has close relatives that have been studied in 
detail, a complementary approach may be to identify sequences in 
your genome that are similar to effectors from related species using 
BLAST. This approach can be used to supplement the output 
obtained in the approaches described in Subheading 3.1.1. For  
G. pallida, a set of effectors from Meloidogyne hapla and H. glycines 
[9, 10] was used to search the G. pallida genome yielding a total 
of 390 sequences [5].

When sequencing the genome of a nematode or other pathogen, 
large families of similar proteins are often found that are specific to 
that species or genus. These are frequently associated with host–
parasite interactions due to the rapid evolution of effector genes, 
which are under strong selection pressure to evade recognition by 
the host [11]. A large family of distinct genes in your genome of 
interest that is not present in closely related species is therefore 
likely to include candidate effectors, assuming a signal peptide is 
present. Furthermore, if these families are only present as 
“hypothetical proteins” in your genome and lack any detailed 
annotation (as is almost always the case for novel genes) then they 
will not share any annotation features and are unlikely to be 
recognized as significant using other analyses. A simple approach 
to identify such gene families is to use an orthologue clustering 
tool such as OrthoMCL [12]. One can either simply cluster the 
genes in the genome of interest and determine the top large gene 
families, or combine your genome of interest with one or more 
related genomes and look for species-specific families, e.g., those 
with no orthologue in the related species.

Here we identify large gene families in G. pallida using 
orthoMCL v1.4. This is computationally demanding, and ideally 
the BLAST stage should be run separately over multiple machines. 
The command that is used for this analysis is:

As a result of this analysis 2,142 clusters or multigene families 
are identified from the G. pallida genome. The largest contains 398 
genes and a simple BLAST search on the Uniprot webserver identi-
fies them as SPRYSECs, a key family of Globodera effectors [13]. 
The second family contains 295 members and is similar to a dorsal 
gland protein from Heterodera avenae and to a similar sequence 

3.1.2 Identification of 
Known Effectors Using a 
Bespoke BLAST Database

3.1.3 Identification of 
Effector Gene Families 
Using OrthoMCL (http://
www.orthomcl.org)
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(Hgg20) in H. glycines. This candidate effector family may therefore 
be specific to cyst nematodes. The third family contains 176 mem-
bers and is similar to protein kinases from other nematodes. The 
fourth family includes 158 genes with BTB/POZ domains. These 
latter two families are unlikely to be effectors, but the two largest 
families are excellent effector candidates and demonstrate the utility 
of this approach for the identification of sequences involved in the 
host–parasite interaction in any organism.

There are several preparatory stages when analyzing RNA-seq 
datasets: QC, mapping, and read counting. These stages are 
performed independently for each replicate of each timepoint/
condition. It is then possible to determine which genes are 
differently expressed between different timepoints. Depending on 
the quality of RNA-seq data, the size and quality of the genome 
assembly, formatting of genome annotation, and complexity of the 
transcriptome, each stage can require significant informatics 
overhead in terms of scripting skills and compute time. Where 
possible we present relatively straightforward examples with some 
discussion of potential complexities.

The analysis described here operates on the assumption that 
Illumina sequencing has been used, that the RNA-seq libraries are 
not strand specific, that the library preparation has worked well 
and that the libraries adequately represent the transcriptome of the 
target stages. The QC steps associated with each of these stages are 
described in ref. 14. For this analysis we describe the tuxedo suite 
pipeline comprising bowtie [15], tophat [16], and cufflinks [17], 
which is easy to use and produces good results with a reasonable 
number of biological replicates.

The program tophat can be used to map transcriptome reads to a 
genome sequence. It is aware of splice sites and will split reads 
across introns. First, you will need to download and install bowtie2 
(http://bowtie-bio.sourceforge.net/index.shtml) and tophat2 
(http://tophat.cbcb.umd.edu/). You then need to index your 
genome sequence using bowtie2-build before running tophat to 
map your reads. If you are using paired-end reads you will need to 
specify “-r” the inner mate distance which is equal to the mean 
fragment size used in your sequencing library minus two times the 
read length. The maximum intron length default is set for mammals 
and for nematodes a more appropriate value would be 10,000. 
Here we have taken ten million pairs of reads from each library to 
reduce the mapping time. Even so the mapping may take 12 h and 
around 5 Gb of RAM per library. Your command will thus look 
something like this (assuming a paired-end library with a fragment 
size of 400 bp and a read length of 100 bp):

3.2 Bioinformatic 
Tools for Analyzing 
RNA-seq Data to 
Identify Differentially 
Expressed Genes

3.2.1 Mapping
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bowtie2-build Gpal.v1.0.fas Gpal.v1.0.fas

tophat -o egg1 -I 10000 -r 200 Gpal.v1.0.fas 
egg1_1_10M.fastq egg1_2_10M.fastq

tophat -o egg2 -I 10000 -r 200 Gpal.v1.0.fas 
egg2_1_10M.fastq egg2_2_10M.fastq

tophat -o 7dpi1 -I 10000 -r 200 Gpal.v1.0.fas 
7dpi1_1_10M.fastq 7dpi1_2_10M.fastq

tophat -o 7dpi2 -I 10000 -r 200 Gpal.v1.0.fas 
7dpi2_1_10M.fastq 7dpi2_2_10M.fastq

tophat -o J21 -I 10000 -r 200 Gpal.v1.0.fas 
J21_1_10M.fastq J21_2_10M.fastq

tophat -o J22 -I 10000 -r 200 Gpal.v1.0.fas 
J22_1_10M.fastq J22_2_10M.fastq

The most powerful tools for determining differential expression 
are accessed as libraries in the statistical package R and take read 
counts for each gene as input. This requires the independent 
determination of read counts. However, the tuxedo suite offers a 
tool which calculates differential expression directly from BAM 
files without the requirement for independently enumerating read 
counts. This tool is called cuffdiff. It requires that your genome 
annotation (e.g., gene models) must be in the appropriate GFF/
GTF format. A description of the required format can be found at 
http://cufflinks.cbcb.umd.edu/gff.html. You may need to write a 
script in order to convert your particular type of GFF to the format 
required. Here we use cuffdiff to identify differentially expressed 
genes between all pairs of timepoints in the G. pallida dataset. This 
will take around 7 h to run and require around 4 Gb of memory:

In this case the life stages being examined are egg, J2, 7, 14, 
21, 28, and 35 days post infection, parasitic and adult male. Each 
life stage has two replicates.

You will now need to extract the results, filtering for an appro-
priate p-value cutoff, direction of differential expression, and fold 
change. Subsequently you can cross-reference these with your 
dataset describing likely effectors identified informatically. It is also 
necessary to incorporate some functional information about your 
genes such as informative gene names or protein product descrip-
tions. This will help you to interpret your results and identify 
known genes and novel effector candidates.

Candidate effectors involved in invasion, migration, and induc-
tion of biotrophic feeding structure are likely to be upregulated 
between egg and J2 or between J2 and 7dpi parasitic nematodes. We 

3.2.2 Analysis of 
Differential Expression
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found that 859 genes are differentially expressed between egg and J2, 
of which 753 are upregulated in J2. These are identified with the com-
mand below and are exported into a file named “early effector.exp.”

grep yes gene_exp.diff | grep q1 | grep q2 | cut 

Similarly, 1,466 genes are upregulated between J2 and 7dpi 
parasitic nematodes and are identified with the following 
command:

grep yes gene_exp.diff | grep q2 | grep q3 | cut 

The lists of genes upregulated at the key life stages and the list 
of genes encoding predicted secreted proteins can now be com-
pared. This shows that of the 753 early expressed genes, 276 
encode proteins with predicted signal peptides and no transmem-
brane domain. Twenty of these are previously characterized effec-
tors. Of the 1,466 later upregulated genes, 264 encode predicted 
secreted proteins and 23 of these are known effectors. This analysis 
demonstrates that secreted proteins are highly enriched in the 
dataset of genes upregulated at key stages of parasitism and pro-
vides a list of candidate effectors that can be further analyzed.

The protocol described above is useful in determining which genes 
are differentially expressed between two life stages. However, 
where you have an RNA-seq timecourse of multiple stages it may 
be useful to identify genes that are commonly regulated or that are 
regulated in multiple specific life stages. This can allow a more 
specific group of genes to be identified and, if appropriate life 
stages are selected, can further enrich for likely effectors. This anal-
ysis is more complicated than that presented above, requiring the 
writing of bespoke scripts. So while we outline the general approach 
we do not specify the steps involved.

The most commonly used method for clustering RNA-seq 
data is MBCluster.seq. This program is implemented in R and is 
well described in the accompanying manual (http://cran.r-project.
org/web/packages/MBCluster.Seq/index.html). The main diffi-
culty is deciding how many clusters to use. This is an unresolved 
problem in cluster analysis and we suggest starting with 50–75 
clusters. If there are many noisy, unresolved clusters then it may be 
necessary to increase the number. If too many are chosen, it may 
be necessary to combine clusters that show similar expression pro-
files. The appropriate number also depends on the number of 
timepoints being examined, with more clusters likely to be required 
to resolve expression profiles for a larger number of timepoints.

A two-stage procedure can be used to identify novel effector 
candidates by clustering. This procedure requires some prior 

3.2.3 Clustering  
RNA-seq Data
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knowledge of effectors in the species of interest. In the first stage a 
cluster analysis of expression profiles for known effectors is per-
formed. For the G. pallida data this analysis suggests that they tend 
to be highly expressed in J2, upregulated in J2 and males, or 
upregulated in early parasitic stages (Fig. 1). Repeating this analysis 
with the full genome allows new genes that have the same expres-
sion profiles to be identified.

Acknowledgments

The James Hutton Institute receives funding from the Scottish 
Government. Adam James Reid was funded by the Wellcome 
Trust. We would like to thank Hayley Bennett for critical reading 
of the manuscript.

References

Fig. 1 Gene expression profile clusters for 125 known effectors in G. pallida. The genes were clustered into ten 
clusters using MBCluster.seq. The gene expression profiles across eight life stages are plotted for genes in 
each cluster as mean-normalized log2 of the RPKM

 1. Whisson SC, Boevink PC, Moleleki L, Avrova 
AO, Morales JG, Gilroy EM, Armstrong MR, 
Grouffaud S, van West P, Chapman S et al 
(2007) A translocation signal for delivery of 
oomycete effector proteins into host plant 
cells. Nature 450:115–118

 2. Elling AA, Mitreva M, Gai X, Martin J, 
Recknor J, Davis EL, Hussey RS, Nettleton D, 
McCarter JP, Baum TJ (2009) Sequence min-
ing and transcript profiling to explore cyst 
nematode parasitism. BMC Genomics 10:58

 3. Palomares-Rius JE, Hedley PE, Cock PJ, 
Morris JA, Jones JT, Vovlas N, Blok V (2012) 
Comparison of transcript profiles in different 
life stages of the nematode Globodera pallida 
under different host potato genotypes. Mol 
Plant Pathol 13:1120–1134

 4. Martin JA, Wang Z (2011) Next-generation 
transcriptome assembly. Nat Rev Genet 12: 
671–682

 5. Cotton JA, Lilley CJ, Jones LM, Kikuchi T, 
Reid AJ, Thorpe P, Tsai IJ, Beasley H, Blok V, 

Adam J. Reid and John T. Jones



27

Cock PJA, van den Akker SE, Holroyd N, Hunt 
M, Mantelin S, Naghra H, Pain A, Palomares-
Rius JE, Zarowiecki M, Berriman M, Jones JT, 
Urwin PE (2014) The genome and life-stage 
specific transcriptomes of Globodera pallida elu-
cidate key aspects of plant parasitism by a cyst 
nematode. Genome Biology in press

 6. Dubreuil G, Magliano M, Deleury E, Abad P, 
Rosso MN (2007) Transcriptome analysis of 
root-knot nematode functions induced in the 
early stages of parasitism. New Phytol 176: 
426–436

 7. Petersen TN, Brunak S, von Heijne G, Nielsen 
H (2011) SignalP 4.0: discriminating signal 
peptides from transmembrane regions. Nat 
Methods 8:785–786

 8. Sonnhammer EL, von Heijne G, Krogh A 
(1998) A hidden Markov model for predicting 
transmembrane helices in protein sequences. 
Proc Int Conf Intell Syst Mol Biol 6:175–182

 9. Huang G, Gao B, Maier T, Allen R, Davis EL, 
Baum TJ, Hussey RS (2003) A profile of puta-
tive parasitism genes expressed in the esopha-
geal gland cells of the root-knot nematode 
Meloidogyne incognita. Mol Plant Microbe 
Interact 16:376–381

 10. Gao B, Allen R, Maier T, Davis EL, Baum TJ, 
Hussey RS (2003) The parasitome of the phy-
tonematode Heterodera glycines. Mol Plant 
Microbe Interact 16:720–726

 11. Jones JD, Dangl JL (2006) The plant immune 
system. Nature 444:323–329

 12. Li L, Stoeckert CJ Jr, Roos DS (2003) 
OrthoMCL: identification of ortholog groups 
for eukaryotic genomes. Genome Res 13: 
2178–2189

 13. Jones JT, Kumar A, Pylypenko LA, 
Thirugnanasambandam A, Castelli L, 
Chapman S, Cock PJ, Grenier E, Lilley CJ, 
Phillips MS et al (2009) Identification and 
functional characterization of effectors in 
expressed sequence tags from various life 
cycle stages of the potato cyst nematode 
Globodera pallida. Mol Plant Pathol 10: 
815–828

 14. DeLuca DS, Levin JZ, Sivachenko A, Fennell 
T, Nazaire MD, Williams C, Reich M, Winckler 
W, Getz G (2012) RNA-SeQC: RNA-seq met-
rics for quality control and process optimiza-
tion. Bioinformatics 28:1530–1532

 15. Langmead B, Trapnell C, Pop M, Salzberg SL 
(2009) Ultrafast and memory-efficient align-
ment of short DNA sequences to the human 
genome. Genome Biol 10:R25

 16. Trapnell C, Pachter L, Salzberg SL (2009) 
TopHat: discovering splice junctions with 
RNA-Seq. Bioinformatics 25:1105–1111

 17. Trapnell C, Williams BA, Pertea G, Mortazavi 
A, Kwan G, van Baren MJ, Salzberg SL, Wold 
BJ, Pachter L (2010) Transcript assembly and 
quantification by RNA-Seq reveals 
 unannotated transcripts and isoform switching 
during cell differentiation. Nat Biotechnol 
28:511–515

Effector Identification Using Transcriptomics





29

Paul Birch et al. (eds.), Plant-Pathogen Interactions: Methods and Protocols, Methods in Molecular Biology, 
vol. 1127, DOI 10.1007/978-1-62703-986-4_3, © Springer Science+Business Media New York 2014

Chapter 3

Two-Dimensional Data Binning for the Analysis  
of Genome Architecture in Filamentous  
Plant Pathogens and Other Eukaryotes

Diane G.O. Saunders, Joe Win, Sophien Kamoun, and Sylvain Raffaele

Abstract

Genome architecture often reflects an organism’s lifestyle and can therefore provide insights into gene 
function, regulation, and adaptation. In several lineages of plant pathogenic fungi and oomycetes, charac-
teristic repeat-rich and gene-sparse regions harbor pathogenicity-related genes such as effectors. In these 
pathogens, analysis of genome architecture has assisted the mining for novel candidate effector genes and 
investigations into patterns of gene regulation and evolution at the whole genome level. Here we describe 
a two-dimensional data binning method in R with a heatmap-style graphical output to facilitate analysis 
and visualization of whole genome architecture. The method is flexible, combining whole genome archi-
tecture heatmaps with scatter plots of the genomic environment of selected gene sets. This enables analysis 
of specific values associated with genes such as gene expression and sequence polymorphisms, according to 
genome architecture. This method enables the investigation of whole genome architecture and reveals 
local properties of genomic neighborhoods in a clear and concise manner.

Key words Genome architecture, Data binning, Intergenic, R, Visualization, Heatmap, Effectors, 
Filamentous plant pathogen

1  Introduction

Comparative genomic analyses have revealed that evolutionary 
constraints often disparately affect coding, regulatory, and non- 
coding sequences. In addition, the distribution of these constraints 
largely depends on the relative position of genetic elements in the 
genome, referred to as the “genome architecture” [1]. In eukary-
otic genomes, the organization of genes and genomic neighbor-
hoods has evolved to ensure accurate regulation of gene expression 
and splicing. However, the plasticity of their structure can exceed 
that of their sequence, leading to structural re-arrangements over 
short evolutionary scales whereas genetic sequences, which are 
under strong constraints, diverge only minimally. The evolution of 
genome architecture is largely driven by genetic drift, but is also 
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constrained by lifestyles and specific biological contexts [1]. 
Therefore, studies of genome architecture and its evolution can 
provide significant insight into gene regulation and function, and 
the underlying molecular bases of adaptation.

The recent generation of genomic data for plant pathogenic 
fungi and oomycetes has revealed an expansion in genome size in 
several unrelated lineages [2–4]. For example, in the late blight 
oomycete pathogen Phytophthora infestans, a repeat-driven expan-
sion of the genome has created repeat-rich, gene-sparse regions 
that are distinct from the gene-dense conserved regions [2]. For 
every gene, the distance to its closest gene neighbors in either 
direction, designated as its flanking intergenic regions (FIRs), can 
be used to determine whether a gene resides in a gene-dense or 
gene-sparse environment. A dramatic enrichment in genes associ-
ated with virulence is observed in P. infestans repeat-rich, gene- 
sparse regions, [2, 5]. Accordingly, most P. infestans effector genes 
have longer FIRs than the genome average [6, 7]. Although less 
striking than P. infestans, repeat-rich genomic niches harboring 
pathogenicity-related genes are also found in several other filamen-
tous plant pathogens, including Magnaporthe oryzae telomeric 
regions, Leptosphaeria maculans AT-rich isochores, and Fusarium 
spp. conditionally dispensable chromosomes [8]. Genes encoding 
Vir antigens in the malaria parasite Plasmodium falciparum reside 
in repeat-rich regions of the genome suggesting that some animal 
eukaryotic parasites have also evolved repeat-rich regions that host 
pathogenicity-associated genes [9].

Given that genes associated with pathogenicity tend to have 
long FIRs in some pathogen genomes, genome architecture can, 
in some cases, be used to identify new candidate pathogenicity 
genes. For example, the oomycete pathogen Pythium ultimum 
lacks a key family of oomycete effectors, known as “RXLR-type” 
effectors that contain a conserved Arginine-X-Leucine-Arginine 
N-terminal motif involved in translocation into host cells [10, 
11]. Analysis of the architecture of the P. ultimum genome com-
bined with Markov clustering resulted in the identification of a 
novel family of the candidate effector genes encoding small-
secreted proteins with a conserved N-terminal domain. This 
domain contains a YXSL[RK] motif strongly enriched in secreted 
proteins and typically located between amino acid 60 and 80, 
similar to the RXLR motif [10, 11]. This example clearly illus-
trates how examining genome architecture can help to reveal 
novel effector candidates.

Analysis of genome architecture through the visualization of 
the length and distribution of intergenic regions is one way to gain 
insights into the biology and evolution of eukaryotes. Eukaryotic 
genomes are typically comprised of between 5,000 and 50,000 
genes, each flanked by two intergenic regions (5′ and 3′ FIRs). To 
facilitate the mathematical analysis of such large datasets, 
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 “quantization,” the process of mapping a large set of input values 
onto a smaller set, is often used. Data binning is a quantization 
method, replacing values that fall within a given interval (called a 
“bin”) by a value representative of this interval, thereby reducing 
the number of values to analyze.

Here we report a method that was developed using two- 
dimensional data binning to visualize both the 5′ and 3′ inter-
genic regions on either side of each gene in a single representation. 
In this approach, genes are sorted into bins that are defined 
firstly by the length of the 5′ intergenic regions (first dimension) 
and secondly by the length of 3′ intergenic regions (second 
dimension). In the simplest implementation of the method, the 
representative value of a bin is the number of genes it contains. 
This is represented by a color code in a heatmap or as a third 
dimensional value in a surface plot, providing a view of gene-
density distribution [2, 12]. Using this method the genome 
architecture for a whole genome can also be compared to a 
smaller dataset, such as the length of intergenic regions for a 
small subset of genes. Indeed, the method described here offers 
the opportunity to overlay a scatter plot of a particular subset of 
genes on the whole genome heatmap, thereby highlighting the 
position of selected genes in the genome architecture. This 
approach was used to compare the FIRs of effector genes to the 
architecture of whole genomes in Phytophthora spp., illustrating 
that effector genes preferentially reside in gene- sparse regions of 
these genomes [2, 5–7].

Data binning is also used as a pre-processing technique to 
accelerate analyses and reduce the bias caused by minor observa-
tion errors in metagenomics [13], mass spectrometry imaging 
[14], and modeling [15]. In comparative genomics, data binning 
has proved useful in revealing local properties of genomic neigh-
borhoods. Values describing gene properties can be associated 
with every gene and processed per bin, providing a representative 
value for genes in the same bin that have FIRs of similar length. 
Using in planta expression data as an associated value, P. infestans 
gene-sparse regions were shown to be enriched in transcriptionally 
induced genes during plant infection [16]. Analyses of the fre-
quency and the type of single nucleotide polymorphisms and gene 
copy number as associated values led to the concept of a “two- 
speed genome,” with gene-sparse regions evolving faster than 
gene-dense regions in the P. infestans lineage [16].

We describe here a method to perform two-dimensional bin-
ning of genes based on the length of their FIRs, overlay a scatter 
plot over the resulting heatmap graph, and analyze the distribu-
tion of gene-associated values such as gene expression and 
sequence polymorphisms, according to genome architecture. 
The method, implemented in R, takes standard gff or gtf coordi-
nate files as input and produces datasets and graphics that can be 
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exported in any format handled by R. It is composed of five major 
sections (Fig. 1):

 1. Calculation of FIRs length based on gff/gtf input.
 2. Determination of optimal bins based on quantiles and expo-

nential regression.
 3. Data binning.
 4. Representation of binned data as a heatmap graph.
 5. Optional: Overlay of a scatter plot representing FIRs for a 

subset of genes.

GFF or GTF file
(Note 3)

Table of FIRs
(“FIRdata”)

3.1

“MyFIRs.csv”
CSV file Note 4

Bin breaks
(“BinLimits”)

3.2

Data matrix
(“GenValMatrix”)

Gene-associated 
value (e.g. expression,

number of SNPs,...)

Note 7

Operation on
gene-associated values
(e.g. sum, average,...)

Note 8 3.3

Heatmap graphic
representation
(Figures 2 & 5)

3D graphics
representation

(Figure 6)

Note 9

Overlay scatter
plot (Figure 3)

Import FIR data
for display as a 

scatter plot

3.4

3.5

Input

Output

Optional step

Required step

Note 1

Scatter plot
background image
(“image_name”)

Note 11

Note 12

“MyBins.txt”
TXT fileNote 6

“MyMatrix.csv”
CSV fileNote 9

Fig. 1 Overview of the method showing required and optional analysis steps. Numbers refer to Subheadings 3 
and 4. The core of the method is shown in a gray box, with optional inputs (green) and outputs (red ) connected 
with dotted arrows
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Intermediary output files can be exported or imported at each 
major step of the analysis, as explained in the corresponding notes 
and outlined in Fig. 1.

The shape of genome architecture heatmaps is largely depen-
dent on the choice of the bin size. If a bin size is too large local 
variations in genome environment are collapsed. Conversely, if a 
bin size is too small gene frequencies fluctuate greatly and patterns 
of genome architecture cannot be distinguished. In many eukary-
otic genomes, the length of intergenic regions in a genome roughly 
follows a Gaussian distribution. Considering the form of Gaussian 
functions, we approximated that the length of intergenic regions 
varies proportionally to the logarithm of gene frequencies. To fit 
with this property, the proposed method determines bins of size 
increasing exponentially.

For global analysis of genome architecture, section five can be 
disregarded. The methods for data binning (Subheading 3.3) and 
Notes 7 and 8 describe how to associate values with genes, provid-
ing the opportunity to analyze the distribution of these values 
according to genome architecture. In the following command 
lines, parameters to be set by the user are underlined. All com-
mands should run if typed in or copied in the R console as shown, 
omitting the initial “> ” prompt. Long command lines are split 
across lines for clarity reasons, and should run if typed in as a single 
line or copied in the R console as a whole (omitting the initial 
“> ”).

2  Materials

 1. The following R base packages are required: “base,” “graphics,” 
“grDevices,” “stats,” “utils,” installed by default with 
R.2.XX.X. We recommend running R 3.0.1 or above for better 
compatibility.

 2. Three packages from the bioconductor suite are needed, and 
they can be downloaded and installed with the following 
instructions:
> source("http://bioconductor.org/biocLite.R")
> biocLite("GenomicRanges")
> biocLite("rtracklayer")
> biocLite("Rsamtools")

 3. Four packages hosted by the CRAN mirror sites can be 
downloaded directly using the “install.packages” function as 
follows:
> install.packages("png")
> install.packages("gridExtra")
> install.packages("ggplot2")

2.1 Required R 
Packages
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 1. The methods use the function “getFeat2” or “getFeat2b”, mod-
ified versions of the “getFeat” function contributed by Thomas 
Girke. The codes of the “getFeat2” and “getFeat2b” functions 
can be downloaded from the Figshare repository using the links 
http://dx.doi.org/10.6084/m9.figshare.707325 and http://
dx.doi.org/10.6084/m9.figshare.707326 respectively.

 2. The methods use the function “filled.contour3” that can be down-
loaded using the link http://dx.doi.org/10.6084/m9.fig-
share.707327 to the Figshare repository. This is a modified version 
of the “filled.contour” function contributed by Ian Taylor, Carey 
McGilliard, and Bridget Ferris available at http://wiki.cbr.wash-
ington.edu/qerm/sites/qerm/images/1/16/Filled.contour3.R.

 1. Alternative methods proposed in Subheading 4 use the “fields” 
and “rgl” packages hosted by the CRAN mirror sites and 
“EBImage” bioconductor package. They can be installed using 
the following instructions:

> install.packages("rgl")
> source("http://bioconductor.org/biocLite.R")
> biocLite("EBImage")

The description of methods in Subheadings 3 and 4 was performed 
on P. infestans datasets described in [2]. Pre-processed files, as used 
in the following Subheading 3, can be downloaded from the 
Figshare repository using the link http://dx.doi.org/10.6084/
m9.figshare.707329. This archive includes:

 1. The “Mygtf.gtf” file containing the final transcript calls for P. 
infestans genome version 2.4. The original file is available at 
http://www.broadinstitute.org/annotation/genome/phy-
tophthora_infestans/MultiDownloads.html. The file “Mygtf.
gtf” imported in step 3 of Subheading 3.1 is a modified ver-
sion in which lines were sorted in ascending order on the seq-
name and start position columns according to Note 3.

 2. The “RXLR_FIRs.csv” file containing intergenic regions 
length for RXLR effector genes only, imported in step 10 of 
Subheading 3.5.

 3. The “Tom_expression.csv” file containing gene induction val-
ues at 2 days post inoculation on tomato, imported in Note 7.

3  Methods

The following methods describe the procedure to draw genome 
architecture heatmaps and overlay them with scatter plots in R. An 
alternative method for calculating intergenic region length 
(Subheading 3.1) in perl is proposed in Note 1.

2.2 Required Custom 
R Functions

2.3 Optional R 
Packages

2.4 Sample Datasets
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 1. Copy the file “getFeat2.R” into your R working directory. 
Specify the use of this file as the source for the “getFeat2” 
function as follows:
> source("getFeat2.R")
You may want to ignore genes at the ends of contigs in the 
analysis. In this case the “getFeat2b” function should be used 
instead of “getFeat2”. See Note 2 for details on how to use it.

 2. Load libraries required for this section.
> library(rtracklayer)
> library(GenomicRanges)
> library(Rsamtools)

 3. Place a copy of the .gff file containing feature coordinates for the 
genome to analyze in your R working directory. Files in the .gff or 
.gtf format are accepted as input. They must contain either “gene,” 
“exon” or “start codon,” and “stop codon” features for the “get-
Feat2” function to work (see Note 3). Import the gff file using the 
“import.gff” function of the GenomicRanges package, replacing 
“Mygtf.gtf” by the name and extension of the file to analyze.
 > gff<- import.gff("Mygtf.gtf", asRangedData 
=FALSE)

 4. Generate a Range object called “gffgene” containing gene fea-
tures using the “getFeat2” function. Specify the type of the file 
imported (“gff” or “gtf”) after the “format=” parameter.
> gffgene<-getFeat2(x=gff, format="gtf", 
range_types=c("gene"))

 5. Restore the gene strand information lost after processing using 
the “getFeat2” function.
> strand(gffgene)<-mcols(gffgene)$score

 6. Clean up the temporary strand information column.
> mcols(gffgene)$score<-NULL

 7. Generate a Range object called “gffintg” containing intergenic 
region features using the “getFeat2” function. Specify the type 
of the file imported (“gff” or “gtf”) after the “format=” param-
eter. This operation can take some time to complete.

gtf",
range_types=c("intergenic"))

 8. Create a data frame object called “length_intg” containing one 
column with intergenic regions indexes and another column 
with intergenic regions length.
> length_intg<-
 as.data.frame(cbind(seq(1:length(ranges(gffi

 9. Rename columns of the “length_intg” data frame as “index” 
and “length” for convenience in future references.

3.1 Calculation of 
Flanking Intergenic 
Regions
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> colnames(length_intg)<-c("index", "length")
 10. Create a list called “three_intg_index” of indexes for intergenic 

regions following every gene (located at the 3′ end of each 
gene), using the “precede” function of the GenomicRanges 
package.

 11. Create a list called “five_intg_index” of indexes for intergenic 
regions preceding every gene (located at the 5′ end of each gene), 
using the “follow” function of the GenomicRanges package.

 12. Create a data frame object called “gene_data” containing col-
umns with gene identifiers, gene strand, five prime, and three 
prime intergenic region indexes.
> gene_data<-

 as.data.frame(cbind(as.character(mcols(gffg
ene)$group), as.character(strand(gffgene)), 

 
(three_intg_index)))

 13. Rename columns of the “gene_data” data frame as “geneid,” 
“strand,” “FivePrime_index,” and “ThreePrime_index” for 
convenience in future references.
 > colnames(gene_data)<-c("geneid", "strand", 

 14. Merge “gene_data” and “length_intg” data frames into a 
“tempdata” data frame using indexes for five prime intergenic 
regions as a common data column between the two data 
frames. The “all.x=TRUE” parameter allows lines of the 
“gene_data” data frame to be kept with no five prime inter-
genic region index.
> tempdata<-merge(x=gene_data, y=length_intg,

 15. Rename columns of the “temp_data” data frame as “delete1”, 
“geneid”, “strand”, “ThreePrime_index,” and “fiveprime” to 
avoid conflicts with the following steps of the process.
 > colnames(tempdata)<-c("delete1", "geneid", 

 16. Merge “tempdata” and “length_intg” data frames into a 
“FIRdata” data frame using indexes for three prime intergenic 
regions as a common data column between the two data frames. 
The “all.x=TRUE” parameter allows lines of the “gene_data” 
data frame to be kept with no three prime intergenic region index.
> FIRdata<-merge(x=tempdata, y=length_intg,
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 17. Clean up unnecessary columns in the “FIRdata” data frame 
object.

> FIRdata$delete1<-NULL
 18. Rename columns of the “FIRdata” data frame as “geneid,” 

“strand,” “fiveprime,” and “threeprime” for convenience in 
future references. The FIRdata table can be exported for exter-
nal use (see Note 4).
> colnames(FIRdata)<-

 1. Set the number of bins to use by replacing “40” in the code 
line below. This number is stored under the variable name 
“NumBins.” We recommend values between 10 and 60 for an 
appropriate representation of most eukaryotic genomes.
> NumBins=40

 2. The size and breaks of bins will be calculated based either on five 
prime or three prime intergenic regions length, depending on 
which list contains the longest intergenic region of the genome. 
The corresponding list is stored under the variable name “FIR2Bin”

 
 

{
} else {
FIR2Bin<-FIRdata$threeprime
}

 3. Remove intergenic regions of length 0 or with no length 
assigned from the “FIR2Bin” list.

> FIR2Bin<-na.omit(FIR2Bin)
 4. Determine the number of entries “BinSteps” per bin to sepa-

rate all entries in the “FIR2Bin” list into a number of quantiles 
equal to “Numbins-1”
>  BinSteps<-round(length(FIR2Bin)/(Num Bins-1), 
digits=0)

 5. Sort the length of intergenic regions stored in the “FIR2Bin” 
list in ascending order; store the ordered list under the variable 
name “FIR2BinOrd”.
> FIR2BinOrd<-sort(FIR2Bin)

 6. Determine the temporary bin breaks stored based on inter-
genic region lengths, the position of which delimits quantiles 
of length “BinSteps.” The list of temporary bin breaks is stored 
under the list named “TempBinLimits.”

3.2 Bin Breaks Setup
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 7. To allow a more complete coverage of the range of intergenic 
region length present in the genome analyze, the maximum 
value in the list “FIR2Bin” is added as the last break in the list 
“TempBinLimit”.

 8. Fit an exponential distribution to the values of temporary bin 
breaks in “TemBinLimits” list using the non-linear regression 
function “nls.” A prevalent weight is given to the extreme val-
ues in the “TempBinLimits” list during the regression to 
ensure a better representation of genes with extreme intergenic 
region length (see Note 5).

 
= c(a=0, b=0),

 

 9. Calculates the predicted bin breaks based on the exponential 
regression and store values in the “BinLimits” list. 

 > BinLimits=c(1, round(exp(pred),0), max(FIR2Bin))
Comparisons of the architecture of several genomes, using 

the same set of bin breaks might be required. Note 6 describes 
how to export the list of bin breaks calculated here and how to 
import an external list of bin breaks.

 1. Assign five prime and three prime intergenic regions of every 
gene to bins delimited by breaks in the “BinLimits” list. Assigned 
bins are stored under variables called “xbin” and “ybin” for five 
prime and three prime intergenic regions, respectively.

> ybin=cut(FIRdata$threeprime, breaks= c(BinLimits))
 2. Concatenate the list of assigned bins to the “FIRdata” data 

frame. This step also concatenates a list of gene-associated values 
called “genevalue” that is set to “1” for every gene. A custom list 
of gene-associated values can be provided instead (see Note 7).
> FIRdata<-cbind(FIRdata, xbin, ybin,

 3. Create the matrix “GenValMatrix” containing the number of 
genes in each bin. The number of genes is calculated by sum-
ming up gene-associated values of 1 for each gene, using the 
function “sum.” Other operations can be performed on gene- 
associated values using different built-in or custom functions 
(see Note 8). Note 9 describes how to export the matrix calcu-
lated here or how to import an external matrix of values.

3.3 Data Binning
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list(xbin, ybin), sum))
 1. Set units of the graph axes in the three dimensions using the 

number of columns in “GenValMatrix”, the number of rows in 
“GenValMatrix,” and the maximum value in “GenValMatrix” 
for x, y, and z dimensions, respectively.

> x<-1:ncol(GenValMatrix)
 > zlim = range(as.numeric (unlist(GenVal 

 2. Set the color palette “mypalette” using the “colorRampPal-
ette” function. The number and identifiers of colors can be 
freely chosen to modify the aspect of the heatmap, by changing 
the list proposed below.

"darkblue", "forestgreen", "goldenrod1", 
"orangered", "red3", "darkred"), space="rgb")

 3. Create a list of colors “mycol” based on the “mypalette” color 
palette and the number of subdivisions “mynlevels.”

 4. Create a list of labels “mylabels” for axes by concatenating the 
length of the shortest and longest intergenic regions in each 
bin (stored in the “BinLimits” list) separated by a hyphen.
 > mylabels<-paste(BinLimits[1:length(BinLim
- ", collapse=NULL)

 5. Perform heatmap graph rendering using the “filled.contour” 
function (Fig. 2). 3D rendering of the “GenValMatrix” matrix 
is also possible (see Note 10).

genome",
ylab = "three prime intergenic regions",
 key.title = title(main ="Number of 

line=1),
col=mycol,

 plot.axes={axis(1,at=x, labels=mylabels, las=2,
axis(2,at=y, labels=mylabels, 

3.4 Heatmap 
Drawing
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 1. Copy the code of the “filled.contour3” function given in 
Subheading 2 into a text file named “filled.contour3.R” and 
place this file in your R working directory. Specify the use of 
this file as the source for the “filled.contour3” function as 
follows:

 2. Load libraries required for this section.
> library(png)
> library(gridExtra)
> library(ggplot2)

 3. See Note 11 if you want to re-use a scatter plot background 
image generated from a previous analysis. Automatically set the 
name of the heatmap image file to be used as a background for 
the scatter plot. The name is composed of the system date 
(year, month, and day) and time (hours, minutes, seconds) 

3.5 Overlaying a 
Scatter Plot Over a 
Genome Architecture 
Heatmap
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Fig. 2 The heatmap plot output of step 5 of Subheading 3.4, representing gene counts in P. infestans genome. 
The initial gtf file was obtained at http://www.broadinstitute.org/annotation/genome/phytophthora_infestans/
MultiDownloads.html. Minor edits were performed in Adobe Illustrator to include italic fonts in the main title 
and improve the legibility of the color key and axis labels
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 followed by “_graph” and stored in the variable “image_name” 
for future reference.
> image_name<-paste(as.character(format(Sys.time(),

 "%Y%m%d%H%M%S")), "_graph", sep="")
 4. Create a .png image file in your R working directory named 

after the “image_name” variable. For alternative image file for-
mats see Note 12.

 5. Remove margins of the graph so that it fully covers the back-
ground of the scatter plot to be overlaid.
> par(mar=c(0,0,0,0))

 6. Perform heatmap graph rendering using the “filled.contour3” 
function. This modified version of the “filled.contour” func-
tion does not draw the color key scale allowing the heatmap to 
fully cover the graphic device area.

col=mycol,

frame.plot = FALSE,
axes = FALSE)

 7. Save current graph to the file specified in step 4 and close the 
graphic device.

 8. Load the heatmap background image created previously in a 
variable called “img” using the “readPNG” function of the 
“png” package.

 9. Convert the background image into a grid graphical object 
using the “rasterGrob” function of the “gridExtra” package. 
This object is stored under the name “g.”

 10. Import data to be shown as a scatter plot. In the example below, a 
comma delimited table containing five prime and three prime 
intergenic regions for RXLR effector genes (called “RXLR_FIRs.
csv”) is imported using the “as.data.frame” and “read.csv” 
functions. Note that the file should be located in the R working 
directory to allow the omission of the filepath when calling the file.

RXLR_ ', 

 11. Plot the “rxlrData” data as a scatter plot over the grid object 
“g” corresponding to the background heatmap image using 
the “ggplot” function of the “ggplot2” package. After “aes(“, 
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the “x=” and “y=” arguments specify data to use as 5′ and 3′ 
FIRs, respectively. This should be provided as the name of the 
variable referring to the dataset, followed by “$” and the name 
of the column containing either 5′ or 3′ FIR length data 
(“rxlrData$rxlr_five” and “rxlrData$rxlr_three, respectively in 
the example below). The following options are used to format 
the graph: “annotation_custom” specifies the object “g” as a 
background image and sets its dimension to the whole plot 
area; “”coord_fixed” locks the x and y ratio to 1 so that the 
background always covers the whole plot area; “geom._point” 
specifies the style of dot to use for the scatter plot; “scale_y_
log10” and “scale_x_log10” set axes in logarithm scale and 
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Fig. 3 Overlay of a scatter plot  showing the genomic context for RXLR effector genes on the heatmap of P. 
infestans genome architecture. The figure shows the output of step 10 of Subheading 3.5 with edits performed 
in Adobe Illustrator to display italic fonts in the main title and include a color key and scatter plot legend
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define their limits; “theme(axis” formats axes labels and titles. 
The resulting graph is shown in Fig. 3. A warning message may 
inform you of data points outside the scatter plot range that are 
not shown.
> ggplot(data=rxlrData,

annotation_custom(g, xmin=-Inf, xmax=Inf, ymin= 
-Inf,

 
scale_x_log10(breaks= BinLimits 

theme(axis.text.y=element_text(size = 10, 

 theme(axis.title.x = element_text(face= 

 theme(axis.title.y = element_
prime intergenic region")

4  Notes

 1. For the calculation of intergenic region length in perl 
(Subheading 3.1), the “Calculate_FIR_length.pl” script 
available from the Figshare repository using the link http://
dx.doi.org/10.6084/m9.figshare.707328. This script takes 
either .gff3 or .gtf files as input. It sets the values of FIRs at the 
border of contigs to “NA” similar to the “getFeat2b” R function 
described in Note 2. To run it, use:
> perl Calculate_FIR_length.pl
Several prompts will invite the user to select appropriate 
options. First, type in “gff3” or “gtf” to specify whether the 
input file is in .gff3 or .gtf format:

Second, type in the name and extension of the input file (e.g., 
“Myfile.gff3”)
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Third, type in “gene”, “mRNA,” or “exon” to specify the type 
of feature included in the input file to use as gene models:

Finally, enter the name of the output file, including the “.csv” 
extension (e.g., “MyFIRs.csv”)

This will produce a comma delimited file containing FIR 
lengths (stored in the folder where the script was executed). To 
import this file in R and continue with steps under 
Subheading 3.2 of the analysis, use:

", sep=",")
 2. By default, the “getFeat2” function calculates distance to the 

end of contigs as the FIRs for genes residing at the edge of 
contigs. Because contig edges are often difficult to assemble, 
these FIRs are likely underestimated. As an alternative, you can 
use the “getFeat2b” function to set FIRs at the edge of contigs 
to “NA,” and therefore ignore them in subsequent steps of the 
analysis. To do so, copy the file “getFeat2b.R” into your R 
working directory. Specify to use this file as the source for the 
“getFeat2b” function as follows:
> source("getFeat2b.R")
Then at steps.4 and 7 of Subheading 3.1 call the “getFeat2b” 
function instead of “getFeat2” as follows:
> gffgene<-getFeat2b(x=gff,format="gff", range_ 
types=c("gene"))

gff",
 r a n g e _ t y p e s = c ( " i n t e r g e n i c " ) 
)

 3. The methods described here take .gff and .gtf files as input. 
Gene and intergenic regions’ features are generated using the 
custom “getFeat2” function, a modified version of the “get-
Feat” function written by T. Girke available at http://faculty.
ucr.edu/~tgirke/Documents/R_BioCond/My_R_Scripts/
gffMod.R. The file type “gff” should be selected when the 
annotation file contains gene features, and “gtf” file type 
should be selected otherwise. If the wrong file type is selected, 
the following error message might show:

cannot be determined from the supplied arguments 
(too many NAs)
To avoid errors while running “getFeat2”, the annotation file 
should not contain any blank lines and must be sorted by 
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ascending order on the seqname (first column) first and then 
start position (third column).

 4. To export the “FIRdata” table as a comma delimited table (.csv 
file, exported to R working directory by default), the following 
instruction can be used:

", sep=",", 

To import a .csv file to start the analysis directly at 
Subheading 3.2 use:

",sep=",")
 5. A comparison of temporary bins based on quantiles (with 

breaks defined by “TempBinLimits”) and bins derived from 
exponential regression (with breaks defined by “BinLimits”) 
allows to control whether the distribution of intergenic regions 
length in bins has been appropriately optimized. The following 
code creates a boxplot representation of data in each bin, for 
temporary (grey) and final bins (red), as shown in Fig. 4. It 

1 3 5 7 9 12 15 18 21 24 27 30 33 36 39

1e
+

01
1e

+
02

1e
+

03
1e

+
04

1e
+

05

bins

in
te

rg
en

ic
 r

eg
io

ns

Quantile bins (”TempBinLimits” breaks)

Exponential-fitted bins (”BinLimits” breaks)

Fig. 4 Distribution of P. infestans intergenic regions length in temporary quantile bins and exponential-fitted bins
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required installation of the “fields” package to run. On 
P. infestans intergenic region data, a significant reduction in 
the variance in bins is obtained with the proposed exponential 
regression. Alternative regression models may be considered in 
step 8 of Subheading 3.2 for some datasets.

> bplot(FIR2Bin, as.numeric(cut(FIR2Bin,

empBinLimits)), col="grey", log="y", 
xlab="bins", ylab="intergenic regions")

> bplot(FIR2Bin, as.numeric(cut(FIR2Bin, breaks 
=BinLimits)),

 breaks=BinLimits, xlim=c(1,length(BinLimits)), 
col="red", log="y", axes=FALSE, ann=FALSE)

 6. To export the “BinLimits” list as list in a text file (.txt file, 
exported to R working directory by default), the following 
instruction can be used:

 To import an external set of bin breaks saved as a .txt file, use:
 > BinLimits<-

To start the analysis directly from Subheading 3.3, both 
“FIRdata” and “BinLimits” must be imported as described in 
Notes 4 and 6, respectively.

 7. Typical gene-associated values are gene expression values or 
number of SNPs per genes. The following example illustrates 
how to replace the gene-associated value column in the 
“FIRdata” table by imported gene expression data using the 
“merge” function. Datasets used in this example are available 
in the Figshare repository using the link http://dx.doi.
org/10.6084/m9.figshare.707329.
 > GeneExpression<-

data frame

> tempdata<-as.data.frame(FIRdata)
function

> FIRdata<-merge(x=tempdata, y=GeneExpression,
by.x="geneid", by.y="geneid", all.
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 8. Virtually any function can be applied on gene-associated  
values, the function “mean” being among the more useful 
when analyzing gene expression data. The following creates a 
“GenValMatrix” containing average gene expression in bins 
using data imported in Note 7.

list(xbin, ybin), mean))
Functions such as “mean” introduce significant noise in the 
heatmap due to bins containing few genes. It is therefore 
advisable to ignore bins with too few elements. The following 
lines create a “CountMatrix” containing the number of genes 
in bins that is used to replace the gene expression values of bins 
with less than four genes by “0” in the GenValMatrix.

list(xbin, ybin), length))
> GenValMatrix[CountMatrix < 
The color scale may need to be modified to fit with the gene- 
associated values. In particular, gene expression data contain negative 
and positive values and the color scale needs to be adjusted so that 
“0” values are shown with a neutral color (here “white”). The fol-
lowing lines generate the gene expression heatmap shown in Fig. 5.

black", "black", 
"darkblue",

 "blue", "dodgerblue3", "dodgerblue", 
"red3", "red4", "red4"), space="rgb")

> mycol=mypalette(

plot.title = title(main ="
gene

induction at 2 days post inoculation on 
tomato",
ylab = "three prime intergenic regions", cex.main=0.8,
 key.title = title(main ="
induction",
col=mycol,

plot.axes={axis(1,at=x, labels=mylabels, las=2,
axis(2,at=y, labels=mylabels, cex.

Visualisation of Genome Architecture



48

 9. To export the “GenValMatrix” table as a comma delimited 
table (.csv file, exported to R working directory by default), 
the following instruction can be used:

To import an external data matrix saved as a .csv file, use:

To start the analysis directly from Subheading 3.4, both 
“BinLimits” and “GenValMatrix” must be imported as 
described in Notes 6 and 9 respectively.

Phytophthora infestans gene expression
at 2 days post inoculation on tomato
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Fig. 5 Heatmap representing the average induction fold at 2 days postinoculation on tomato for P. infestans 
genes, relative to gene expression in vitro. Gene induction fold was averaged per bin and plotted as described 
in Note 8. Minor edits were performed in Adobe Illustrator to include italic fonts in the main title and improve 
the legibility of the color key and axis labels
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 10. Data in the “GenValMatrix” matrix can be visualized in 3D 
using the “rgl” package. The following describes how, from 
step 6 of the Subheading 3.4 “Heatmap drawing”, a 3D real- 
time visualization of the genome architecture can be obtained 
(Fig. 6). The “rgl” package must be installed for this method.

-
ing to 20

matrix of colors
> rgl.surface(x, y, z, color=col, alpha=1, 

 11. To display several gene subsets from the same genome as a 
scatter plot, a scatter plot background image generated from a 
previous analysis can be re-used. For this, skip steps 3–7 of 
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Fig. 6 A 3D view of gene counts in P. infestans genome created using RGL package. Legends and axis labels 
were added in Adobe Illustrator
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Subheading 3.5 and replace the variable “image_name” by the 
name of the image file to import in step 8 of Subheading 3.5.

 12. File formats JPEG and TIFF are supported for the scatter plot 
background image. To write the background image file in the 
chosen format, replace step 4 of Subheading 3.5 with one of 
the following:

Loading JPEG or TIFF files in R will require the “EBImage” 
package. Replace step 8 of Subheading 3.5 by the following, 
using either “.jpeg” or “.tiff” as the file extension:
> library("EBImage")

.
jpeg", sep=""))
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Chapter 4

On the Statistics of Identifying Candidate Pathogen 
Effectors

Leighton Pritchard and David Broadhurst

Abstract

High-throughput sequencing is an increasingly accessible tool for cataloging gene complements of plant 
pathogens and their hosts. It has had great impact in plant pathology, enabling rapid acquisition of data for 
a wide range of pathogens and hosts, leading to the selection of novel candidate effector proteins, and/or 
associated host targets (Bart et al., Proc Nat Acad Sci U S A doi:10.1073/pnas.1208003109, 2012; Agbor 
and McCormick, Cell Microbiol 13:1858–1869, 2011; Fabro et al., PLoS Pathog 7:e1002348, 2011; 
Kim et al., Mol Plant Pathol 2:715–730, 2011; Kimbrel et al., Mol Plant Pathol 12:580–594, 2011; 
O’Brien et al., Curr Opin Microbiol 14:24–30, 2011; Vleeshouwers et al., Annu Rev Phytopathol 49:507–
531, 2011; Sarris et al., Mol Plant Pathol 11:795–804, 2010; Boch and Bonas, Annu Rev Phytopathol 
48:419–436, 2010; Mcdermott et al., Infect Immun 79:23–32, 2011).

Identification of candidate effectors from genome data is not different from classification in any other 
high-content or high-throughput experiment. The primary aim is to discover a set of qualitative or quan-
titative sequence characteristics that discriminate, with a defined level of certainty, between proteins that 
have previously been identified as being either “effector” (positive) or “not effector” (negative). 
Combination of these characteristics in a mathematical model, or classifier, enables prediction of whether 
a protein is or is not an effector, with a defined level of certainty. High-throughput screening of the gene 
complement is then performed to identify candidate effectors; this may seem straightforward, but it is 
unfortunately very easy to identify seemingly persuasive candidate effectors that are, in fact, entirely 
spurious.

The main sources of danger in this area of statistical modeling are not entirely independent of each 
other, and include: inappropriate choice of classifier model; poor selection of reference sequences (known 
positive and negative examples); poor definition of classes (what is, and what is not, an effector); inadequate 
training sample size; poor model validation; and lack of adequate model performance metrics (Xia et al., 
Metabolomics doi:10.1007/s11306-012-0482-9, 2012). Many studies fail to take these issues into account, 
and thereby fail to discover anything of true significance or, worse, report spurious findings that are impos-
sible to validate. Here we summarize the impact of these issues and present strategies to assist in improving 
design and evaluation of effector classifiers, enabling robust scientific conclusions to be drawn from the avail-
able data.

Key words Effectors, Statistical modeling, Classification, Bioinformatics, Sequence analysis, 
Genomics, High-throughput screening
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1 Introduction: Domain-Specific Assumptions and Applicability

Remember that all models are wrong; the practical question is how wrong 
do they have to be to not be useful. George E.P. Box, “Empirical Model 
Building”

The assignment of putative effector function to a gene’s 
 protein product is a binary classification problem that can be char-
acterized as declaring that a candidate sequence either has, or does 
not have, “effector function.” The classifier is presented with each 
protein in turn and asked to decide whether it is an effector. This 
can be done in many ways, but all serious attempts must be based 
on clearly defined a priori knowledge of characteristics specific to 
the problem domain (here the biological function of effectors), 
such as the facts that effectors must leave the pathogen, and enter 
the host (e.g., via type III secretion [12], or using the RxLR trans-
location signal [13]).

In the absence of such a priori knowledge, classification is no 
more than a guess and could, we might imagine, be achieved by 
tossing a fair coin and calling the tested protein “effector” if the coin 
lands face-up. However, even this naïve “model” is incorrect, as it 
assumes (all assumptions are a priori knowledge) that there is equal 
chance of the outcome being positive or negative. We might at least 
include information (again a priori) about how often effectors occur 
in a typical genome: their prevalence. For a “coin-toss” model, this 
would mean flipping a heavily weighted coin that is much more 
likely to fall tails than heads. This effect of prevalence, or base rate, is 
discussed in detail in Subheading 3.1 and, fortunately, simple 
Bayesian statistics allows us to accommodate its influence.

Ultimately, the performance of a classifier that uses protein 
sequences as input is only as good as the understanding that goes 
into abstracting key characteristics of effector sequences for use in the 
classifier, and the quality of the reference data set used to optimize 
the parameters of the model. Typically there are relatively few verified 
effector proteins for any chosen pathogen, and their precise functions 
are usually not well characterized. As a result, naïve (but theoretically 
unbiased) use of raw sequence data as input to off-the-shelf “black 
box” machine learning algorithms (e.g., Support Vector Machines, 
Artificial Neural Networks, etc. [10, 14–17]) is to be discouraged in 
this context; these techniques are extremely effective under certain 
conditions, but here the number of variables v far exceeds the number 
of training examples n—the so-called curse of dimensionality [18]. 
Under these circumstances, the resulting models are typically highly 
prone to uncovering random multivariate correlations that are impos-
sible to validate without extremely large reference data sets, or that are 
not generalizable, i.e., unstable when presented with data that falls 
outside the tight constraints of the training examples.

In addition to constraining the structural characteristics of a 
classifier, it is also wise to constrain the scope of its utility: a classifier 
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trained on sequences that derive from one organism should be used 
only with caution on sequences that originate from a different 
organism, with the degree of caution tracking the degree of 
 organism divergence. Pathogen effectors are a highly diverse set of 
proteins [2, 10, 19–22], and it is likely that tailoring a classifier to 
the family of interest will be more useful than naïve application of a 
one-size-fits-all tool.

2 Constructing a Classifier of Effectors

Our goal in constructing a classifier of effector candidates is to 
 create a model that, when presented with a protein sequence in 
silico, returns a result, or prediction, that in vivo the protein does, 
or does not, function as an effector [11]. For this we must first 
decide the appropriate domain-specific a priori knowledge that will 
be used to form the basis for the classifier. A non-exhaustive and 
unordered list of model characteristics that have previously been 
considered includes:

 1. Presence of a generic export signal, such as a predicted signal 
peptide [13, 22–24].

 2. Presence of a pathogenicity-specific export signal, such as a 
predicted type III secretion signal [25–28].

 3. Presence of a sequence motif associated with translocation 
into the host cell, such as a predicted RxLR motif [13, 
22–24].

 4. The absence of a motif associated with some function that 
could sequester the protein, such as a predicted transmem-
brane domain [13, 22].

 5. Amino acid composition and/or k-mer frequency [16,  
29, 30].

 6. Protein size (as sequence length, or molecular mass) [14].
 7. Predicted structural features [15].
 8. Collocation with a specific promoter, or coregulation  

[25, 26].
 9. Other predicted or measured biochemical function [31–33].
 10. Sequence similarity to proteins of known effector function; 

MCL/OrthoMCL and other clustering methods are essen-
tially applications of the determination of distance by sequence 
similarity [8, 15, 26, 28, 32].

Characteristics may be used singly, but it is more usual to com-
bine them into a model structure: a logical combination of many 
input characteristics producing a single output variable.

Many measures of the presence of a sequence feature are not 
“yes/no” binary values, but rather are continuous or probabilistic 
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(e.g., output from SignalP may be either a Y/N prediction, or a 
probability score; sequence similarity assessed using BLAST may 
be determined as an E-value, bit score, or a threshold on one or 
more of these values). The choice of discriminating value for 
declaring “presence” or “absence” of a characteristic is a model 
parameter. It is important to note that if, for example, one of the 
characteristics of the model involves a sequence alignment step to 
identify a common sequence region, then the way in which the 
alignment was done, including the software used and its settings, 
are also parameters of one element of your model.

It should now be clear that construction of a predictive model 
of effector function requires optimization of three fundamental 
elements:

 (a) The set of defining sequence characteristics.
 (b) The parameters associated with determining presence or 

absence of those characteristics.
 (c) The model structure linking those characteristics together.

Ultimately, the end product of the model construction process 
will be a model in which each candidate protein has its sequence 
reduced down to an optimal derived characteristic profile, an 
 optimal model structure, and an optimal set of parameter values 
(see Fig. 1).

In this section we discuss techniques used to compare alternative 
models on their predictive capacity. This enables determination of 
whether a particular characteristic gives any additional useful diag-
nostic information, and what model structure and parameter  values 
give the best predictive performance. While classifier construction 
typically does, and should, begin with biologically plausible  reasons 
to include some characteristics and exclude others, their interac-
tions via the model structure and parameters may still be optimized. 
For example, an initial choice of characteristics may be redundant 
if one characteristic can wholly be explained by the presence or 
absence of another.

Having selected a suitable set of characteristics and a comple-
mentary set of candidate model structures, the next step is to 
 optimize the model’s parameter values. This is not always straight-
forward: parameter values can influence each other and should not 
be optimized in isolation but rather as a whole. Unfortunately this 
can quickly become computationally difficult; a full discussion is 
beyond the scope of this article, and interested readers are directed 
toward these excellent reviews [34, 35]. The complexity of the 
problem can be reduced by constraining the “legal” set of param-
eter values so that the number of combinations is small enough 
that models can be run with all combinations of parameters in an 
exhaustive search, and then ranked in order of fitness.

2.1 Optimization  
and Evaluation  
of the Classifier
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However the set of parameter values is chosen, each candidate 
classifier must be robustly evaluated, and this evaluation should be 
realistic in representing real-world performance of the classifier. 
The accuracy of this performance can be expected to be dependent 
on two things: quality of the reference data set, and the metric 
used to evaluate classifier performance.

To evaluate a binary (yes/no) classifier, we require two sequence 
datasets: positive examples of known effectors, and negative exam-
ples of proteins that are not effectors. To be most useful, positive 
and negative sequences should be matched as closely as possible, 
e.g., in terms of length, sequence composition, and other features 
not thought to bear directly upon effector function. The basic prin-
ciple is that we measure the classifier’s ability correctly to classify 
positive sequence examples as being effectors, and negative sequence 
examples as not being effectors. It is important to note that the 

Fig. 1 (a) Any predictive model of protein function has three elements: the input characteristics of a sequence 
to be classified (four arbitrary characteristics C1–C4 are indicated here, representing concepts such as, e.g., 
presence or absence of a signal peptide, protein length, etc.); the model structure, i.e., the ways in which the 
characteristics are combined to produce the single output variable (represented as addition and multiplica-
tion); and the parameters of the model (β1–β7) that modify interactions between characteristics. The sigmoidal 
curve represents integration of the model characteristics, structure, and parameters to produce a single output 
response (EF: “effector function”—this may be simply binary, i.e., effector/not effector, or express some level 
of confidence in the prediction of effector function). Alternative models may differ in terms of parameters, the 
number and choice of characteristics (e.g., three in (b), four in (c)), the internal model structure, or all three 
elements. In the model optimization step all three factors can, and should be, optimized. The four different 
structures in the figure represent (a) mixed logic model (b) linear sum (logistic regression) model (c) projection 
model, and (d) embedded sub-model—all of which could potentially compete against each other through CV 
and ROC analysis
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number of proteins in the reference dataset is inextricably linked to 
the confidence we can have in a classifier’s predictive ability: the 
larger the dataset, the smaller the uncertainty we have in the 
 performance metric (by the Central Limit Theorem). However, for 
a fixed number of reference sequences, the better the classifier is, the 
smaller the uncertainty we have in the performance metric and, con-
sequently, the choice of sample size is to some extent subjective.

A standard approach to evaluating model performance is to 
use cross-validation (CV) [13, 14, 18, 36–38]. The simplest 
approach to CV is to partition the sequence data into two parts: 
ideally about two thirds of the sequence data should be placed in a 
training set, selected randomly from both positive and negative 
sequence sets. The remaining sequences are termed the holdout set. 
Care must be taken that the holdout set should be a representative 
subsample of the complete sequence data set. Optimization of the 
model—the selection of parameters, characteristics, and structure—
should take place on the training set only. The predictive ability of 
the model should be assessed only on the holdout set. This is done 
to minimize overfitting, in which the classifier is unwittingly trained 
specifically to perform well on the sample data set, but loses the 
ability to generalize (i.e., to classify well sequences that were not 
part of the reference set).

A single round of data partitioning is not typically sufficient to 
produce a realistic estimate of classifier performance. Multiple rounds 
of CV, partitioning the same data into several distinct training and 
holdout sets should be performed. The classifier’s performance with 
a specific model (i.e., a single set of characteristics and parameters) is 
taken to be its average over all these rounds of partitioning.

Several modes of partitioning (e.g., bootstrap, k-fold, and 
leave-one-out (LOO) cross-validation) are common, and some 
such as LOO are particularly useful for effector prediction prob-
lems that involve small sample sizes of known effectors, or when 
only positive examples are known, for which a one third-two thirds 
split is not reasonable.

The results from CV should be considered as the frequencies 
with which the model produces four categories of result:

 1. TP: count of known effector proteins correctly classified as 
“effector”.

 2. TN: count of known non-effector proteins correctly classified 
as “non-effector”.

 3. FP: count of known non-effector proteins incorrectly classified 
as “effector”.

 4. FN: count of known effector proteins incorrectly classified as 
“non-effector”.

These may be combined to give useful summary estimates of 
performance:
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 1. Sensitivity (Sn): TP/(TP + FN); interpreted as the probability 
that an effector protein will be correctly classified.

 2. Specificity (Sp): TN/(TN + FP); interpreted as the probability 
that a non-effector will be correctly classified.
Taken in isolation, sensitivity and specificity may be misleading 

of overall performance (especially when prevalence is low—see 
Subheading 3), and derived measures are useful to avoid this prob-
lem, such as:

 1. Positive Predictive Value (PPV, precision): TP/(TP + FP); 
interpreted as the probability that a positive classification result 
is correct.

 2. F-score: (2 × PPV × Sn)/(PPV + Sn); this is a weighted average 
of PPV and Sn, and ranges between 0 and 1, where an F-score 
closer to 1 is better.

Fig. 2 ROC curve analysis of two competing classifier models. Model A has an estimated Area Under the ROC 
curve (AUC) of 0.8, and Model B has an AUC of 0.93. The shaded regions of both curves are the 95 % confi-
dence interval (CI) calculated using bootstrap resampling (in this case n = 100), from which the 95 % CI can be 
calculated for both the overall AUC, and for the Sensitivity corresponding to a given fixed Specificity. In this 
figure, for Model A, the 95 % CI for Sensitivity (0.35–0.59) is estimated for a fixed Specificity of 0.9. Note that, 
even though the competing ROC curves are significantly different (i.e., the AUC 95 % CI do not overlap), the 
overlapping 95 % CI shaded regions implies that, for the given reference data set, the performance is not 
significantly different at a Specificity <0.75

The Statistics of Identifying Candidate Pathogen Effectors
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One of the simpler and better ways to visualize change in clas-
sifier performance as model parameters are modified is the ROC 
(Receiver Operating Characteristic) curve [10, 11, 14, 15] (Fig. 2). 
ROC curves show how sensitivity and specificity vary as the model 
changes, and the area under the curve (AUC) may be interpreted 
as the probability that the classifier would rank a randomly chosen 
effector more highly than a randomly chosen non- effector. The 
ROC curve is widely considered to be an objective and statistically 
valid method for model performance evaluation [39–41].

3 Interpretation of Classifier Results

Having chosen the optimal model using the CV protocol  outlined 
above, it should be tested, and its parameters fine-tuned, using all 
the available reference set data. Typically, effector prediction is 
applied on the basis of a small set of reference proteins (total num-
ber of positive and negative examples: n < 100) compared to the 
total number of gene products that will be tested for any individual 
(e.g., ≈14,000 for P. infestans) or a population. Any performance 
measure is thus only an approximation, based on a sample, to the 
(unmeasurable) performance of the model applied to the target 
population on which it may be used, which potentially includes all 
sequenced isolates of the target organism, or even all sequenced 
bacteria and archaea. Therefore, just as one should always quote a 
standard error when calculating sample means, one should always 
provide confidence intervals for the performance metrics described 
above, and this is typically done at the 95 % level. In the context of 
binary classifier performance, the 95 % CI for Sensitivity with a fixed 
Specificity may be determined, which allows us to state, for example, 
that “we calculated with 95 % confidence that the true Sensitivity of 
our classifier, given a fixed Specificity of 0.8, is within the range 
0.7–0.9”. It is imperative that a final performance metric is calcu-
lated in this way. A straightforward and widely applicable non-para-
metric method for calculating CIs is bootstrap percentile resampling, 
and other methods are readily available in most modern statistics or 
epidemiology textbooks [36].

Having constructed and optimized a predictive model, pro-
ducing estimates of its performance as outlined above, only then is 
the model ready to be used to identify candidate effectors from a 
predicted gene product complement. This application should 
 produce a positive (predicted effector) or negative (predicted non- 
effector) classification for each sequence. This is less an act of 
“prediction”, rather one of hypothesis generation, in which the 
“prediction” that a gene codes for an effector is actually a hypoth-
esis that the gene product has effector function. This process may 
drastically reduce the overall sequence search space, but still 
requires to be followed by rigorous experimental testing of each 
individual candidate effector [10].
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There is a common statistical fallacy known as the Base Rate Fallacy 
that, in the context of an effector classifier, can have the effect of 
significantly increasing the number of false positive predictions 
made, relative to what would be expected from a naïve interpretation 
of the performance statistics. Simply, the very large proportion of 
an organism’s gene complement that does not code for an effector 
can still give a significant number of false positive predictions, even 
with an acceptably high specificity for the predictive model that 
gives a low rate of false positives [14, 15].

For example, consider a genome with 5,000 predicted gene 
products, of which approximately 50 are effectors. This is an effec-
tor base rate of 1 %. If our classifier has a sensitivity of 0.99 (only 
1 % of effectors are misclassified) and a specificity of 0.99 (only 1 % 
of non-effectors are misclassified) from our estimates of perfor-
mance above, we find that:

 1. The classifier acts on 4,950 non-effectors, predicting that 
(1–0.99) × 4,950 ≈ 49 of them are effectors (these are false 
positives).

 2. The classifier acts on 50 effectors, predicting that 0.99 × 50 ≈ 49 
of them are effectors (these are true positives).

We have 98 positive predictions, of which half are true posi-
tives, and half false positives, yet our classifier had 99 % sensitivity 
and 99 % specificity!

This is due to the effect of the low base rate, or prevalence, of 
effector occurrence. It is straightforward to account for this effect 
with a Bayesian representation of the test result as a conditional 
probability, where E means that the candidate sequence under test 
is truly an effector (~E means that it is not), and + means that the 
classifier called the candidate sequence as positive (i.e., predicted 
that it was an effector):

P P P P P P P P P PE E E E E E E E E| | / | / | |~ ~+( ) = +( ) ( ) +( ) = +( ) ( ) +( ) ( ) + +( ) ( )( )).

Plugging in the numbers from our example:

 P E | . . / . . . . . ,+( ) = ´ ´ + ´( ) =0 99 0 01 0 99 0 01 0 01 0 99 0 5  

demonstrates that, for this classifier performance and this base rate 
of effector occurrence, the probability that a positively classified 
protein is truly an effector is only 0.5. We should clearly, in this 
case, be careful of overstating the validity of our predictions.  
In almost every circumstance we should cautiously note that, 
purely because of the low-base rate of occurrence of effector 
 proteins in genomes, the expected performance of any classifier on 
a genome is likely to be poorer than the reported estimate on the 
reference sequences, if this effect is not explicitly taken into 
account.

3.1 The Base Rate 
Fallacy and Bayesian 
Statistics

The Statistics of Identifying Candidate Pathogen Effectors
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4 Guideline Protocol for Constructing a Classifier of Effectors

 1. Identify a set of m known (experimentally demonstrated) effec-
tor sequences that share common characteristics: the positive 
sequence set.

 2. Identify a set of ≈m known (experimentally demonstrated) 
non-effector sequences, similar to the known effectors identi-
fied above: the negative sequence set.

 3. Generate k sets of training and holdout sequences from the 
positive and negative sequence sets (the reference dataset) for 
k-fold cross-validation (CV). This should be done by first ran-
domly splitting the reference dataset into k groups. Then for 
each round of CV one of the k groups is used as the holdout set, 
and the other k − 1 groups as the training set. Ideally, the train-
ing and holdout sets should contain approximately the same 
proportions of positive and negative sequence examples.

 4. Apply each model (which consists of a specific set of character-
istics, parameters, and structure, as described above) to each 
training set (e.g., to optimize parameters, or to generate a 
HMM profile for HMMer), and test the model’s performance 
on the corresponding holdout set, collecting TP, TN, FP, and 
FN for each training/holdout set combination.

 5. Construct a ROC curve based on the k pairs of Specificity/
Sensitivity statistics, and calculate the area under the ROC 
curve (AUC). This is the estimated model performance.

 6. If required, compare the relative performance of models and 
parameter sets on the basis of their estimated performance, and 
proceed by preferring the best-performing model.

 7. Assess the best-performing model using all the dataset. 
Optionally, re-optimize parameter values for this fixed struc-
tural model. Calculate 95 % confidence interval for Sensitivity 
given a fixed, predicated Specificity.

 8. Apply the chosen model(s) to the predicted gene complement, 
noting the positive and negative predictions. Use Bayes’ equation 
to interpret the likelihood that an individual positive prediction 
actually corresponds to a true positive prediction, given the 
 model’s estimated performance.

5 Recommendations for Reporting an Effector Classifier

Record and report the positive and negative example sequences 
used to train and test the classifier.

Report the classification and modeling methods used, the vali-
dation steps performed, and the estimated predictive performance 

Leighton Pritchard and David Broadhurst
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of the optimized model (including confidence intervals and the 
correction for base rate).

Report and make public any and all software code that was 
used in the generation and testing of the model.

Compare the performance of the classifier to previously pub-
lished classifiers using appropriate statistical or quantitative methods.
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Chapter 5

High-Throughput Imaging of Plant Immune Responses

Martina Beck, Ji Zhou, Christine Faulkner, and Silke Robatzek

Abstract

Fluorescence confocal microscopy has emerged in the past decade as an important method for studying the 
cellular changes associated with plant–microbe interactions. One such change is the internalization into 
endosomes of the cell surface receptor FLAGELLIN SENSING 2 (FLS2) upon activation by its ligand, 
bacterial flagellin (flg22). Quantification of endosomes containing FLS2 can thus be used as a direct read-
out of immune response activation at the cellular level. High-throughput imaging of cellular events is 
routinely applied in chemical screening for pharmaceutical drug discovery, and we have adapted this sys-
tem for quantification of plant leaf cellular parameters. In this chapter we describe the instrument setup for 
high-throughput imaging of leaves, protocols for flg22-induced endocytosis, image acquisition for 
fluorescent- tagged FLS2 receptors and subcellular markers, automated image analysis of cellular parame-
ters, and data outputs of FLS2 endocytosis.

Key words Plant, Microbe, Flagellin, flg22, FLS2, Immunity, Endocytosis, Receptor, Confocal 
microscopy, High-throughput imaging, Bioimage informatics

1  Introduction

Pattern recognition receptors located at the cell surface are key 
components of the molecular machinery used to detect the pres-
ence of potentially pathogenic microbes and initiate signaling 
pathways that regulate plant immunity [1]. The FLAGELLIN 
SENSING 2 (FLS2) receptor is known to mediate primary immune 
responses to bacterial infection through the perception of the con-
served flagellin peptide flg22 [2, 3]. Pathogenic bacteria secrete 
effectors that suppress signaling triggered by FLS2 [4, 5], high-
lighting the importance of this receptor in the plant immunity. 
FLS2 is a leucine-rich repeat receptor kinase that interacts with the 
BRASSINOSTEROID INSENSITIVE 1 (BRI1)-ASSOCIATED 
KINASE 1 (BAK1) in a flg22-dependent manner to form an active 
signaling-receptor complex [6]. This induces internalization of the 
FLS2 receptor from the plasma membrane into endosomes [7]. 
The subcellular dynamics of this receptor can be visualized by con-
focal microscopy of plants stably expressing a functional fusion of 
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FLS2 to green fluorescent protein (GFP) under the transcriptional 
control of its endogenous promoter [8].

There is an increasing demand for high-throughput imag-
ing to overcome the labor- and time-intensive limitations that 
arise when studying plant–microbe interactions at a cellular 
scale. Flg22- induced endocytosis of FLS2-GFP depends on the 
activation status of the receptor complex and therefore provides 
a measurable readout of the activation of plant immune 
responses at the cellular level. We have developed a high-
throughput confocal microscopy method that allows us to 
quantify receptor-mediated endocytosis in plant immunity and 
to dissect the endocytic pathway. This technology is used rou-
tinely in the pharmaceutical industry for drug discovery and we 
have modified protocols for imaging of the plant leaves. In com-
bination with automated bioimaging analysis this approach 
allows extraction of meaningful data from defined leaf cellular 
and subcellular parameters [9]. This high-throughput imaging 
method can be used for monitoring flg22-induced FLS2 endo-
cytosis over time, in response to treatments with hormones and 
chemical compounds such as membrane trafficking inhibitors as 
well as in backgrounds of different genetic mutations [7]. In 
addition, high-throughput imaging can be applied to quantify a 
range of subcellular compartments [7, 9] that are visualized by 
stable expression of fluorescent-tagged markers of, e.g., Golgi, 
trans-Golgi network (TGN), early endosomes (EE), late endo-
somes (LE), and multivesicular bodies (MVBs) (see published 
examples in Fig. 1). These markers can also be used for co- 
localization studies, for example together with flg22-induced 
FLS2 endosomes over time [7], thereby providing time-depen-
dent resolution of the endocytic trafficking pathway.

In this chapter, we provide a protocol for triggering FLS2 
endocytosis with flg22 suited for microscopic analysis. We outline 
methods for high-throughput confocal microscopy of plant leaves 
and detail the image acquisition of FLS2-GFP expressing and Red 
Fluorescent Protein (RFP)-tagged marker plants. To handle large 
image data sets generated from high-throughput microscopy, and 
to extract meaningful data from micrographs, we describe how to 
use our automated image analysis pipeline based on the Opera® 
Content Screening platform. Although we focus on flg22-induced 
endocytosis of FLS2 in this chapter this method can be easily 
adapted for quantification of other cellular and subcellular param-
eters, and additionally combined with cell segmentation [9–11].

2  Materials

 1. pFLS2::FLS2-GFP Arabidopsis (Arabidopsis thaliana acces-
sion Col-0) transgenic plants [4, 7].

2.1 Samples

Martina Beck et al.
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Fig. 1 Examples of quantitative imaging. (a)Endomembrane quantifier detects specifically flg22-activated 
FLS2- GFP endosomes. Spot number can be plotted against the time to follow kinetics—reprint from Beck 
et al. 2012. (b) EndomembraneCoLocQuantifier detects spots in two different channels and calculates the 
overlapped spot population between these channels. (c) Right panel: Endomembrane V.2010 can be used for 
the specific detection of several endomembrane compartments A, GFP-2xFYVE. B, YFP-VTI12. C, YFP-Rab C1. 
D, YFP- RabF2b/ARA7. Left panel: PlasmaMembrane microdomain used to quantify GFP-PEN1 accumulation at 
fungal entry site 24 h post inoculation with B. graminis conidiospores—reprint from Salomon et al. (2010)

High-Throughput Imaging of Immune Responses
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 2. Dual color lines expressing pFLS2::FLS2-GFP and 
pUBQ10::RFP-ARA7/Rab F2b or pUBQ10::ARA6/Rab 
F1-RFP, respectively [7].

 3. Accession numbers
AT5G46330 FLAGELLIN SENSING 2.
AT4g19640 ARA7/Rab F2b.
AT3g54840 ARA6/Rab F1.

flg22 peptide: QRLSTGSRINSAKDDAAGLQIA (custom pro-
duced; EZBiolab/USA).

MW = 2,272.5 g/l.

Samples are mounted on a custom-made 96 pin aluminum stamp 
(400 g). Pins are 4 mm in diameter, 1.6 cm in length, and maxi-
mize contact of the cotyledon with the optical glass bottom of the 
96-well plate (Greiner Sensoplate) (see Note 2). The tip of each 
pin contains a 4 × 4 mm-thick cellular-rubber pin (ethylene propyl-
ene diene rubber, JACOB NETTEKOVEN) coated with a polyvi-
nyl chloride film (Mactac 8900) to minimize leaf tissue damage.

 1. High resolution spinning disc confocal imaging plate reader.
 2. High speed multicolor image acquisition.
 3. 4 laser based excitation sources 405 nm—violet, 488 nm—

blue, 561 nm—green/yellow, 640 nm—red.
 4. Xenon high-pressure lamp (optional) 360–410 nm.
 5. 4 independent CCD detectors: Maximum of 3 confocal cameras, 

1 non-confocal camera (1.3 Megapixel, 12 bit resolution, up to 
6 bandpass filters in front of each camera, customized filter sets).

 6. 4 exchangeable objective lenses (maximum three water immer-
sion, one air lens).

 7. Automatic immersion water supply.
 8. Auto focus system.
 9. Minimum exposure time of 40 ms.
 10. Compatible with the variety of plate types, including optical 

glass bottom plate Sensoplate©Greiner (Germany).
 11. Spinning disc: Yokogawa Modified Nipkow CSU10, 

Concurrent spots: ~1,000, Pinhole diameter: 50 μm; Axial 
resolution: 1.3–10 μm; Lateral resolution to 0.25 μm.

These optical features allow the user to

 12. Eliminate background fluorescence.
 13. Significantly improve signal-to-noise performance.

2.2 Experiment/
Treatments

2.3 Image 
Acquisition

2.3.1 Imaging/
Sample Device

2.3.2 Opera® High 
Content Screening 
Microscope (PerkinElmer 
Cellular Technologies, 
Germany)

Martina Beck et al.
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 14. Minimize photobleaching and phototoxicity for living cells.
 15. Perform comparative imaging assays/studies.
 16. Study subcellular features with sufficient resolution using a 

high numerical aperture (NA) water immersion lens.
 17. Detect multiple parameters by simultaneous four-color 

imaging.

The Opera® high content screening system operates on the 
Acapella software platform. This software enables users to extract 
quantitative data from images for statistical analysis in batch-pro-
cessing mode.

Acapella facilitates rapid online image data processing (embedded 
in the Columbus™ system) as well as flexible image analysis for high 
content cellular applications, including multiparametric multiplex assays.

System requirements

 1. Acapella Windows Edition (v2.0) requires Microsoft® 
Windows® XP or Vista, v2.6 or above and can be operated on 
Windows 7.

 2. Minimum specification: Pentium® III 1 GHz, 512 MB RAM, 
1 GB free HD.

 3. Recommended specification: Pentium® 4.3 GHz, 1 GB 
RAM,10 GB free HD.

 4. Acapella Linux Edition requires OpenSuSE 10.3 64 bit.
 5. Minimum specification: Intel® Core™ 2, 2 GHz, 2 GB RAM, 

1 GB free HD.
 6. Recommended specification: Intel® QuadCore 4.3 GHz, 4 GB 

RAM, 10 GB free HD.

Image formats

 7. Opera image format .flex files.
 8. Over 30 standard image formats such as TIFF, JPEG, GIF, 

PNG, etc.

Data outputs

 9. Analysis results can be exported from the Acapella system in 
.xml, .csv, and .xls file formats.

 1. EndomembraneQuantifier and EndomembraneCoLocQuantifier 
can be freely obtained online: https://sourceforge.net/ 
projects/bioimage/files/Endosome Detection/.

 2. MaxProjectionAndImageSlices can be freely obtained online: 
 https://sourceforge.net/projects/bioimage/fi les/
OperaMIP/.

2.4 Image 
Processing

2.4.1 Acapella® High 
Content Imaging and 
Analysis Software System 
(PerkinElmer)

2.5 Scripts

High-Throughput Imaging of Immune Responses
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Fig. 2 Quantitative imaging—general work flow. For sample preparation, detached cotyledons are mounted on 
custom-made stamp which is placed in a 96-well glass-bottom plate. Sample treatments can be performed 
before the mounting step or within the 96-well plate. The image acquisition operates with OPERA V2.0, layout, 
field numbers per well, and slice number per field can be chosen as well as the microscopy setup. The gener-
ated .flex files are batch processed in Acapella V.2.0 with custom tailored script. The data output is subdivided 
in processed images and specific output parameters in table format

3  Methods

General workflow: see Fig. 2
Sample preparation including treatments (Subheadings 3.1 

and 3.2), image acquisition of 60 samples in 96-well plate 
(Subheading 3.3), image processing and computational detection 
(Subheading 3.4).

For high-throughput confocal imaging, seedlings are grown for 
2 weeks on soil under controlled environment conditions (12 h light 
and 60 % humidity). Imaging is performed on cotyledons or leaf discs.

3.1 Samples

Martina Beck et al.
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 1. Detached cotyledons of 2-week old Arabidopsis plants are 
positioned with upper epidermis facing upward on stamp pins. 
The stamp is then fitted into optical plates containing appro-
priate aqueous solutions (see Note 1). Silicon grease can be 
used to help mount samples on the stamp pins.

 2. For chemical treatment and/or cell staining (prior to mount-
ing), detach cotyledons and place in treatment solution (see 
Table 1: Inhibitors and Staining). Vacuum infiltrate for 5 min 
and incubate for a further 55 min at room temperature (incu-
bation time may vary for different treatments). Mount cotyle-
dons on the imaging stamp and transfer to a 96-well-imaging 
plate containing relevant treatment solution (see Note 2).

 3. Flg22 treatment can be carried out in the 96-well-imaging 
plate by directly applying 50 μl of 10 μM flg22 solution to 
each well of the optical plate. Carefully invert the mounted 
stamp into the wells of the plate. The timing of flg22-incuba-
tion prior imaging depends on individual experiments. To 
visualize the flg22-induced FLS2-GFP endosomes, we recom-
mend 30 min incubation with flg22 prior to image acquisi-
tion. The kinetics of FLS2 incorporation into flg22-induced 
endosomes can be then measured 30–70 min after 
flg22-treatment.

(See Note 3).

 (a) Excitation of the samples is performed with the 488 nm laser 
line for GFP and the 561 nm laser line for RFP.

 (b) Water immersion 40× objective (40× PlanApo NA = 0.9) is 
used for subcellular imaging of FP-labeled endosomes.

GFP RFP

(a) Laser 488 Power: 7,000 μW Laser 561 Power: 1,500 μW

(b) Filter for Cam 1: 540/75 Filter for Cam 2: 600/40

(c) Detection Dichro: 568 Detection Dichro: 510

(d) Primary Dichro: 405/488/640 Primary Dichro: 405/561/640

(e) Cam 1 exposure time: 120 ms Cam 2 exposure time: 120 ms

(f) Focus height: 10 μm Focus height: 10 μm

.lay: Plate layout consists of 60 wells, outer columns and rows 
remain free when using water immersion objectives.

.sly: Sublayout can contain six fields of interest per well for single 
exposure experiment or three fields per well for double expo-
sure (see Note 3(f         )).

3.2 Experiment/
Treatment

3.3 Image 
Acquisition

3.3.1 Exposure 
Parameters

3.3.2 Experiment 
Parameters

High-Throughput Imaging of Immune Responses
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.stc: Definition of stack by adjusting slice numbers and slice dis-
tance. For subcellular imaging we use a total of 21 slices 
(10 μm focus height ± 10) with 1 μm distance between each 
slice. This parameter must be adjusted for different sample 
types and different objectives (see Note 3).

The experiment is saved with all parameters and then started as an 
automatic experiment.

Single camera measurement takes about 40 min, double camera 
measurements about 80 min.

The images are automatically saved and archived and can be used 
for image analysis.

(See Note 4)
Before conducting analysis on images captured by the Opera 

screening microscope, users should first ensure that the OperaDB 
(The Opera database management system) has transferred all cap-
tured images to an appropriate image directory (normally an inter-
nal image server).
 1. Open the Acapella image analysis software system.
 2. Drag and drop an image analysis software solution (“Acapella 

script”) into the Acapella software interface. After loading the 
Acapella script, the interface of the “Acapella Player” will 
change (see Fig. 3). To conduct high-throughput image analy-
sis of flg22-induced endocytosis, three Acapella scripts are 
normally used:
MaxProjectionAndImageSlices: this script can perform maxi-

mum intensity projections (MIP) and generate z-plane 
images of input flex files.

EndomembraneQuantifier [7]: this algorithm can subtract 
 background signals (those derived from chloroplasts, 
deeper tissues, and guard cells), detect genuine endo-
membrane compartment signals with very high accuracy, 
and monitors flg22-induced FLS2 endocytosis over time.

EndomembraneCoLocQuantifier [7]: in addition to functions 
provided by EndomembraneQuantifier, this script ana-
lyzes individual and overlapping endosomal numbers of 
GFP- and RFP-labeled endosomes. In addition, it allows 
the detection of spot-like objects labeled with two differ-
ent fluorophores and determines the degree of overlap 
between objects in two different channels.

All three scripts can be freely obtained online (see Subheading 2.5 
for URLs).

 3. In the Data Selection section box (Fig. 3a), choose “Single 
Step” for analyzing one flex file and “Batch Mode” for analyzing 

3.3.3 Start Measurement

3.4 Image 
Processing
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a group of flex files. Click the “Path” button to select the 
image directory and “Well” to choose which flex file(s) will be 
included in the high-throughput image analysis.

 4. In the Input Parameters section (Fig. 3b), users can change a 
set of input parameters:

Fig. 3 Acapella software interface. (a) In the Data selection section, users can choose the directory of their 
image files (either in OperaDB or in a file system). After selecting the images, they can choose to analyze these 
images one by one (Single Step) or batch processing them (Batch Mode). (b) In the Input Parameters section, 
users can change a set of input parameters according to their experiment/imaging settings (e.g., the number 
of z-planes captured in image acquisition). (c) Original Opera image and processed image with detected endo-
somes (highlighted in green). Both types are saved in PNG format. (d) Quantifiable features such as Opera 
imaging time, endosome number (per image), and valid image area are exported to a CSV file for further sta-
tistical analysis
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Stack no: Which image area (the actual z-stack) in a flex file will be 
analyzed? Enter “0” to evaluate all z-stacks,“1” for analyzing 
only the first z-stack, “2” for the second stack and so on.

Camera no: how many cameras (up to four cameras can be used 
by the Opera) were used during image acquisition.

Valid image area: specify the threshold of the valid image area. For 
example, entering “50” means that if over 50 % of an image is 
too dark or contains invalid information (e.g., out of focus or 
over exposed) this image will be discarded from image analysis.

z-planes in stack (per channel): how many z-planes are contained 
in the stack.

StartPlane and EndPlane for Projection: from which z-plane 
(the start plane) to which z-plane (the end plane), users 
would like to perform their image analysis.

Show Illustrations: denote whether to illustrate processed images 
in the Acapella Player after the image analysis or not.

Debug using images: whether to show intermediary image analy-
sis steps together with related images or not.

SpotMinimumArea, SpotMinimumRoundness, 
SpotMinimumContrast, MinStdDev, and 
SpotMinimumWidth2LengthRatio: default setting for 
detecting endosomal signals. Changes to any of the values 
in these input fields will result in the quantification of 
compartments with different parameters.

 5. After setting the input parameters the analysis workflow can be 
initiated by clicking the “Run Script” button on the Acapella 
Player interface.

 6. Following the image processing a set of PNG images (maxi-
mum intensity projection images and processed images with 
recognized endosomes, colored green) are produced (Fig. 3c).

 7. Features such as well index, stack number, Opera imaging 
time, valid image area, and detected endosome number are 
exported and saved in a CSV file (Fig. 3d). If users want to 
measure roundness, intensity, area, length, and width of endo-
somal signals, they can click “Generate Report” button to 
obtain a more detailed report for the endosome detection.

4  Notes

 1. Samples
 (a) Spring-loaded scissors facilitate easy cutting and handling of 

cotyledons (micro scissors 120 mm/Mueller/Braun-Aesulap).
 (b) Small amount of Silicon gel or grease helps to mount leaves 

on stamp.

High-Throughput Imaging of Immune Responses
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 (c) Differences in cuticle thickness of leaves of soil-grown and 
media-grown plants may require the user to adjust the focus 
height for different experiments.

 (d) For quantification of dual color marker lines, it is important 
to compare levels of marker gene expression and fluores-
cent protein production with parental lines. In our case we 
generated dual color lines by crossing relevant marker lines. 
Quantitative PCR and Western blot analysis were used to 
confirm that homozygous dual color progeny (F2) had 
comparable levels of marker protein to parental lines.

 2. Experiment/treatment
 (a) Stamps are custom made and not commercially available.
 (b) Clean the stamps after use with dH2O and EtOH, especially 

the rubber pins.
 (c) Do not place the stamp in vacuum—the rubber pins will be 

damaged.
 (d) Replace the pins after a significant period of use.
 (e) If possible, keep different stamps for different experimental 

treatments to prevent cross-contaminations between exper-
iments (e.g., (1) biotic/pathogen; (2) chemical/inhibitors; 
(3) control/no treatments).

 3. Image acquisition
 (a) DO NOT use Table in/out function with stamp on plate.
 (b) Check water supply and rinse water lenses before use.
 (c) If you are not able to find the focus, then check plate type 

(e.g., Adjustment plate versus company plates) and check 
whether the plate is uneven in the automatic table, clean 
the plate bottom with a lens tissue.

 (d) Adjust the laser power, camera exposure time, and band 
path filter settings for different FP marker lines prior to 
image acquisition.

 (e) For different tissues (cotyledons vs. primary leaves or leaf 
discs) the user may need to adjust the focus height and the 
z-stack step size.

 (f) Do not exceed the recommended amount of images per 
well (see Note 4).

 (g) It is possible to use the Opera as a normal microscope or for 
rapid FP-screening (genotyping) of plant lines by using the 
provided MaxProjectionAndImageSlices script.

 (h) The outer rows/columns of the 96-well plate are restricted 
when imaged with water immersion high NA objectives 
and therefore these rows/columns should not be used for 
these conditions.
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 4. Image processing
 (a) In our experience images require a minimum of 70 % valid 

image area for correct analysis. Under certain circumstances it 
may be necessary to manually remove images that have a high 
level of noise but that fall within the detection parameters.

 (b) Adjustment of threshold/sizes/intensities may be neces-
sary for different FP marker lines.

 (c) Bioinformatics or scripting experience is highly 
recommended.

 (d) As there are internal memory constraint issues in Acapella 
(V2.0), we recommend that no more than 150 images per 
well (i.e., 150 z-planes) should be captured during image 
acquisition. This equates to around 80–120 MB per flex 
file. Software versions Acapella V2.6 or onward are not lim-
ited in internal memory space.

 (e) In Arabidopsis cotyledons, EndomembraneQuantifier 
detects ARA7-positive endosomes, Golgi, and the TGN 
without changing the object detection parameters.
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Chapter 6

In Vivo Protein–Protein Interaction Studies with BiFC: 
Conditions, Cautions, and Caveats

Petra Boevink, Hazel McLellan, Tatyana Bukharova,  
Stefan Engelhardt, and Paul Birch

Abstract

Bimolecular fluorescence complementation (BiFC), performed with suitable controls and the right 
 conditions, can be a straightforward and simple method to assess protein–protein interactions accessible to 
anyone with basic confocal microscopy skills. It is of course not without its own potential pitfalls and 
requires specific controls. Here we describe its use to study the interactions between pathogen effector 
proteins and host proteins inside plant cells.

Key words Split-YFP, BiFC, Agroinfiltration

1 Introduction

One of the most interesting questions that arise when novel pathogen 
effector proteins are identified is: what are their host targets? 
Screening for host targets has been commonly done using yeast-2- 
hybrid systems [1]. Putative interactions must be confirmed by at 
least one other method and in planta methods provide greater con-
fidence that an interaction is genuine, since this is where the puta-
tive interaction will be occurring if genuine.

Most effector protein localization and interaction assays are 
performed with overexpressed proteins with peptide or protein 
tags. The reason for this is that natural protein levels of either the 
effectors or their interactors are generally very low. In addition, for 
cytoplasmic effectors, such as the oomycete RXLR class, the 
amount of effector translocated from the pathogen to the host may 
be only a small fraction of the protein expressed. Specific antibod-
ies that may be used to study the localization of unmodified effec-
tors or their targets are time-consuming and costly to generate and 
are therefore particularly unsuitable for the initial stages of effector 
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investigation when it is generally uncertain whether a putative 
interaction is real or will be tractable to study.

Of the other commonly used protein–protein interaction assays, 
Co-immunoprecipitation (Co-IP) assays have the advantage that 
antibody-recognition tags, such as myc and HA, attached to the 
test proteins can be small, around 10–15 amino acids, and are thus 
less likely to interfere with interactions. Co-IP assays, however, are 
generally conducted using high levels of overexpression of the test 
proteins which can result in cell death, protein aggregation, mis-
localization, or other artifacts. We have observed that membrane-
associated proteins are particularly disruptive to cells when 
overexpressed. In Fig. 1 the localization of a GFP-tagged RXLR 
effector PITG_03192 is shown at low and high levels of transient 
expression in Nicotiana benthamiana cells and the effect of an 
HA-tagged Phytophthora infestans effector PITG_03192 at a high 
level of transient expression is shown in a plant containing GFP in 
the ER lumen. At high levels of expression, the ER membranes with 
which the effector associates are highly disrupted. Not surprisingly 
this effector eventually causes cell death. What effect such disrup-
tion of membranes would have on the results of Co-IP assays is 
unknown, but the cell biology suggests that overexpression effects 
should be considered and discussed when presenting Co-IP results.

Fluorescent protein tags are larger than the common antigenic 
tags but are extensively used as they provide localization informa-
tion in addition to interaction data. Fluorescence resonance energy 
transfer (FRET) assays can be performed with full-length fluores-
cent protein fusions to measure protein–protein interactions but 
have not been as widely published as might be expected. This may 
be because in practice the assays require extensive training, very 
careful attention to standards and controls, and a high level of skill 
in microscopy. The most accurate measure of FRET is by fluores-
cence lifetime imaging microscopy (FLIM) which involves specific, 
expensive equipment [2]. FRET requires that the fluorophores are 
very close (1–10 nm) and correctly oriented for resonance transfer 
to occur. This needs a very particular alignment of the interacting 
fusion proteins to give a positive result, and a negative result, with 
FRET may not mean that the proteins do not interact.

Bimolecular fluorescence complementation (BiFC) involves a 
splitting the sequence of a fluorescent protein, commonly yellow 
fluorescent protein (YFP), and fusing each part to a putative inter-
acting protein [3]. When the proteins interact in a suitable orienta-
tion and conformation the fluorescent protein is non-covalently 
reconstituted and fluorescence is generated. If the proteins do not 
interact, or do not do so in the appropriate orientation, there is no 
fluorescence. It can be a straightforward and simple method to 
assess interactions with only basic confocal training. The difficulties 
many researchers have with the technique are due to the stability of 
the re-formed fluorescent protein. If there are sufficient amounts 
of each fusion protein in the same cellular compartment, they 
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encounter each other by random chance and the fluorophore is 
able to re-form to a level that produces a detectable signal. There 
is even the potential for an interaction to be forced by the associa-
tion of the fluorophore sequences. A form of split venus YFP has 
been reported to have reduced self-association stability [4]. 
However, Lee et al. [5] reported that this variant gave poor fluo-
rescent signal in plant cells even with known strong interactors. 
In a recent review Kodama and Hu [6] discuss the varied results 
with a number of different split YFP forms and indicated that no 
one variant may be ideal for all systems. We have obtained robust 

Fig. 1 High levels of overexpression of an ER-targeted RXLR causes ER disruption. Low-level expression of 
GFP-tagged RXLR PITG_03192 reveals labeling of the ER network (a). Higher level expression causes disrup-
tion of the ER network (b). Note that in image (b) the high-level overexpression of the GFP fusion also results 
in plasma membrane labeling. ER structure in a control leaf of a transgenic plant with GFP in the ER (c) and in 
a leaf expressing a high level of a HA-tagged PITG_03192 (d). Scale bars = 10 μm

BiFC: Conditions, Cautions and Caveats
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results from BiFC studies on effector-host protein interactions 
using the original split-EYFP. To achieve this we performed BiFC 
assays with agrobacterium-mediated transient expression using low 
concentrations of bacteria, observing cells at the earliest possible 
time points and using the most stringent controls available.

2 Materials

 1. YN and YC fusion constructs of test proteins (see Note 1).
 2. Plastic 1 ml syringes without needles.
 3. Liquid cultures of agrobacteria transformed with constructs to 

be tested (separate cultures for each construct-containing 
strain; see Note 2).

 4. Agroinfiltration medium: 0.01 M MgCL2, 0.01 M MES 
(2-(N-Morpholino) ethanesulfonic acid), 15 μM acetosyrin-
gone (see Note 3).

 5. Plants: 4–8-week-old N. benthamiana, grown under standard 
conditions, e.g., in a glasshouse at 22 °C (day temperature) 
and 18 °C (night temperature) with a minimum of 16 h light.

3 Methods

 1. Centrifuge 1–2 ml (or an appropriate volume) of each agro-
bacterial culture, remove supernatant, and resuspend the pel-
let in agroinfiltration medium.

 2. Dilute the suspension 1:5–1:10 depending on the density of 
the bacteria and measure the absorbance at 600 nm (OD600). 
From this calculate the dilution required for the final mixtures. 
It may be best to make a dilution series so that in preparing the 
final mixtures one is not adding very small volumes of highly 
concentrated suspensions to large volumes of buffer as this 
leads to inaccuracy. Mix aliquots of the suspensions of the dif-
ferent constructs and controls as required to achieve the final 
concentrations (see Note 4).

 3. Infiltrate expanded leaves from the abaxial (lower) side of the 
leaf through the stomata if they are open using the minimum 
pressure required to achieve a seal around the mouth of the 
syringe. If the stomata are closed it is best to make a very 
small nick in the lower epidermis with a sharp blade or needle 
rather than causing greater damage by trying to force the 
solution in with greater pressure. The cut needs only to be of 
minimal depth, just breaking the lower epidermis, and just a 
pin-prick in size.

 4. Leave the plants in suitable conditions in the glasshouse or 
growth chamber (see Note 5).

3.1 Agroinfiltration
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 1. Two days after agroinfiltration prepare sections of leaves for 
imaging (see Note 6).

 2. Image with a confocal microscope using 514 nm excitation 
and collect emissions between about 520 and 560 nm for YFP. 
The collection window may be narrowed if expression levels 
are high enough or if required for multicolor imaging with 
other fluorophores. Collect multiple images of the most repre-
sentative cells (see Note 7). With an epifluorescence micro-
scope suitable bandpass filters are required for optimal imaging 
and are readily available from all major microscope manufac-
turers. Image test and control infiltrations using identical 
 settings (see Note 8).

 1. If control protein combinations give some fluorescence it may 
indicate a degree of instability of the fusion proteins (see Note 9) 
or that some nonspecific interaction is possible. For these situa-
tions, in particular, it is important to obtain quantifiable mea-
surements of the level of fluorescence. Quantification of the 
overall fluorescence intensity in images is possible with a number 
of different image analysis software packages, including those 
that are associated with confocal microscopes (see Note 10).

 2. Measurements of fluorescence with a fluorimeter can be per-
formed on leaf discs or on ground tissue (see Note 11). Leaf 
discs should be as flat as possible and the maximum size pos-
sible for the plate wells (see Note 12). Cutting leaves with a 
cork borer will give consistent disc sizes. Each well of the plate 
should be filled with exactly the same volume of water and the 
leaf discs floated on top, abaxial-side up. Numerous “top- 
reads”, i.e., readings from the upper side such that one is mea-
suring fluorescence from the surface cells of the leaf disc, 
should be collected from each disc.

 3. To prepare ground material for fluorimeter measurements, 
equal amounts of tissue should be collected from infiltrated 
and control (non-infiltrated or infiltrated with empty vector 
and infiltrated with an intact YFP-fusion construct, ideally one 
giving a similar level and location of fluorescence as the test 
combination) leaves and ground in a simple buffer; for exam-
ple, phosphate buffered saline, with a mixture of protease 
inhibitors added (see Note 13). We use the same protease 
inhibitor cocktail that we use for preparing western immunob-
lot samples. The ground suspension should then be centri-
fuged briefly, for example, 5 min in a microfuge at 16,000 × g 
to remove the larger debris. The supernatant should be ali-
quoted into a 96-well plate such that there are several replicates 
of each sample in different locations on the plate. Total protein 
measurements, for example Bradford assays, should be per-
formed on the ground material so that the fluorescence mea-
surements may be normalized for the level of protein present.

3.2 Imaging

3.3 Quantification

BiFC: Conditions, Cautions and Caveats
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4 Notes

 1. There are a number of split YFP binary vectors available for 
Gateway or standard cloning methods. We generally use pBAT-
TL-B-sYFP-N, pBAT-TL-B-sYFP-C [7] for fusions to the 
C-termini of test proteins and two home-made variants of 
these, pCL112 and 113 for fusions to the N-termini. Unless 
there is specific information about the test proteins, which indi-
cates that protein fusions to one terminus will disrupt essential 
functions, modifications, or the interaction then it is necessary 
to make fusions in both orientations. The location and co-
localization of the test proteins should also be assessed with 
fusions to full-length fluorescent proteins before commencing 
BiFC studies. This may reveal problems with particular orienta-
tions of the fusion proteins or changes in the location or stabil-
ity of one of the test proteins in the presence of the other.

 2. We have found that it is important for agroinfiltration experi-
ments (not only for BiFC) to use cultures of agrobacteria that 
are actively growing; cultures that have been grown for 24 h 
or less at 28 ºC in a shaking incubator and which are not 
opaque. It is generally best to setup cultures from fairly fresh 
plates, i.e., plates no more than 2 weeks old.

 3. Other groups successfully use different agroinfiltration solu-
tions (lacking MES for example) so the composition of this 
does not appear to be critical. Some Agrobacterium strains, 
such as those containing the virG gene [8], do not require 
acetosyringone. The infiltration solution is usually prepared 
fresh and generally does not need to be sterile.

 4. We have found that using low concentrations of bacteria for 
agroinfiltration results in lower expression levels of fluorescent 
fusion proteins both generally across the leaf (which is in part 
due to fewer cells expressing) and in individual cells. The 
 absolute concentration of the bacteria suitable for infiltration 
will depend on the promoter used for expression, the stability 
of the constructs, the sensitivity of the cells to overexpression 
of the test proteins, and the sensitivity of the plant species used 
for the analysis to agrobacteria. In N. benthamiana plants with 
35S promoter-based constructs and the AGL1 strain of 
Agrobacterium we generally do not use concentrations higher 
than an OD600 of 0.01 for BiFC and if possible will use con-
centrations of around OD600 0.001.

 5. We leave our plants in a designated high containment glasshouse 
chamber in sealed trays and sterilize the watering run-off.

 6. We usually conduct imaging no later than 2 days post- 
infiltration. Many fusion proteins are visible 1 day after agroin-
filtration but the levels of expression are generally too low to 

Petra Boevink et al.



87

give images acceptable for publication. Minimal preparation of 
leaves is required for confocal microscopy. We generally infil-
trate the leaf pieces with water to improve image quality; it also 
stops the leaf from drying too rapidly (the cellular disruption 
caused by drying is dramatic and leaf samples should never be 
allowed to dry and wilt; it is best to prepare just one or a small 
number of samples at a time). For imaging at low magnifica-
tion or with water-dipping lenses no cover slip is required so 
the leaf pieces are simply stuck to slides with double- sided 
tape. The double-sided tape helps the leaf sit flat and prevents 
sample movement when the microscope stage is moved.

 7. We do not image the brightest cells on a leaf but focus on 
those that have the most common level of fluorescence, i.e., 
the most representative cells. When conducting plant–pathogen 
interaction studies in particular one must be aware that plants 
grown in a glasshouse are not sterile and may be exposed to 
microbes. Individual cells on a leaf may be undergoing a 
MAMP-triggered response and this may affect the interaction, 
stability, or other behavior of test proteins. If the behavior of 
one or a few cells differs from the majority of cells on a leaf, 
they should be treated with caution.

 8. A very important feature of any experiment is the use of suitable 
controls. For BiFC the ideal control is a fusion to a variant of one 
of the test proteins for which there is evidence that it does not 
interact. We were fortunate in our analyses of the P. infestans 
effector Avr3a that we had supporting evidence to indicate cer-
tain variants did not interact with our test proteins. Yeast-2-hybrid 
and phenotypic data indicated the interaction with CMPG1 was 
dependent on the terminal tyrosine residue and thus a tyrosine 
deletion form was used as a control for BiFC [9]. The resistance 
protein R3a strongly recognizes the KI form of Avr3a (with the 
residues K and I) but only weakly recognizes the form with resi-
dues E and M at those positions, thus the EM form was a suitable 
control in that experiment (Fig. 2 and [10]). In the latter case we 
interpreted the positive BiFC result to indicate that the R3a and 
Avr3a were in close proximity, as we have no supporting evidence 
from other experimental methods for a direct interaction. If there 
is insufficient information about a protein and its interaction or 
function then the ideal control may not be known. For effector 
studies we opt to use a closely related effector. This strategy may 
be applied to the putative interactor as well, or instead, if there are 
other family members available. These control proteins should 
also be tested for interactions with other methods such as yeast-
2-hybrid. Kodama and Hu [6] recommend a competition assay 
with co-expression of unlabelled form of one of the test proteins 
along with the split-YFP forms. In plant tissues this would have 
to be carefully quantified because in any co-agroinfiltration not all 
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cells will contain all constructs nor express them to the same 
levels. The component parts of the fluorescent protein expressed 
unfused in the cell, i.e., “free” YN or YC, as controls have been 
found to give high background levels of fluorescence, probably 
due to their small size meaning that they are not prevented from 
associating by chance with the other part, whether or not it is 
fused to a test protein.

 9. The stability of all fusion proteins must be checked by western 
blotting. Only completely stable fusions have the potential to 
give clearly defined results. Partially cleaved proteins are likely 
to give a background level of no fluorescence.

 10. Quantification using image analysis requires intensity mea-
surements of a large number of representative confocal images 
of identical size (magnification and depth) taken with identical 
settings. The large numbers of images necessary to obtain sta-
tistically significant results can make it a time-consuming 
approach and it may be more effective to use a fluorimeter.

 11. We have found that our SpectraMax M5 fluorimeter (Molecular 
Devices) is not sensitive enough to give reliable measurements 
from leaves infiltrated with the agrobacteria concentrations we 
use for confocal imaging, instead we have found it necessary to 
use OD600 of up to 0.1. More modern fluorimeters should be 
more sensitive.

 12. Smaller discs, for example, for a 96-well plate are more time- 
consuming and difficult to handle; however, they will gener-
ally remain flatter than larger leaf discs. Leaf discs cut for a 

Fig. 2 BiFC results underpinned by strong controls. The resistance protein R3a recognizes the KI form of  
P. infestans Avr3a and relocates to endomosal compartments where the BiFC signal is detected (a). The EM 
form of Avr3a differs by only two amino acids but is very weakly recognized by R3a and thus acts as a specific 
control for BiFC analysis (b). Scale bar = 100 μm

Petra Boevink et al.
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24-well plate are quick to cut and handle but tend to curve 
with time, and the presence of large veins is difficult to avoid. 
Readings from protruding, large veins will be different to 
those from the leaf lamina. A greater number of reads should 
be collected from larger leaf discs. Uninfiltrated leaf material 
of the same age, and ideally from the same leaves as the infil-
trated sample, should be present on every plate read so that 
background autofluorescence can be accounted for. If the flu-
orescence is highly localized within the cells, for example in 
the nucleolus, leaf disc measurements may contain reads in 
which the region of the cell or cells measured does not contain 
any fluorescent objects. These reads will be within the range of 
the background autofluorescence.

 13. The actual amount of leaf material and the volume of buffer 
will need to be empirically determined for the sensitivity of the 
fluorimeter to be used, using material with similar levels of flu-
orescence as the test samples. As a guide only, we have success-
fully used two 10 mm leaf discs ground in 300 μl of buffer.

Final caveat: As an experimental scientist one must accept that 
any method to assess protein–protein interactions has its limita-
tions. Proteins may only associate under specific physiological 
conditions or may require the action of other proteins to modify 
one or more of the protein partners. Some of these conditions 
may be testable. Even if proteins do interact at all times the ori-
entation of the interaction and other constraints such as intoler-
ance to the presence of tags at specific ends of the proteins may 
make it difficult or impossible to prove they interact with cur-
rently available tools.
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Chapter 7

Particle Bombardment-Mediated Transient Expression 
to Identify Localization Signals in Plant Disease 
Resistance Proteins and Target Sites for the Proteolytic 
Activity of Pathogen Effectors

Daigo Takemoto and David A. Jones

Abstract

Plant pathogens, including fungi, oomycetes, bacteria, aphids, and nematodes, produce a variety of  effector 
proteins to counter plant disease resistance mechanisms. After delivery into the cytosol of the plant cell, 
effectors may target proteins localized to different compartments within the plant cell. Plants, in turn, have 
evolved disease resistance (R) proteins to recognize the action of effectors. Elucidation of the subcellular 
localization of pathogen effectors, the plant proteins they target, and plant disease resistance proteins is 
essential to fully understand their interactions during pathogen challenge. In recent years, expression of 
fluorescent protein fusions has been widely used to determine the subcellular localization of plant proteins 
and pathogen effectors. Use of fluorescent proteins enables researchers to monitor the dynamic behavior 
of proteins in living cells. Among various methods available for the introduction of genes into plant cells, 
particle bombardment-mediated transient expression is the most rapid method suitable for both the iden-
tification of localization signals in proteins of interest and their dissection via amino acid substitutions 
generated using site-directed mutagenesis. This chapter describes a rapid procedure for particle 
bombardment- mediated transient expression in leaf epidermal cells. This method is also applicable to 
detection of pathogen effector protease activities directed against target proteins in the plant cell and 
analysis of protease recognition sites within these target proteins.

Key words Particle bombardment, Subcellular localization, Disease resistance proteins, Effectors

1 Introduction

The construction, expression, and visualization of fluorescent 
 protein fusions to help determine the subcellular localization of 
plant proteins has become a very powerful technique in plant 
molecular cell biology. It allows the localization of proteins in 
intact living plant cells and thereby complements other techniques 
such as immunolocalization (based on fixed, nonliving cells) and 
subcellular fractionation (based on cellular disruption). The four 
main variables to consider in setting up a subcellular localization 
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experiment using transgenes encoding plant proteins tagged with 
fluorescent proteins are (1) the choice of fluorescent protein,  
(2) the location of the fluorescent protein within the fusion  protein, 
(3) the level of fusion-protein expression, and (4) the method of 
transgene delivery to the plant.

Most fluorescent proteins in current use are variants of either GFP 
(green fluorescent protein) obtained from the jellyfish Aequoria vic-
toria or DsRed (red fluorescent protein) obtained from the coral 
Discosoma sp. [1]. Color variants of GFP and DsRed that cover 
almost the entire visible spectrum have been generated by mutation 
[2]. Besides differing in color, these variants differ in other proper-
ties such as brightness, stability, pH sensitivity, or ability to form 
multimers. The choice of color variant depends on the intended 
purpose. For example, experiments involving apoplastic localization 
should, given the low pH of the apoplast and the sensitivity of GFP 
to low pH, use DsRed or its derivatives, which are relatively insensi-
tive to low pH, or an insensitive derivative of GFP. More impor-
tantly, color variants enable double or triple labeling, and more 
specifically, the co-localization (or otherwise) of a protein of 
unknown location with one of known location, to confirm a subcel-
lular location inferred from the pattern of fluorescence observed 
within the cell. While some patterns of fluorescence, such as the 
net-like reticulate pattern of the endoplasmic reticulum, may be 
relatively definitive others, such as the punctate pattern of the Golgi 
apparatus and peroxisomes, may be ambiguous and therefore 
require confirmation by co-localization. Many other fluorescent 
protein variants have also been engineered for specific purposes such 
as sensing changes in pH (pHluorin), calcium concentration (cam-
eleon) or redox status (RoGFP), testing for protein–protein interac-
tion (bimolecular fluorescence complementation using split YFP), 
or visualizing protein movement (EosFP photoconvertible GFP), 
but these applications are beyond the scope of this chapter [3–5].

Typically target proteins are tagged with fluorescent proteins at the 
N- and/or C-termini, but can also be tagged internally. The choice 
of location depends on what is known or predicted about the tar-
get protein. If the structure of the protein is known, or boundaries 
between structural/functional domains can be predicted, then it 
may be possible to tag a protein internally without affecting its 
localization. If nothing is known or predicted, then the usual 
approach is to produce and test both N- and C-terminally tagged 
proteins. However, if the target protein has a predicted N- or 
C-terminal localization motif, such as an N-terminal myristoylation 
and palmitoylation motif or a C-terminal palmitoylation motif, 
then only a tag at the opposite terminus should be used. Above 
all, it should be remembered that tagging with fluorescent pro-
teins can interfere with normal protein function or targeting. 

1.1 Choice of 
Fluorescent Protein

1.2 Location of the 
Fluorescent Protein 
Within the Fusion 
Protein

Daigo Takemoto and David A. Jones
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Wherever possible, subcellular localization experiments using 
 fluorescent protein tags should be accompanied by experiments 
addressing the function of the tagged proteins. If the tagged pro-
tein functions properly then it may be reasonable to assume if it is 
targeted to its proper subcellular location. Subcellular localization 
experiments can also be conducted with truncated target proteins 
to examine the role of possible localization motifs in more detail. 
Wherever possible, these experiments should be validated by exper-
iments addressing the location of the full-length target protein.

The level of fusion-protein expression can be controlled to a large 
extent by the choice of promoter. Expression is usually driven 
either by a strong constitutive promoter or the gene’s own (native) 
promoter. The main concern associated with strong constitutive 
promoters is saturation of localization mechanisms leading to leak-
age of tagged protein into other subcellular compartments. On the 
other hand, the native promoter may be inducible and therefore 
not expressed in the tissue used for visualization, may be weak, giv-
ing insufficient protein expression for visualization, or may be 
poorly defined. Wherever possible, localization experiments con-
ducted using strong constitutive promoters for clear visualization 
of fusion proteins should be validated by experiments using native 
promoters. Alternatively, the issue of fusion-protein expression 
level can be addressed via the choice of transgene delivery mecha-
nism as described below.

Three main methods are used for delivery of transgenes encoding 
plant proteins tagged with fluorescent proteins into plant cells: 
production of transgenic plants, using disarmed Agrobacterium 
tumefaciens, or transgenic roots, using A. rhizogenes; infiltration of 
plant leaves using A. tumefaciens (agroinfiltration, [6]); and parti-
cle bombardment, usually of leaves but potentially any plant tissue. 
Each method has its own advantages and disadvantages. Generation 
of binary vector constructs, their transfer to A. tumefaciens and 
plant regeneration, are time-consuming and labor-intensive steps 
performed over a period of several months to generate transgenic 
plants (apart from Arabidopsis). Agroinfiltration represents a sig-
nificant improvement in turnaround time but still requires the 
 generation of binary vector constructs and their transfer to  
A. tumefaciens. Both methods are limited by species recalcitrant to 
transformation by A. tumefaciens and the generation of transgenic 
plants may be further limited by difficulties in plant regeneration.

Particle bombardment only requires vector construction in 
Escherichia coli and is not limited by the amenability of a particular 
plant species to transformation with A. tumefaciens, or by plant 
regeneration. Particle bombardment can be applied to most plant 
species and has a short turnaround time with as little as a week 
elapsing from commencement of vector construction or transgene 

1.3 The Level  
of Fusion-Protein 
Expression

1.4 The Method  
of Transgene Delivery 
to the Plant

Particle Bombardment Mediated Transient Expression
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modification to observation of subcellular location. In transgenic 
plants, differences in protein expression, such as tissue-specific dis-
tribution or level of protein expression are controlled mainly by the 
choice of promoter but may vary according to position effects and 
transgene copy number. With a constitutive promoter, transgenic 
plants will show a steady-state level of protein accumulation, 
whereas agroinfiltrated and bombarded leaves will show protein 
accumulation starting from zero and rising over the time course of 
the experiment. Temporal and spatial differences in expression 
allow subcellular localization to be assessed over a range of expres-
sion levels from very low to very high. If necessary, the level of 
protein expression can be further varied by altering the concentra-
tion of A. tumefaciens used in agroinfiltration experiments, or the 
concentration of plasmids used in bombardment experiments. 
With a constitutive promoter, transgenic plants will show conflu-
ent fusion-protein expression whereas particle bombardment will 
generate isolated cells showing fusion-protein expression. Although 
these transformed cells are far fewer in number, their isolation from 
one another can allow the cell periphery and the distribution of the 
fusion protein in relation to the cell periphery to be more easily 
visualized (useful for localization of plasma membrane or secreted 
proteins). Agroinfiltration shows expression both in isolated cells 
and in patches of confluent cells with the ratio of the two varying 
according to the efficiency of the transformation, the concentra-
tion of bacteria used for infiltration, and the plant species involved. 
For example, Nicotiana benthamiana can show almost confluent 
expression throughout the leaf indicating very efficient transforma-
tion via agroinfiltration. On the other hand, the stress caused by 
the continued presence of Agrobacterium in agroinfiltration exper-
iments (often leading to chlorotic panels in Agrobacterium empty 
vector controls) or the cellular damage caused by penetration of a 
gold particle in bombardment experiments, could potentially affect 
the localization of some proteins.

This chapter describes the use of particle bombardment- 
mediated transient transformation of leaf epidermal cells to deter-
mine the subcellular localization of plant proteins. This rapid 
procedure can also be applied to the detection and analysis of rec-
ognition sites in plant proteins targeted for cleavage by pathogen 
effector proteases.

2 Materials

 1. Grow your plant of interest. Choose young, healthy, and rela-
tively “flat” leaves. Do not use stressed or old leaves, or leaves 
with too many hairs.

2.1 Plant Material

Daigo Takemoto and David A. Jones
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 1. Biolistic Particle Delivery System (e.g., Model PDS-1000/
He, Bio-Rad 165-2257).

 2. Gold particles (1-μm diameter, Bio-Rad 165-2263).
 3. Macrocarrier (Bio-Rad 165-2335).
 4. Rupture Disc (1,350 psi, Bio-Rad 165-2330).
 5. Stopping Screen (Bio-Rad 165-2336).
 6. 2.5 M CaCl2. Store at 4 °C.
 7. 0.1 M spermidine (Sigma S0266). Store at −80 °C.

 1. Weigh 50 mg gold particles in a 1.5 ml Eppendorf tube and 
suspend in 1 ml sterile MilliQ water by vortexing for 30 s.

 2. Centrifuge at 10,000 × g for 1 min and remove supernatant.
 3. Resuspend gold particles in 100 % ethanol by vortexing for 30 s.
 4. Centrifuge at 10,000 × g for 1 min and remove supernatant.
 5. Repeat items 3 and 4 two more times.
 6. Resuspend gold particles in 1 ml sterile MilliQ water.
 7. Store gold particles in 1 ml water in a screw-cap tube at 4 °C.

Construction of vectors for particle bombardment is a critical point 
for successful detection of transiently expressed GFP-tagged pro-
teins (Fig. 1). Any preferred method for the construction of vec-
tors can be used, but there are several important points to bear in 
mind when considering vector design. Key considerations for the 
construction of plasmid DNA for particle bombardment are:

 1. Do not use vectors over 10 kb such as those often used for 
Agrobacterium-mediated transformation, as a large vector size 
drastically reduces the number of transformed epidermal cells. 
Ideally, use universal cloning vectors around 3 kb, such as 
pUC19 or pBluescript.

 2. Try short, well-defined, strong, constitutive promoters, like 
the CaMV 35S promoter, first. Native promoters can be used, 
but there may be a more limited chance of success for the rea-
sons described above.

 3. If overexpression of a target gene is stressful or induces death 
of leaf epidermal cells in the target plant, transformed cells 
showing GFP fluorescence will rarely be observed and if 
observed are likely to show abnormal patterns of fluorescence 
associated with stress or induction of cell death (Fig. 1, RPP8-
100N:GFP which contains part of the TIR domain). In this 
event, try shorter (partial) versions of the protein of interest to 
avoid any cell disruptive effects due to the activity of the 
expressed protein.

2.2 Stock Solutions 
and Equipment 
Required

2.3 Preparation  
of Gold Particles

2.4 Construction  
of Plasmid DNA for 
Coating Gold Particles

Particle Bombardment Mediated Transient Expression
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 4. Try both N- and C-terminal GFP-tagging of target protein if 
there is no predicted localization signal. A short linker can be 
added between GFP and the target protein to allow for natural 
folding of the target protein and to reduce any steric hin-
drance. We generally have a six amino acid linker (Gly-Ala-
Gly-Ala-Gly- Ala) between GFP and target proteins (Fig. 1).

 5. Linear DNA fragments (promoter-GFP-tagged protein- 
terminator) amplified by PCR can be used for particle bom-
bardment, but the efficiency is significantly lower than that 
obtained using plasmid DNA.

Fig. 1 Construction of plasmids used for particle bombardment (top left ) and examples of localization patterns 
observed for GFP or DsRed fusion-protein constructs following particle bombardment of tobacco, Arabidopsis, 
or flax leaf epidermal cells (right and bottom panels). The top left panel shows a diagrammatic summary of  
E. coli plasmid (black line) constructs containing various transgenes (colored boxes) inserted between plant 
promoter and terminator sequences. The right and bottom panels show epidermal cells expressing GFP fused 
with the N-terminal 30 or 100 amino acids of plant disease resistance proteins or C-terminal 70 amino acids 
of RIN4 (an Arabidopsis protein target by multiple Pseudomonas syringae effectors and guarded by the RPS2 
and RPM1 resistance proteins). These GFP fusion proteins show different subcellular localizations including 
plasma membrane (PM), the Golgi apparatus, tonoplast, and endoplasmic reticulum (ER) in leaf epidermal cells 
of various plants. STtmd:DsRed was co-expressed with L6-100N:GFP to confirm localization to the Golgi appa-
ratus. STtmd, transmembrane domain and signal anchor sequences of rat 2,6-sialyl transferase. GFP alone 
localizes to the cytosol and nucleus

Daigo Takemoto and David A. Jones
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To identify the localization signal in a target protein, try a series of 
shortened N- or C-terminal portions of the target protein tagged 
with GFP (or other fluorescent protein). Once the minimal 
sequence requirement is determined, site-directed mutations can 
be applied to analyze the amino acid residues required for localiza-
tion. To confirm the subcellular localization of a target protein, 
co-expression with DsRed (or other fluorescent protein) tagged 
with a known localization signal can be used to look for co- 
localization (e.g., Fig. 1, L6-100N:GFP with STtmd-DsRed). 
Some examples of localization signal sequences suitable for co- 
localization experiments are: plasma membrane, N-terminal myris-
toylation/palmitoylation site (e.g. PBS1-30N, [7]); ER, C-terminal 
HDEL [8]; Golgi apparatus, N-terminal tagging with STtmd 
(transmembrane domain and signal anchor sequences of rat 
2,6-sialyl transferase) ([9], Fig. 1); tonoplast, M-30N ([7], Fig. 1); 
peroxisomes, C-terminal SKL [10]; mitochondria, C-terminal tag-
ging with β-ATPase or CPN-60 [11]; nuclei, N-terminal tagging 
with SV40-NLS (nuclear localization sequence) [12].

The combination of a PM (plasma membrane) localization signal 
with a plant effector-target protein (or effector-target peptide 
motif) can be used as a sensor for the detection of effector proteins 
with proteolytic activity (Fig. 2) [13]. Potential effector-target 
proteins (or shortened variants) can be placed between GFP and a 
PM localization signal (Fig. 2). In the absence of the effector, the 
sensor protein is observed on the PM (Fig. 1, GFP:RIN4- 70C), 
but co-expression with the effector protease releases the 
PM-localized GFP into the cytosol (Fig. 2, GFP:RIN4-70C with 
AvrRpt2). Site-directed mutations in the target protein can then 
be used to identify the amino acid residues essential for proteolytic 
cleavage by the effector protease.

3 Methods

 1. Suspend 25 μl (1.25 mg) of gold particles in water (prepared in 
Subheading 2.2) in 1.5 ml Eppendorf tube by vortexing for 30 s.

 2. Add approx. 800 ng (in 5 μl) of plasmid DNA and mix by 
vortexing for 30 s. For co-bombardment experiments, add 
400 ng of each plasmid.

 3. Add 2.5 μl of 2.5 M CaCl2 and mix by vortexing for 30 s.
 4. Add 10 μl of 0.1 M spermidine and mix by vortexing for 3 min.
 5. Centrifuge at 5,000 × g for 10 s and remove supernatant.
 6. Add 180 μl of ethanol and mix by vortexing for 30 s.
 7. Centrifuge at 5,000 × g for 10 s and remove supernatant.
 8. Add 30–50 μl of ethanol and mix by vortexing. Make sure that 

there is no clumping of gold particles after the vortexing.

2.5 Vectors for 
Detecting Localization 
Signals in Target 
Proteins

2.6 Vectors  
for Detecting the 
Proteolytic Activity  
of Effectors

3.1 Coating Gold 
Particles with Plasmid 
DNA

Particle Bombardment Mediated Transient Expression
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Either an ordinary particle gun system (PDS-1000/He) or the 
Helios gene gun system (Bio-Rad) can be used for particle bom-
bardment. Please consult the instructions provided by the manufac-
turer for detailed procedures and safety precautions. Here we 
describe the basic procedure for particle bombardment with the Bio-
Rad biolistic particle delivery system model PDS-1000/He (Fig. 3).

 1. Place leaf (or several small leaves) of the target plant (abaxial 
side up) in a plastic Petri dish on top of filter paper. For small 
leaves (e.g., rosette leaves of Arabidopsis), use multiple leaves 
for one shot (Fig. 4) fixed with cellophane tape to avoid them 
being blown off when they are bombarded. Do not use leaves 
with moisture droplets on their abaxial side.

3.2 Particle 
Bombardment

Fig. 2 Particle bombardment-mediated identification of target sites for the proteolytic activity of pathogen 
effectors. GFP:RIN4-70C (bottom left panel) or GFP:RIN4-16C (bottom right panel) was co-expressed with 
AvrRpt2 in epidermal cells of tobacco leaves. Micrographs showing a cytosolic pattern of GFP fluorescence 
indicate the cleavage of PM-localized GFP:RIN4-70C (see Fig. 1) by AvrRpt2. As GFP:RIN4-16C lacks the cleav-
age site, co-expression with AvrRpt2 has no effect on PM localization of GFP:RIN4-16C

Daigo Takemoto and David A. Jones
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Fig. 3 Components of the biolistic PDS-1000/He particle delivery system (Bio-Rad)

Fig. 4 Arrangement of large or small leaves in Petri dish on target shelf (Fig. 3). Low-magnification fluores-
cence micrographs of tobacco leaf tissue 9 h after bombardment with GFP, showing poor transformation of 
epidermal cells at the central impact area (top panel) and efficient transformation of epidermal cells in the 
surrounding area (bottom panel). Epidermal cells expressing GFP (green) are seen against a background of 
chlorophyll autofluorescence (red)

Particle Bombardment Mediated Transient Expression
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 2. Turn on gun chamber (left red switch), vacuum pump, and 
He gas supply.

 3. Wash macrocarrier discs (1 disc per shot) in 100 % ethanol and 
dry them by leaning up against the side of a Petri dish.

 4. Insert dried macrocarrier disc in the macrocarrier holder. Place 
5–10 μl of DNA-coated gold particles in ethanol (prepared in 
Subheading 3.1) in the center of macrocarrier disc. Mix the 
particle suspension well before removing each aliquot. Allow 
gold particles to dry completely.

 5. Wash rupture discs (1 disc per shot) in 100 % 2-propanol and 
dry them by leaning up against the side of a Petri dish.

 6. Insert rupture disc into rupture disc retaining cap and set it 
onto the end of the gas acceleration tube at the top of cham-
ber using a torque wrench.

 7. Place the stopping screen in Launch assembly unit and then 
place the inverted macrocarrier holder (gold particles down 
side) on top of the unit. Screw the macrocarrier cover lid over 
the inverted macrocarrier holder.

 8. Slot launch assembly unit into upper shelf position 0 in chamber.
 9. Place leaf sample in plastic Petri dish (without lid) on target 

shelf and slot into shelf position 3 or alternative shelf position 
depending on the leaf sample used.

 10. Close the front door of the gun chamber and push the middle 
red switch upward to create a vacuum in the gun chamber.

 11. When vacuum reaches −28 in. of Hg, hold the right red switch 
upward until the rupture of the disc, then release the finger 
from the switch and push the middle red switch to release 
vacuum from gun chamber.

 12. When vacuum is back to 0, open front door of the gun cham-
ber and collect the leaf sample.

 1. Keep bombarded leaves at 23 °C in a humid (100 % humidity) 
chamber for 6–9 h (see Note 1).

 2. Check the efficiency of transformation by fluorescence micros-
copy on a low-resolution dissecting microscope (Fig. 4). 
Usually, the very center of bombarded leaves is highly dam-
aged and contains fewer GFP-labeled epidermal cells than the 
surrounding areas. Label the location of efficiently trans-
formed areas with a marker pen (see Note 2).

 3. Observe the localization of GFP-tagged protein by confocal 
laser-scanning microscopy (see Note 3). Use appropriate set-
ting for the detection of fluorescence proteins. GFP, excitation 
peak 489 nm, emission peak 508 nm; DsRed, excitation peak 
558 nm, emission peak 583 nm (other variants will have dif-
ferent excitation and emission peaks that should be sourced 
from the literature, [2]).

3.3 Confocal 
Microscopy Following 
Particle Bombardment

Daigo Takemoto and David A. Jones
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4 Notes

 1. The best temperature for incubation of bombarded leaves may 
vary from 23 °C depending on the leaf sample used.

 2. Do not incubate bombarded leaves for longer than 24 h as 
subcellular localization detected at 6–9 h after bombardment 
may be lost after 24 h.

 3. At 6–9 h after bombardment, epidermal cells with various 
intensities of GFP fluorescence will be found. As overexpres-
sion of GFP-tagged proteins can cause localization artifacts, 
observations should include cells with both high and low lev-
els of GFP expression.
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Chapter 8

Purification of Fungal Haustoria from Infected  
Plant Tissue by Flow Cytometry

Diana P. Garnica and John P. Rathjen

Abstract

A hallmark of biotrophy in many fungal plant pathogens is the formation of a specialized pathogenic 
 structure called the haustorium from infectious hyphae. This is the major parasitic structure, where nutri-
ents are taken up from the host and pathogenicity factors are exported to the host tissue. Obligate biotro-
phic fungi can typically be cultured in vivo only to a limited extent and do not produce haustoria under 
these conditions. This has hampered the application of classic molecular biology techniques to haustoria-
forming pathogens. The lectin Concanavalin A (Con A), which binds specifically to sugars present on the 
exterior of rust haustoria, was first used in a column-based affinity purification procedure in 1992 (Hahn 
and Mendgen, Protoplasma 170:95–103, 1992). Here we describe a new technique where we combine 
initial gradient purification of haustoria with flow-sorting based on labeling of haustoria with fluorescent 
Con A. Our method allows haustorial isolation with purity above 98 % and yields ten times more isolated 
haustoria in a single experiment than the previous procedure.

Key words Rust fungi, Puccinia, Haustoria, Density gradient, Flow cytometry

1 Introduction

Obligate fungal parasites source nutrients from living cells of their 
plant hosts through a sophisticated cellular structure termed the 
haustorium [1]. After penetration of host tissue by the fungus,  
the invasive hyphae contact host cells and start to differentiate. The 
fungus perforates the host cell wall and expands within, invaginat-
ing the host plasma membrane but not breaching it, to form a 
single-lobed or multilobed structure. The haustorium remains 
separated from the host cell by the extrahaustorial membrane 
(EHM), which is derived from and contiguous with the host 
plasma membrane, but appears to be differentiated from it [2]. On 
the fungal side of the EHM is a gel-like structure called the extra-
haustorial matrix, composed largely of polysaccharides, which is 
bordered by the fungal plasma membrane on its interior surface. 
The haustorium remains connected to the fungal body through a 
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neck structure which contacts the EHM, thus sealing the extra-
haustorial matrix from the plant cell. Molecular exchange between 
the fungus and plant cells must occur across the extrahaustorial 
matrix; however, the structure and function of this interface is 
poorly understood [2].

Haustoria are not only feeding structures; they induce struc-
tural changes in the host cell including cytoskeletal rearrange-
ments, nuclear migration, and chromatin condensation [3], and 
there is evidence that they influence host cell metabolism [4, 5]. 
Furthermore, they deliver essential virulence molecules called 
“effectors” into the extrahaustorial matrix, several of which are 
subsequently translocated into host cells [6, 7]. As such, the haus-
torium is a site of concerted host-pathogen interaction, and 
describing its functions is essential to understanding biotrophy. 
Despite its importance, its inaccessibility and the inability to cul-
ture it in vitro has constrained experimentation. Hahn and 
Mendgen [8] found that lectins showed differential affinity for the 
haustoria of Uromyces spp. and Puccinia spp., with Concanavalin A 
(Con A) showing the highest affinity. Additional observations led 
to the conclusion that Con A recognizes α-linked mannoside resi-
dues on the haustorial wall and the extrahaustorial matrix, since the 
EHM appears to be lost during isolation of haustoria from leaf tis-
sue. Affinity of Con A for surface sugars is the basis of a scheme to 
purify haustoria by column-based chromatography from crude tis-
sue extracts [8]. However, this purification method has two major 
disadvantages: the high level of contamination by chloroplasts 
which far outnumber haustoria, and the low yield of haustoria. 
Moreover, although the method has been used for other rust fungi 
[9], it failed to purify the haustoria of the powdery mildew species 
Sphaeroteca fuliginea, Erysiphe pisi, and E. graminis f.sp. hordei, 
suggesting that haustoria of these species differ in their external 
composition. Alternative separation techniques such as density gra-
dient centrifugation have been used to isolate haustoria of pow-
dery mildew fungi [2, 10, 11]. However, none of these techniques 
achieve high levels of purity, which is necessary for subsequent 
applications such as transcriptome sequencing, proteomics analy-
sis, and metabolomic studies.

Recently, Takahara et al. [12] described a method for fluores-
cent vital staining of the intracellular hyphae of the pathogen 
Colletotrichum higginsianum from homogenates of infected 
Arabidopsis leaves, which could then be purified by fluorescence- 
activated cell sorting (FACS). Here we describe the purification of 
wheat stripe rust haustoria by Percoll density gradients combined 
with FACS based on affinity staining of the haustoria with fluores-
cent Con A. The method generates high yields of essentially pure 
haustoria that are suitable for downstream analyses that demand 
high purity.

Diana P. Garnica and John P. Rathjen
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2 Materials

Prepare all solutions using sterile MilliQ water and analytical grade 
reagents.

 1. Infected plant material (see Note 1).
 2. Ethanol 70 %. Prepare 250 ml and store at 4 °C.
 3. Two liters of chilled MilliQ water.
 4. Sodium hypochlorite 2 % (v/v), prepare fresh.
 5. Sterile paper towel.
 6. Waring blender.
 7. Homogenization buffer: 0.2 M sucrose, 20 mM MOPS 

pH 7.2, and 0.2 % (v/v) β mercaptoethanol, added freshly. 
Prepare 250 ml of this buffer and store at 4 °C.

 8. Isolation buffer (1× IB): 0.2 M sucrose, 20 mM MOPS 
pH 7.2. Prepare 500 ml of this buffer and store at 4 °C.

 9. Isolation buffer (10× IB): 2 M sucrose, 0.2 M MOPS pH 7.2. 
Prepare 100 ml of this buffer and store at 4 °C.

 10. Two clean and sterile 1 L Erlenmeyer flasks.
 11. Ten Oak Ridge round-bottom centrifuge tubes, 45 ml capac-

ity, with polypropylene screw closure.
 12. Two nylon meshes (~20 cm × 30 cm), one of pore size 100 μm 

and the other of 20 μm (see Note 2).
 13. Four polycarbonate round-bottom tubes, 45 ml capacity, with-

out lids.
 14. Percoll (GE healthcare life sciences, 17-0891-01).
 15. Refrigerated benchtop centrifuge with swingout rotor.
 16. Concanavalin A, Alexa Fluor® 488 Conjugate (Molecular 

Probes® C11252, see Note 3).
 17. Rotary mixer.
 18. Glass vial with plastic lid, 6 ml capacity.

 1. Dickinson BD FACSARIA II cell sorter (BD Biosciences), or 
similar.

 2. 5 ml glass assay tubes.
 3. Phosphate buffered saline (1× PBS): 8 g NaCl, 0.2 g KCl, 

1.44 g Na2HPO4, 0.24 g KH2PO4, dissolved in 1 L of MilliQ 
water, final pH 7.4, and sterilized by autoclaving.

2.1 Haustoria 
Isolation from Plant 
Tissue

2.2 Purification of 
Haustoria by Flow 
Cytometry

Purification of Fungal Haustoria from Infected Plant Tissue
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3 Methods

Carry out all procedures at 4 °C unless otherwise specified.

Steps including the timing of tissue harvesting (see Note 1), the 
amount of infected tissue to be processed, the pore size of the 
meshes, and Con A staining time, have to be determined empirically 
according to the pathosystem under investigation.

 1. Harvest 20–25 g of heavily infected tissue (leaf pieces of ~6 cm 
length), 8–9 days after infection (or 1 day before sporulation) 
(see Note 1).

 2. To remove external contaminating organisms, wash the tissue 
with tap water several times, then incubate for 3 min in 2 % 
sodium hypochlorite. Wash with tap water three times or until 
sodium hypochlorite is completely removed, then incubate the 
tissue for 1 min in chilled 70 % ethanol. Wash tissue with 
chilled MilliQ water several times to remove the alcohol. Dry 
the tissue as much as possible with sterile paper towel.

 3. Using a Waring blender, homogenize the infected plant mate-
rial in 150 ml of homogenization buffer at maximum speed for 
25 s.

 4. Filter the homogenate through a 100 μm nylon mesh by grav-
ity flow. Recover the solid particles retained on the mesh and 
return them to the blender, add the remaining 100 ml of 
homogenization buffer and blend for 15 s at 18,000 rpm. Pass 
through the 100 μm mesh to remove cell debris and combine 
the two filtrates.

 5. Pass the filtrate (~250 ml) through the 20 μm mesh by gravity 
flow and distribute the new filtrate in six chilled Oak Ridge 
round-bottom centrifuge tubes, 45 ml capacity (see Note 2).

 6. Centrifuge the tubes at 1,080 × g for 15 min at 4 °C, using a 
centrifuge with swingout rotor. In the meantime, prepare 
Percoll-30 solution: 24 ml Percoll, 30 ml MilliQ water, and 
6 ml 10× IB.

 7. Resuspend each pellet very gently in 2 ml of ice-cold 1× IB 
using a 1 ml pipette; combine all of the resuspended pellets 
and bring the total volume to 20 ml with 1× IB. Mix the resus-
pended pellets (20 ml) with the Percoll-30 solution to a total 
volume of 80 ml. Split the mixture into four 45 ml polycarbon-
ate round-bottom tubes.

 8. Centrifuge at 25,000 × g for 30 min at 4 °C without braking.
 9. Carefully remove the tubes from the centrifuge, and draw off 

the first 10 ml from each tube very slowly using a 10 ml pipette 
and an automatic pipette controller under low suction speed 
(see Note 4). Dilute the pooled 40 ml haustorial fraction 1:10 

3.1 Haustoria 
Isolation from Infected 
Tissue Using Percoll 
Gradients

Diana P. Garnica and John P. Rathjen



107

into 360 ml of 1× IB. Mix well and distribute the mixture into 
ten chilled 45 ml Oak Ridge round-bottom centrifuge tubes.

 10. Centrifuge the tubes at 1080 × g for 15 min at 4 °C, using a 
centrifuge with swingout rotor (steps 11–13 are optional, see 
Note 5). If following steps 11–13 resuspend the pellets in 
10 ml of 1× IB, otherwise go to step 14.

 11. Prepare Percoll-25 solution: 10 ml Percoll, 17 ml MilliQ water, 
and 3 ml 10× IB. Mix this solution with the resuspended pel-
lets for a final volume of 40 ml.

 12. Centrifuge at 25,000 × g for 30 min at 4 °C without braking in 
two 45 ml polycarbonate round-bottom tubes. Draw off the 
first 10 ml from each tube very slowly using a 10 ml pipette 
and an automatic pipette controller under low suction speed. 
Dilute the pooled haustorial fractions 1:10 in 180 ml of 1× IB. 
Mix well and distribute this mixture into chilled 45 ml Oak 
Ridge round-bottom centrifuge tubes.

 13. Centrifuge the tubes at 1080 × g for 15 min at 4 °C, using a 
centrifuge with swingout rotor.

 14. Resuspend the pellets in 1× IB to a final volume of 4 ml, and 
transfer the suspension to a glass vial with plastic lid, 6 ml 
capacity.

 15. Add 200 μl of 1 mg/ml Con A-Alexa 488 (Invitrogen), cover 
the container with foil, and mix gently on a rotary mixer for 
20 min at room temperature (or for 45 min at 4 °C).

 16. Pellet the haustoria at 4,000 × g in a benchtop centrifuge for 
5 min at 4 °C. Remove the supernatant and wash the pellet 
twice with 1× IB. Resuspend in a final volume of 4 ml of 1× IB; 
keep sample on ice in the dark and proceed directly to FACS 
sorting.

This section describes the use of flow cytometry to sort haustoria 
based their fluorescence after labeling with Con A-Alexa 488. The 
Alexa 488 fluor is excited using a 13 mW 488 nm solid-state laser 
(Sapphire, Coherent Inc. Santa Clara, CA) and detected using a 
502 nM longpass as well as a 530/30 nM bandpass filter. 
Chlorophyll autofluorescence is excited with the same 488 nm 
laser and detected using a 655 longpass and 695/40 bandpass 
filter.

 1. Dilute the haustorial sample 1:10 with chilled 1× PBS to adjust 
the concentration of the chloroplast–fungal cell mixture to 
approximately 2.5–5.0 × 106 particles/ml.

 2. Set up and optimize the cell sorter (see Note 6). For fungal 
haustoria (5–20 μm in diameter): 100 μM nozzle, 20 psi sheath 
pressure.

3.2 Flow Cytometry 
of Pre-isolated 
Haustoria

Purification of Fungal Haustoria from Infected Plant Tissue
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 3. Use 1× PBS as sheath fluid, run cells using the lowest sample 
pressure with a resulting sample rate of 5,000–10,000 events 
per second. Collect sorted cells in 5 ml glass tubes containing 
1× PBS, keeping them at 4 °C, and agitating them periodically 
at 300 rpm to prevent settling.

 4. Set fluorescence and scatter parameters. Identify and exclude 
chlorophyll-containing particles based on chlorophyll auto-
fluorescence. Identify and select the population of Con 
A-positive particles by Alexa 488 fluorescence (see Fig. 1a). 

Fig. 1 Purification of Puccinia striiformis f.sp. tritici haustoria by FACS, and microscopic analysis of pre- and 
post- sorted samples. Haustoria were partially purified by Percoll gradients as described, then stained with Con 
A-Alexa 488 prior to sorting. (a) Flow-cytometric analysis of pre-isolated haustoria showing the discrimination 
of two populations based on red chloroplast autofluorescence and green Alexa 488 fluorescence from labeled 
haustoria. (b) Flow-cytometric analysis of a sorted sample to test the efficiency of the sorting process, average 
purity of 98 %. (c) Microscopic image of a sample prior to sorting, with a haustoria:chloroplast ratio of about 
1:80. (d) Microscopic image of a sample post-sorting, with a haustoria:chloroplast ratio of about 49:1. In (a) 
and (b) plots displaying flow cytometry data, haustoria are represented by the green dots and chloroplasts by 
the blue dots

Diana P. Garnica and John P. Rathjen
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Use forward and side scatter information to identify and 
exclude doublets by comparing the forward scatter height and 
width and the side scatter height and width. To optimize the 
forward scatter signal, use a neutral density 2 filter in front of 
the forward scatter detector.

 5. Confirm sort purity by running a small amount of the sorted 
cells to determine the percentage of positive events for the sort 
parameters (Fig. 1b) (see Notes 7 and 8).

 6. Pool the samples from FACS purification and centrifuge them 
at 1,080 × g for 15 min at 4 °C. Discard the supernatant and 
snap-freeze the final pellet in liquid nitrogen, and store it at 
−80 °C until required.

4 Notes

 1. Harvest tissue as late as possible before sporulation to increase 
the number of haustoria; however, it should be done at least 
1 day before pustule eruption. In wheat plants infected with  
P. striiformis and maintained at 18 °C post-infection, this time 
is usually 8–9 days.

 2. The pore size of the meshes is critical for reducing contaminat-
ing particles before FACS. Different fungal species display a 
diverse range of haustoria size, thus small-scale isolations to 
test different pore sizes and microscopic analyses are necessary 
to optimize the filtration step.

 3. The stock solution was prepared as per manufacturer’s instruc-
tions but without addition of sodium azide.

 4. Haustoria from different fungal species exhibit slightly differ-
ent density characteristics. It is highly recommended to estab-
lish the density level at which the majority of haustoria resolve. 
Small-scale density tests can be performed by following the 
protocol above until step 8, Subheading 3.1. Once the tubes 
are removed from the centrifuge, aliquots of 1 ml are taken 
carefully with a wide-bore pipette tip, and the number of haus-
toria can be counted in each aliquot using a hemocytometer.

 5. Steps 11 and 12 are included specifically to reduce the com-
plexity of the sample prior to flow cytometry. However, 
depending on the final use of the sorted haustoria, these two 
steps can be omitted.

 6. The procedure of setting up a flow cytometer varies depending 
on the machine and needs to be performed by appropriately 
trained personnel.

 7. Typically, 9 × 105–1.5 × 106 purified haustorial cells can be puri-
fied from 15 to 20 g of wheat tissue heavily infected with  
P. striiformis.

Purification of Fungal Haustoria from Infected Plant Tissue
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 8. Vital tests should be applied at this stage to verify the viability 
of haustoria post-sorting. A high percentage of viable cells 
could be very important for some subsequent applications as 
isolation of intact RNA or proteins. In our studies we used 
CellTracker™ Orange CMRA (Invitrogen, Catalog number 
C34551) successfully following the manufacturer’s instruc-
tions, and obtained ≥98 % viable haustoria post-sorting.
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Chapter 9

Functional Characterization of Nematode Effectors 
in Plants

Axel A. Elling and John T. Jones

Abstract

Secreted effectors represent the molecular interface between the nematode and its host plant. Studies that 
aimed at deciphering molecular plant–nematode interactions are hampered by technical hurdles that pre-
vent the generation of transgenic nematodes. However, RNA interference (RNAi) has proven to be a 
valuable tool to specifically knock-down nematode effector genes, both ex planta and in planta. Plant- 
mediated RNAi of nematode genes not only facilitates functional characterization of effectors but also 
lends itself to a novel control strategy against plant-parasitic nematodes. Here, we describe currently used 
methods to silence genes in plant-parasitic cyst and root-knot nematodes.

Key words RNAi, Effector, Meloidogyne, Globodera, Heterodera, Plant–nematode interaction

1 Introduction

Plant-parasitic nematodes display a variety of interactions with 
their hosts. They can be sedentary or browsing and can be endo-
parasites or ectoparasites. The interactions of some nematodes, 
including most of the migratory ectoparasitic species, are limited 
to simple grazing on root cells. However, some nematode species, 
including cyst nematodes and root-knot nematodes, the most eco-
nomically important species, are biotrophic and induce profound 
changes in the roots of their hosts. Second-stage juveniles (J2) of 
these species hatch from eggs in the soil and locate and penetrate 
host roots. They then migrate through the root to cells near the 
vascular cylinder where they induce the formation of a feeding site. 
Root-knot nematodes induce repeated rounds of mitosis in the 
absence of cytokinesis leading to the formation of large multinu-
cleate giant cells. Cyst nematodes induce syncytia that are formed 
by the breakdown of cell walls and fusion of adjacent protoplasts. 
In both cases the nematodes need to keep the resulting structure 
alive for the remainder of their life cycle, a period of up to 6 weeks 
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in the case of cyst nematodes. The biology of a wide range of plant- 
parasitic nematodes has recently been reviewed in detail [1].

The interactions of biotrophic nematodes with their hosts are 
mediated by effectors (defined here as any secreted nematode fac-
tor that manipulates the host plant to the benefit of the nematode). 
Nematode effectors are produced in two sets of esophageal gland 
cells—subventral and dorsal—and secreted into the host through 
the stylet, a hollow protrusible spear-like mouthpart. Nematode 
effectors have several biological functions in the interaction 
between host and pathogen including softening of the cell wall 
during migration, induction of the nematode feeding site, and sup-
pression of host defenses.

As a result of genome sequencing [2–4], expressed sequence 
tag (EST) (e.g. [5, 6]), and microarray projects [7], candidate effec-
tors have been identified from many different plant-parasitic nema-
todes. In some cases a testable biological function can be derived 
from the sequence itself. For example, a variety of cell wall degrad-
ing enzymes are secreted by plant-parasitic nematodes [8] and these 
can be identified on the basis of sequence similarity and their bio-
chemical properties can be tested in in vitro assays. However, in 
many cases effectors are pioneers that have no similarity to function-
ally defined proteins from other species. Ascribing function to these 
sequences is particularly challenging. Here we review the most 
commonly applied in planta methods that are currently used for 
analyzing the function of these proteins. These include:

 (a) RNA interference (RNAi) by soaking of J2s.
 (b) In planta RNAi.
 (c) Phenotyping of nematodes grown on genetically modified 

plants over-expressing effectors or effector targets, or plants in 
which effector targets are knocked out.

Methods (a) and (b) will provide information about the pheno-
type caused by silencing a nematode gene of interest. Method (c) 
describes the most commonly used protocols for growing nema-
todes on transgenic plants and scoring effects of the transgene inser-
tion on the nematode. This protocol is applicable to plants produced 
as described in method (b) but can also be used to assess the effects 
of growing nematodes on plants that overexpress effectors.

2 Materials

 1. Cloned cDNA of the gene that is to be silenced.
 2. Six primers for each gene to be silenced (see Fig. 1), each at 

10 μM concentration (see Note 1).
 3. PCR reagents (10× Taq buffer, 25 mM MgCl2, 2 mM dNTP 

mix, F, R and T7F, and T7R primers (Fig. 1), template cDNA, 
Taq DNA polymerase, thermal cycler).

2.1 RNAi by Soaking

Axel A. Elling and John T. Jones
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 4. Equipment and reagents for agarose gel electrophoresis.
 5. DNA purification kit (e.g., Qiagen PCR Purification Kit).
 6. MegaScript RNAi kit (Ambion).
 7. 0.5 M Octopamine 0.5 M.
 8. 300 mM spermidine.
 9. 5 % gelatin.
 10. 0.25× M9 buffer (1×M9 = 43.6 mM Na2HPO4, 22 mM 

KH2PO4, 18.7 mM NH4Cl, 8.6 mM NaCl).
 11. Rotator.
 12. Host plants for infections.
 13. Materials for qPCR or semi-quantitative PCR.

 1. Cloned cDNA of the gene that is to be silenced.
 2. pHANNIBAL vector (http://www.pi.csiro.au) (see Note 2).
 3. pART27 binary vector (http://www.pi.csiro.au).
 4. TA cloning vector kit (e.g., TOPO TA from Invitrogen or 

pGEM-TEasy from Promega).
 5. Primers for sense fragment: 5′-XhoI-gene-specific sequence 

(forward primer) and 5′-EcoRI-gene-specific sequence (reverse 
primer).

 6. Primers for antisense fragment: 5′-XbaI-gene-specific sequence 
(forward primer) and 5′-HindIII-gene-specific sequence 
(reverse primer).

 7. T7 and SP6 sequencing primers.
 8. PCR purification, gel purification, and miniprep kits.
 9. PCR reagents and thermal cycler.
 10. Restriction enzymes.
 11. T4 ligase and buffer.
 12. LB medium (liquid and solidified with agar).

2.2 In Planta RNAi

Region used for silencing Rest of gene & UTR

T7R

F

T7F

R
qPCRR

qPCRF

Fig. 1 Schematic diagram showing PCR primers required for RNAi by soaking. F and R-primers for amplification 
of the region of the gene to be used for the silencing experiment

Functional Characterization of Nematode Effectors in Plants
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 13. Primers to confirm hairpin constructs: (P-5: 5′-GGGATGAC 
GCACAATCC-3′; P-3: 5′-GAGCTACACATGCTCAGG-3′; 
I-5: 5′-ATAATCATACTAATTAACATCAC-3′ I-3: 5′-TGATA 
GATCATGTCATTGTG-3′) [12].

 14. PCR tubes and 1.5 mL Eppendorf tubes.
 15. Ice.
 16. Pipettes.
 17. Petri dishes, 12-well tissue culture dishes.

 1. Arabidopsis seeds.
 2. Bleach, Tween-20, 100 % ethanol, sterile water.
 3. Rotator.
 4. 1.5 mL Eppendorf tubes.
 5. 12-well tissue cultures dishes.
 6. Parafilm.
 7. Modified Knop’s media (solidified).
 8. #60, #200, #500 test sieves (Taylor).
 9. 70 % Sucrose.
 10. Baermann pan.
 11. 0.01 % Mercuric chloride.
 12. Low-melting point agarose.
 13. Acid fuchsin for staining nematodes in roots (250 mL glacial 

acetic acid; 750 mL distilled water; 3.5 g acid fuchsin). 
Destaining solution-acidified glycerol (30 mL glycerol con-
taining a few drops of concentrated HCl).

 14. Phloxine B for staining root-knot nematode egg masses 
(0.10 g/L).

3 Methods

 1. Amplify the region to be used for silencing of your gene in two 
separate PCR reactions. In one use the T7F primer in combi-
nation with the R primer, in the other use the F primer in 
combination with the T7R primer (see Fig. 1). This will 
 generate two PCR products, one with the T7 promoter 
sequence at the 5′ end of the coding strand and one with the 
T7 promoter sequence at the 5′ end of the antisense strand. 
Several micrograms of PCR product will be required for the 
downstream steps so it is advisable to do several (up to 8) 
repeats of each PCR reaction.

 2. Check that a single PCR product has been produced by 
 running a small aliquot of each reaction on a 1.5 % agarose gel 
(see Note 3).

2.3 Phenotyping  
of Nematodes

3.1 RNAi by Soaking
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 3. Purify the PCR products using your preferred kit. Combine each 
of the T7F/R reactions and each of the F/T7R reactions to 
maximize the concentration of each of the two PCR products.

 4. Produce the two strands of RNA in separate reactions using the 
MegaScript kit following the manufacturer’s instructions. 
Briefly, the purified PCR products are incubated with ATP, CTP, 
GTP, and UTP along with the T7 enzyme mix supplied. The 
reaction is left overnight at 37 °C, rather than for the 2–4 h 
recommended in the kit instructions, in order to maximize yield.

 5. Anneal the two strands by mixing the two reactions, heating 
to 75 °C for 5 min and then allowing to cool at room tem-
perature. A small amount of the reaction products can be 
checked on an agarose gel at this stage if desired—dsRNA will 
migrate slightly slower than a DNA marker of the same size 
(the template DNA PCR product is ideal for this purpose).

 6. Remove DNA template and purify the dsRNA as indicated in 
the Megascript kit. The dsRNA should then be quantified 
using a spectrophotometer.

 7. Set up the soaking experiment. Enough nematodes (several 
thousand J2) need to be used to allow replicated infection 
studies and to allow extraction of mRNA for cDNA synthesis 
and semi-quantitative PCR. Centrifuge the nematodes for 
2 min at top speed in a benchtop centrifuge and resuspend in a 
solution containing 0.25× M9 buffer, 50 mM octopamine, 
3 mM spermidine, 0.05 % gelatin, and 2 μg/μL dsRNA. The 
volume used for this step will depend on the number of nema-
todes being used and the yield of dsRNA; for PCN 200 μL is a 
good starting point. Wrap the tube in foil and leave on a rotator 
for 24 h at room temperature. It is essential to use a control in 
which nematodes are soaked in dsRNA from a non- endogenous 
gene (e.g., green fluorescent protein), given the high concen-
trations of dsRNA that are used in these experiments.

 8. Remove a small amount of the soaking liquid after the soaking 
is complete and run on an agarose gel as above to confirm that 
degradation of the dsRNA has not occurred during soaking. 
Wash the nematodes three times in 0.25× M9 buffer.

 9. Dilute the soaking liquid to a total volume of 1 mL 0.25× M9. 
Count the numbers of nematodes present in three 5 μL ali-
quots from this 1 mL and calculate the concentration of nem-
atodes. Remove enough nematodes for infection studies  
(a minimum of five 100 nematode aliquots are required). 
Centrifuge and freeze the remaining nematodes; these will be 
used for mRNA extraction.

 10. For infection studies use a minimum of five plants and infect 
each with 100 nematodes. Score numbers of nematodes devel-
oping into mature females. Precise details will vary depending 
on the pathosystem being tested but try to minimize the size 
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of the root system in order to make it easier to locate the 
nematodes. For detailed studies it may also be desirable to 
stage the nematodes at set time points after infection (weekly 
for 4–6 weeks) in order to determine the life stage at which 
any effect of the dsRNA treatment is occurring. Nematodes 
can be stained as described in Subheading 3.3 below.

 11. Extract mRNA from the remaining nematodes and assess 
mRNA levels of the target gene in comparison to a control 
gene in the samples soaked in the target dsRNA and the 
dsRNA for the non-endogenous control gene. This can be 
done by qPCR or using a semi-quantitative method as 
described in ref. 9.

pHANNIBAL vector (see Note 2).

 1. Select target region of adequate length in nematode gene of 
interest (see Note 4).

 2. Set up separate PCRs to amplify sense and antisense arms of 
nematode gene of interest (see Fig. 2).

 3. Purify PCR products using PCR purification kit.
 4. Clone purified PCR products into TA cloning vector (e.g., 

pGEM-TEasy) and transform into E. coli. Plate transformed  
E. coli on LB plates with ampicillin (100 mg/L) and blue-
white selection with IPTG and X-gal.

 5. Pick white colonies and grow in liquid LB media with ampicil-
lin (100 mg/L) overnight. Recover plasmid by miniprep and 
sequence insert using T7 and SP6 primers.

 6. Digest confirmed clones with XhoI and EcoRI (sense arm) or 
XbaI and HindIII (antisense arm) to release insert. Purify 
released inserts using gel purification kit.

 7. Digest pHANNIBAL sequentially with XhoI and EcoRI to 
clone digested sense arm insert and XbaI and HindIII to clone 
digested antisense arm insert (see Fig. 2).

 8. Digest pHANNIBAL (now containing both sense and anti-
sense arm inserts) with NotI to release ihpRNA cassette and 
clone cassette into NotI site in pART27 binary vector.

3.2 In Planta RNAi

Fig. 2 Schematic diagram of pHANNIBAL for cloning of sense and antisense RNAi arms, modified after [12]. 
Positions of primers used for cloning and sequencing are indicated
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 9. Transform pART27 into E. coli and spread cells on LB plates 
with spectinomycin (100 mg/L). Pick colonies and grow in 
liquid LB with spectinomycin (100 mg/L) overnight. Recover 
pART27 plasmid by miniprep.

 10. Digest pART27 with BglII (linearizes plasmid by cutting once 
in pHANNIBAL pdk intron) to confirm clones.

 11. Set up PCRs to amplify sense arm (using primers P-5 and I-5) 
and antisense arm (using primers P-3 and I-3). The respective 
products will be 250 bp longer than the sense and antisense arms.

 12. Purify PCR products and sequence to confirm inserts.
 13. Transform pART27 binary vector with ihpRNA cassette into 

appropriate Agrobacterium tumefaciens strain (e.g., GV3101).
 14. Transform Arabidopsis using floral dip method [10] and select 

transformants on kanamycin (100 mg/L).
 15. Select homozygous T3 plants from at least ten independently 

transformed lines for phenotyping assays.

 1. Surface sterilize T3 seeds of transformed Arabidopsis lines and 
respective wild-type controls. Place seeds into a 1.5 mL 
Eppendorf tube and add 10 % bleach and 0.01 % Tween-20. 
Place on rotator for 3 min.

 2. Spin down seeds, remove supernatant, and wash with 70 % 
ethanol. Put back on rotator for 1 min.

 3. Spin down seeds, remove supernatant, and wash seeds three 
times with sterile de-ionized water.

 4. Transfer single seeds into separate wells of a 12-well dish con-
taining 1.5 mL modified Knop’s media (solidified).

 5. Seal plates with Parafilm and place in growth chamber (16 h 
light/8 h dark). Grow plants 7–14 days before inoculating 
with surface-sterilized nematodes.

 6. For root-knot nematodes, collect nematode eggs using a 
#60/#200/#500 sieve tower. To clean eggs and remove con-
taminating plant tissue and soil particles, resuspend egg slurry 
in 20 mL water and transfer to a 50 mL tube. Add 20 mL of 
70 % sucrose and shake. Overlay with 10 mL water and centri-
fuge in a swing bucket centrifuge at 380 × g for 5 min. Eggs 
and juvenile nematodes will concentrate at the interface that 
will form. Collect eggs by pipetting and immediately wash 
with water to remove sucrose on a #500 test sieve. Rinse eggs 
into a 50 mL tube once they have been washed.

 7. Hatch purified eggs in a modified Baermann pan (see Note 5). 
If working with cyst nematodes, start the procedure here with 
sterile or cleaned cysts.

 8. Collect hatched J2 by centrifuging in a swing bucket centri-
fuge at 380 × g for 3 min.

3.3 Phenotyping  
of Nematodes

Functional Characterization of Nematode Effectors in Plants



120

 9. Remove supernatant and wash once with 0.001 % Tween-20 
and twice with sterile water.

 10. Surface sterilize J2 by adding 0.01 % mercuric chloride for 
4 min. Collect J2 by centrifuging in a swing bucket centrifuge 
at 380 × g for 3 min. Remove supernatant and wash three times 
with sterile water.

 11. Resuspend nematodes in 1.5 % low-melting point agarose.
 12. Pipette 200–500 J2 into each well and seal plate with Parafilm. 

Return to growth chamber and grow until desired timepoints 
of experiment have been reached.

 13. Stain nematodes in roots with acid fuchsin and count/mea-
sure nematodes and/or nematode infection sites (syncytia, 
galls). Place infected roots in 50 mL sterile distilled water to 
which 1 mL acid fuchsin stain has been added, bring up to 
boiling point on a hotplate or in a microwave oven. Rinse in 
several changes of sterile distilled water. To destain, place the 
roots in 20–30 mL acidified glycerol and bring up to boiling 
point on a hotplate or in a microwave oven. Allow to cool 
before observing under a microscope.

 14. If staining of root-knot nematode egg masses is desired to 
facilitate gall counting, incubate each root system in phloxine B 
(0.10 g/L) for 10–15 min. Rinse three times with sterile dis-
tilled water. Egg masses will stain bright pink, whereas plant 
tissue will be clear to slight pink.

 15. Additional phenotypic analyses such as root length measure-
ments may be added depending on the question being 
addressed.

4 Notes

 1. Careful consideration should be given to the region of the 
gene chosen for silencing. You may wish to use a region that is 
highly specific to your gene of interest. Alternatively, if func-
tional redundancy is likely to be an issue, a region of the gene 
that is conserved and that will target silencing of all related 
sequences can be chosen. It is essential that the qPCR primers 
are targeted at a region outside the region chosen for silenc-
ing, as substantial quantities of dsRNA will remain in the sam-
ple, making assessment of transcript levels using this region 
impossible. siRNAs have also been used for silencing nema-
tode genes. For a review of this technology see ref. 11.

 2. Several vectors have been used for in planta RNAi of nema-
tode genes (see Table 1). However, pHANNIBAL has been 
used successfully more often than other vector systems to date 
and is readily available, which is why we focus on pHANNIBAL 
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in this protocol. Detailed information about cloning with 
pHANNIBAL can be found in ref. 12. Other vector systems 
will require modifications to the materials and methods 
described here.

 3. It is essential that a single band is produced in the PCR reac-
tions. If this is not the case, adjust annealing temperature and/
or MgCl2 concentration and repeat the reaction.

 4. Using pHANNIBAL, 42–624 bp have proven successful in 
RNAi experiments targeting nematode genes in planta; other 
vectors may require different lengths. Ensure that there are no 
off-target effects on the host or pathogen by BLAST searches 
if sufficient genome is available. In general, sequences with 
20 nt or more that are identical between the RNAi construct 
and a non-target gene will result in off-target silencing. If try-
ing to target a gene family in the nematode, select a target 
region that is conserved in all members of the gene family. If 
only a specific gene of a gene family is to be targeted, make 
sure to select a unique region.

 5. Cyst nematodes may require addition of chemicals to induce 
hatching. Soybean cyst nematode can be stimulated to hatch 
with 3.14 mM ZnSO4. Other cyst nematodes can be hatched 
in solutions of root exudates. These are made by placing the 
roots of a plant into a beaker containing 250 mL distilled water, 
leaving overnight and then filtering the liquid. Root diffusates 
can be stored at 4 °C for several months. Root-knot nematodes 
generally do not require stimulants in order to hatch.
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Chapter 10

Silencing of Aphid Genes by Feeding on Stable Transgenic 
Arabidopsis thaliana

Alexander D. Coleman, Marco Pitino, and Saskia A. Hogenhout

Abstract

Aphids are economically important pests that predominantly feed from the plant phloem. Genome, 
 transcriptome, and proteome data are being generated for these insects, and predicted secreted proteins in 
aphid saliva have been identified. These secreted proteins are candidate effectors that may modulate plant 
processes and aid aphid colonization of plants. The next step is to develop post-genomics strategies to 
study the functions of identified aphid genes. One such strategy is to express aphid effector genes in planta 
to assess whether aphid effectors alter plant development and aphid survival and fecundity. A second strat-
egy is to knock down the expression of aphid target genes by RNA interference (RNAi). In this chapter, 
we describe how to knock down aphid gene expression using plant-mediated RNAi. This strategy is useful 
for assessing the contribution of aphid effectors to aphid colonization of plants.

Key words Aphid effectors, Virulence, Plant–aphid interactions, Silencing, Aphid gene knock down, 
Post-genomics tools, RNA interference (RNAi)

1 Introduction

Aphids are sap-feeding insects that predominantly feed from the 
plant phloem. These insects are economically important pests of 
crops. Aphids and related species in the order Hemiptera transmit 
the majority of described plant viruses and can also cause extensive 
feeding damage. In addition, several hemipteran insects have devel-
oped resistance to the most widely used pesticides currently on the 
market.

A number of research groups worldwide have generated genom-
ics resources for aphids, including genome, transcriptome, and 
 proteome information. This has led to the identification of genes 
potentially involved in regulating aphid development and aphid-
plant interactions [1–4]. For example, predicted secreted proteins in 
aphid saliva are likely delivered in the plant during aphid feeding [5]. 
Hence, aphid secreted saliva proteins are candidate effector proteins. 
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The next step is to develop tools that will allow the functions of 
 identified aphid genes to be studied. Such techniques are essential for 
confirming predicted functions of aphid effectors and other insect 
genes, including those involved in the transmission of plant viruses, 
and may lead to the identification of novel strategies to control aphids.

We have developed two strategies to investigate aphid gene 
functions ([5–7]; Chapter 11). The first strategy is to express the 
aphid effector genes in planta to assess whether aphid effectors 
alter plant development or aphid survival and fecundity. Two 
methods to study aphid effector function in planta were developed. 
The first method uses agroinfiltration to transiently express aphid 
effector genes in plant leaves. This method is useful for all  
plant species amenable to agroinfiltration, including Nicotiana 
benthamiana, and may be used in leaf-disc assays to assay aphid 
gene functions at higher throughput. Details of this method are 
provided in Chapter 11. In the second method, stable transgenic 
Arabidopsis thaliana plants constitutively expressing the aphid 
effector genes are generated. Aphid genes may be stably expressed 
in the majority of plant cells using the 35S promoter or predomi-
nantly in plant phloem using, for example, the AtSuc2 promoter.

A second strategy developed for studying aphid gene functions 
is to knock down aphid gene expression by plant-mediated RNA 
interference (RNAi). Double-stranded RNAs (dsRNAs) corre-
sponding to aphid target genes are expressed in plants and acquired 
by aphids during feeding, resulting in partial silencing of aphid 
target gene expression. The dsRNAs may be expressed transiently 
using agroinfiltration of plant leaves or expressed stably under con-
trol of 35S or AtSuc2 promoters in transgenic plants. RNAi can be 
achieved in aphids via microinjection of dsRNAs into the aphid 
body or feeding of dsRNAs from artificial diets [8–12]. However, 
these methods require removal of aphids from their natural  
habitat, the plant, and require a high level of insect handling. 
Moreover, microinjection results in high mortality rates and smaller 
aphid species are less suitable for injection. Thus, the plant-mediated 
RNAi strategy has several advantages.

In this chapter, we describe how to generate stable transgenic 
plants for plant-mediated RNAi of aphids, including how to  
(1) clone constructs into the pJawohl8:RNAi plasmid, (2) generate 
stable transgenic plants, (3) perform aphid survival and fecundity 
assays, (4) carry out qRT-PCRs to study gene expression  
knock down in aphids, and (5) perform northern blots. The 
pJawohl8:RNAi constructs may also be used in transient expres-
sion experiments (Chapter 11). We developed the plant-mediated 
RNAi technique for the green peach aphid (GPA), Myzus persicae, 
because this species can be readily reared on the model plants  
A. thaliana and N. benthamiana. In addition, GPA is one of the 
most economically important insect pests as it colonizes over 400 
plant species in diverse plant families and has developed resistance 
to the majority of pesticides.

Alexander D. Coleman et al.
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2 Materials

 1. RNaseZap (Life Technologies, Paisley, UK).
 2. TRIzol Reagent (Life Technologies).
 3. Chloroform.
 4. Isopropanol.
 5. 75 % EtOH.
 6. RNase-free water (Qiagen, Hilden, Germany).
 7. Nanodrop Spectrophotometer ND2000 (Thermo Scientific, 

Loughborough, UK).
 8. RNA gel: 1 % agarose gel in 1× BPTE buffer [10× buffer consists 

of 100 mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), 
300 mM Bis(2-hydroxyethyl)-amino- tris(hydroxymethyl)-
methane (Bis-Tris), 10 mM EDTA, pH 6.5].

 9. Glyoxal loading dye (Life Technologies).

 1. Competent bacterial strains: DH5α (Life Technologies); 
GV3101 containing pMP90RK plasmid [13].

 2. Plasmid vectors: pDONR™207 (Life Technologies); pJawohl8- 
RNAi (I.E. Somssich, Max Planck Institute for Plant Breeding 
Research, Germany).

 3. Selective media (DH5α + pDONR™207): Luria Broth (LB) 
containing 7 μg/mL Gentamicin.

 4. Selective media (GV3101 containing pMP90RK + pJawohl8- 
RNAi): Luria Broth (LB) containing 25 mg/L Kanamycin, 
25 mg/L Gentamicin, 50 mg/L Rifampicin, and 25 mg/L 
Carbenicillin.

 5. Sequencing: Big Dye v3.1 (Life Technologies).
 6. Cloning system: Gateway® Recombination Cloning Technology 

(Life Technologies).

 1. Arabidopsis thaliana: Col-0 background.
 2. BASTA: phosphinothricin spray (120 mg/L solution).
 3. BASTA selective seedling growth media: 0.8 % Murashige and 

Skoog (MS) medium supplemented with 20 mg/mL BASTA 
for selection.

 4. Compost: Scotts Levington F2.
 5. Controlled-environment conditions: 18 °C, 10 h light, 60 % 

humidity.

 1. 15 % Polyacrylamide/7 M urea/20 mM MOPS pH 7.0, 5 mL 
gel: 2.1 g urea/1.5 mL sterile water; 1.85 mL of 40 % acryl-
amide/bisacrylamide solution 19:1; 0.25 mL of 10 % 
3-(N-morpholino)propanesulfonic acid (MOPS); 50 μL of 

2.1 Total RNA 
Extraction from 
Plants/Aphids and 
Quality Control

2.2 Cloning of 
Constructs into 
pJawohl8-RNAi

2.3 Growing  
of Plants, 
Transformation,  
and Selection of T2 
Homozygous Lines

2.4 Northern Blotting 
to Detect siRNAs of 
Transgene
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10 % ammonium persulfate (APS, freshly made); 2.5 μL of 
tetramethylethylenediamine (TEMED).

 2. Gel running buffer (10× 200 mM MOPS): 0.2 M MOPS; 
20 mM sodium acetate (CH3COONa); 10 mM ethylenedi-
aminetetraacetic acid (disodium EDTA) sterilized by filtration 
through a 0.45 μM filter, and stored at room temperature 
 protected from light.

 3. Stopmix: 5 mM EDTA; 0.1 % bromophenol blue; 0.1 % xyleno 
cyanol; 95 % formamide.

 4. MicroRNA marker: MicroRNA marker (New England Biolabs 
(NEB), Hitchin, UK).

 5. Semi-dry blotter: Trans-blot™ (Bio-Rad, Hempstead, UK).
 6. Blotting membrane: Amersham Hybond-N membrane (GE 

Healthcare, Little Chalfont, UK).
 7. Cross-linking solution (for 12 mL—enough for two gels): 

122.5 μL 1-methylimidazole (12.5 M) (Sigma-Aldrich, 
Gillingham, UK); 10 mL dH2O; 0.373 g 1-Ethyl-3- 
(3- dimethylaminopropyl)carbodiimide (EDC, 0.2 M) (Sigma- 
Aldrich). Set volume to 12 mL and adjust pH to 8.0 by the 
addition of 1 M HCl.

 8. Hybridization solution: Ambion ULTRAhyb® Ultrasensitive 
Hybridization Buffer (Life Technologies).

 9. Gel extraction kit: QIAquick Gel Extraction Kit (Qiagen).
 10. DNA labeling: Ambion Klenow fragment (Life Technologies) 

with [α-32P] Deoxycytidine triphosphate (dCTP).
 11. Washing solution: 0.2× Saline Sodium Citrate buffer (SSC) 

(diluted from 20× stock solution consists of 3 M sodium chlo-
ride and 300 mM trisodium citrate, pH 7.0); 0.1 % Sodium 
dodecyl sulfate (SDS).

 12. Stripping solution: 10 mM tris(hydroxymethyl)amino- 
methane (TRIS)/HCl pH 8.0; 5 mM EDTA; 0.1 % SDS.

 13. Blot imaging: Phosphor storage plates (GE Healthcare); 
Typhoon™ 9200 scanner hardware (GE Healthcare); 
ImageQuant™ software (GE Healthcare).

 1. Green peach aphid (GPA) Myzus persicae (RRes genotype O) 
maintained on Chinese cabbage (Brassica rapa) [5–7].

 2. Sealed experimental cages: Clear, acrylic cages to house 4–8 
plants (Fig. 1a).

 3. Controlled-environment conditions: 18 °C, 8 h light, 48 % 
humidity.

 4. Insect fecundity assays: Sealed experimental cages containing 
the entire plant in single pots (10 cm diameter) (Fig. 1b).

2.5 Insect Bioassays

Alexander D. Coleman et al.
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 1. Statistical packages: GenStat (VSNi, Hemel Hempstead, UK).
 2. qRT-PCR software: CFX manager (Bio-Rad).
 3. Genorm: qBASEplus (Biogazelle, Zwijnaarde, Belgium).

 1. DNase: RQ1 RNase-Free DNase (Promega, Southampton, 
UK).

 2. 10 mM dNTP mix (made from individual dNTPs): dATP, 
10 mM (Life Technologies, 100 mM); dCTP, 10 mM (Life 
Technologies, 100 mM); dGTP, 10 mM (Life Technologies, 
100 mM); dTTP, 10 mM (Life Technologies, 100 mM).

 3. Reverse Transcriptase: Moloney Murine Leukemia Virus 
(M-MLV) Reverse Transcriptase Kit (Life Technologies) with 
Oligo (dT) (500 μg/mL) (Life Technologies).

 4. qRT-PCR ready mix: SYBR Green Jumpstart TAQ R/Mix 
500rxn (Sigma-Aldrich).

 5. qRT-PCR plate: Thermo-Fast Plate 96-Well PCR Non-Skirted 
White (Thermo Scientific).

 6. Adhesive film: Adhesive PCR Film (Thermo Scientific).
 7. qRT-PCR instrument: CFX connect™ machine (Bio-Rad).

3 Methods

 1. Wipe working area and implements coming into contact with 
samples with RNaseZap.

 2. Grind plant/insect samples in liquid nitrogen to a fine 
powder.

2.6 Statistical 
Analysis of Fecundity 
and qRT-PCR Data

2.7 qRT-PCR 
Analyses

3.1 Total RNA 
Extraction from 
Plants/Aphids  
and Quality Control 
(See Note 1)

Fig. 1 Cages used for aphid rearing (a) and insect fecundity assays (b)

Silencing of Aphid Genes by Feeding on Transgenic Plants
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 3. Allow samples to come to room temperature for 2 min and add 
1 mL of TRIzol Reagent per 1 mg of tissue.

 4. Incubate the homogenate for 5 min (see Note 2).
 5. Add 0.2 mL of chloroform per 1 mL of TRIzol, mix thor-

oughly for 15 s. Incubate at room temperature for 10 min.
 6. Centrifuge at 17,900 × g for 15 min at 4 °C (see Note 3).
 7. Transfer the aqueous phase to a fresh tube. Add 0.5 mL 

 isopropanol per 1 mL of TRIzol. If upper layer does not seem 
clear, again add 0.2 mL of chloroform per 1 mL of TRIzol and 
repeat step 6.

 8. Mix and incubate at room temperature for 10 min.
 9. Centrifuge at 17,900 × g for 10 min at 4 °C (see Note 4).
 10. Remove supernatant and add 1 mL of cold 75 % ethanol. 

Resuspend pellet and mix vigorously.
 11. Centrifuge at 17,900 × g for 5 min at 4 °C.
 12. Pour off ethanol wash. Spin down to collect last remaining 

ethanol and pipette off. Briefly air dry sample for 5 min.
 13. Dissolve sample in 30–50 μL RNase-free water.
 14. Test concentration and quality of RNA using a Nanodrop 

Spectrophotometer. An A260/A280 ratio of 2.0 ± 0.1 indicates a 
clean preparation of RNA.

 15. Visualize total RNA on RNA gel. Prepare 1 μg total RNA per 
sample using 1:1 volume of glyoxal loading dye, mix and heat 
samples to 50 °C for 30 min prior to loading (see Note 5).

 16. Store RNA samples at −20 °C for short term or −80 °C for 
long term.

 1. Extract total RNA from GPA adults using the total RNA 
 extraction protocol (described above) and make cDNA (as 
described in Subheading 3.8, steps 1–4).

 2. Amplify target gene coding sequences from GPA cDNA by 
PCR with specific primers containing additional attb1 and 
attb2 linkers for cloning with Gateway® system (see Note 6).

 3. Introduce PCR product into pDONR™207 plasmid to create 
an entry clone using Gateway® BP reaction according to the 
manufacturer’s instructions.

 4. Transform plasmid DNA into electrocompetent DH5α by 
electroporation and culture on selective media plates overnight 
at 37 °C; 1 μL of BP reaction is sufficient for electroporation.

 5. Sequence subsequent clones to verify correct size and sequence 
of inserts using overlapping forward and reverse Sanger 
sequence reactions.

3.2 Cloning  
of Constructs  
into pJawohl8-RNAi

Alexander D. Coleman et al.



131

 6. Introduce verified inserts into the pJawohl8-RNAi binary 
 destination vector using Gateway® LR reaction according to 
the manufacturer’s instructions (see Note 7).

 7. Introduce constructs into Agrobacterium tumefaciens strain 
GV3101 containing pMP90RK plasmid by electroporation. 
Grow at 28 °C for 2 days in selective media until colony 
 formation (1 μL of LR reaction is usually sufficient for 
electroporation).

 8. Pick four or five colonies per construct and identify positives 
by PCR using one gene specific and one vector specific primer.

 9. Grow liquid cultures for transformation of Arabidopsis 
thaliana.

 1. Transform pJawohl8:RNAi constructs into Arabidopsis thali-
ana ecotype Col-0 using the floral dip method [14] and har-
vest seed from the dipped plants.

 2. Sow seeds and spray seedlings with BASTA to select for 
transformants.

 3. Germinate T2 seeds on BASTA selective seedling growth media. 
Plants showing a ratio of 3:1 dead/alive (evidence of single 
insertion) segregation should be taken forward to the T3.

 4. Germinate seed on MS + BASTA and select lines with 100 % 
survival ratio (homozygous).

 5. Confirm the presence of each construct insert by PCR and 
sequencing. Select three independent lines for each construct 
for use in insect bioassays.

 1. Harvest approximately 2 g of whole, 2 week-old Arabidopsis 
thaliana T3 transgenic seedlings.

 2. Extract total RNA from leaves/seedlings using method 
described in Subheading 3.1.

 3. Prepare samples as follows:
 (a)  Aliquot 15–30 μg of total RNA per sample; the RNA 

should be in a volume of approximately 7–10 μL.
 (b)  Add the same volume (7–10 μL) of stopmix buffer to each 

sample.
 (c)  Denature the samples 1 min at 90 °C or 5 min at 65 °C 

and store on ice until the loading of the gel.
 4. Run samples on 15 % polyacrylamide gel using 1× MOPS 

 running buffer:
 (a) Pre-run gel at 100 V for 30 min.
 (b)  Load RNA samples & MicroRNA marker onto gel  

(see Note 8).

3.3 Growing  
of Plants, 
Transformation,  
and Selection of T2 
Homozygous Lines

3.4 Northern Blotting 
to Detect siRNAs 
Derived from the 
Transgene
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 (c)  Run the gel for approximately 2 h at 80–100 V, until the 
bromophenol blue reaches the bottom.

 (d)  Stain the gel for 5 min in 1 μg/mL EtBr to test gel 
quality.

 5. Blot gel to a membrane using semi-dry transfer cell at 130 mA 
per small gel for 35 min; cut one corner off the membrane for 
orientation.

 6. Cross-link RNA to the membrane by incubating the mem-
brane for 2 h at 60 °C using the cross-linking solution. Briefly 
wash membrane twice with distilled water for 10 min.

 7. Pre-hybridize membrane with hybridization buffer for 2 h at 
37 °C.

 8. Prepare DNA probe corresponding to insert:
 (a)  Perform PCR on aphid cDNA using flanking primers for 

insert region.
 (b) Run completed reaction on 1 % agarose gel.
 (c) Excise band from gel.
 (d) Perform gel purification as per kit instructions.

 9. Label DNA probes using Klenow fragment with [α-32P] 
dCTP according to manufacturer’s instructions to generate 
highly specific probes.

 10. Add probe to hybridization solution surrounding the mem-
brane and hybridize for 16–24 h at 37 °C (do not pipette the 
probe directly onto the membrane).

 11. Wash membrane twice for 30 min at 37 °C with washing 
solution.

 12. Wrap samples in clear plastic (i.e., cling-film or Saran wrap) 
and expose to phosphor storage plate with cassette provided.

 13. Detect signals after 3–6 day exposure by scanning using phos-
phor scanner and analyze using the associated software.

 14. Strip blots for re-probing by soaking in stripping buffer at 
100 °C for 5 min.

 15. To control for equal loading of RNA amounts, hybridize blots 
with a probe corresponding to U6 (snRNA 59-GCTAATC 
TTCTCTGTATCGTTCC-39) [15].

 1. Sow T3 seed in compost.
 2. After 10–14 days, transfer seedlings to single pots (10 cm 

diameter) and place in environmental growth room.
 3. Confine five GPA adults to each single 4-week-old Arabidopsis 

lines in sealed experimental cages containing the entire plant 
(Fig. 1b); expose insects to three independent lines per con-
struct and control plants expressing dsRNA derived from GFP 
(dsGFP).

3.5 Insect Bioassays

Alexander D. Coleman et al.
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 4. After 2 days, remove all adults, leaving nymphs on plants.
 5. Count the number of remaining adults and offspring present 

on the 10th, 14th and 16th day; remove counted nymphs.
 6. Repeat experiment three times to create data from three 

 independent biological replicates with four plants per line per 
replicate.

 7. For assaying gene knock down by qRT-PCR (see below):  
At the 16th day, collect three batches of five adult aphids from 
each dsRNA-expressing line after exposure to plants for 16 
days and flash freeze the aphid samples in liquid nitrogen.

 1. Calculate mean number of nymphs produced on each 
line ± standard error.

 2. Import data into statistical software e.g., Genstat.
 3. Check data for approximate normal distribution by visualizing 

residuals.
 4. Employ a classical linear regression analysis using a generalized 

linear model (GLM). A Poisson distribution should be used 
and select “number of nymphs” as the response variate.

 5. Use aphid nymph production on 4 plants per treatment as 
independent data points in statistical analyses using biological 
replicate as a variable (see Note 9).

 1. Design primers (see Note 10) for target gene sequences and 
for a minimum of eight reference (house-keeping) gene 
sequences.

 2. Test efficiency of each primer set by performing dilution series 
of GPA cDNA (1:1; 1:10; 1:100; 1:1,000). Represent each 
cDNA dilution in 2–4 technical replicates per sample for each 
primer set. Plot Threshold Cycle (C(t)) values (y axis) against 
Log dilution (x axis) and calculate gradient of line (m). Assess 
primer percentage efficiency in a spreadsheet (e.g., Microsoft 
Excel) according to the following formula: =100 × POWER 
(10, 1/m)/2. A primer efficiency of 100 ± 10 % is ideal.

 3. Use Genorm software to identify which of the eight or more 
reference genes are most stable between aphid treatments and 
select three or more reference genes to include in gRT-PCRs 
to investigate knock down of aphid target genes.

 1. Extract total RNA from GPA exposed to test plants 
(Subheading 3.5, step 7).

 2. Use 1–5 μg total RNA for each sample and set up DNase 
digestion reaction according to the manufacturer’s 
instructions.

 3. Purify RNA samples with RNeasy Mini Kit as per the kit 
instructions.

3.6 Statistical 
Analysis of Fecundity 
Data

3.7 Design  
of qRT-PCR Primers 
and Reference  
Gene Set

3.8 qRT-PCR 
Analyses to 
Investigate Knock 
Down of Aphid 
Target Genes
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 4. Make first-strand cDNA using M-MLV reverse transcriptase 
plus Oligo (dT) according to the manufacturer’s instructions.

 5. Dilute cDNA samples to 100 μL with distilled water and mix 
well.

 6. Lay out 96-well plate for qRT-PCR reaction as follows:
 (a)  Each sample should be represented by gene of interest  

plus 1–4 reference genes depending on results of 
GENORM analysis; a minimum of two reference genes is 
recommended.

 (b)  Each sample should be represented by two or three techni-
cal replicates.

 (c)  Each reaction should contain 3 μL of cDNA, 0.5 μL of 
each specific primers (10 pmol/mL), and 10 μL of 2×SYBR 
Green (Bio-Rad) in a final volume of 20 μL.

 (d) Seal plate using adhesive film.
 (e)  Run plate in qRT-PCR instrument using the following 

PCR program for all PCR reactions: 90 °C for 3 min, fol-
lowed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C 
for 30 s followed by 10 min at 72 °C to end.

 1. Calculate Threshold Cycle (C(t)) values using qRT-PCR 
software.

 2. Analyze relative gene expression data using 2−ΔΔCT method 
[16]; this will provide normalized C(t) values for difference in 
cDNA amount using reference gene C(t) values.

 3. Import normalized transcript values into statistics software and 
analyze results for significant difference with Student’s t-test  
in which fold changes can be calculated by comparing the 
 normalized transcript levels of target genes for GPA fed on 
transgenic plants expressing dsRNA corresponding to the target 
gene compared to aphids fed on dsGFP transgenic (control) 
plants.

4 Notes

 1. Carry out all procedures at room temperature unless otherwise 
stated.

 2. This allows the complete dissociation of nucleoprotein 
complexes.

 3. Following centrifugation, the mixture will separate into three 
phases: a lower red phenol–chloroform phase, an interphase, 
and colorless upper aqueous phases. RNA remains exclusively 
in upper phase whereas proteins/DNA will remain in the lower 
two phases.

3.9 Statistical 
Analysis of qRT-PCR 
Data

Alexander D. Coleman et al.
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 4. RNA precipitate will form a gelatinous white pellet on the side 
of the tube.

 5. Discrete, thick 28S, and 18S ribosomal RNA (rRNA) gel bands 
at an approximate mass ratio of 2:1 are indications of high 
integrity.

 6. Design primers to amplify >70 bp of gene of interest, inclusion 
of gene UTRs is preferred.

 7. This will generate plasmids containing target gene fragments 
as inverted repeats.

 8. The RNA marker consists of three synthetic single-stranded 
RNA oligonucleotides of 17, 21, and 25 residues on gels and 
hybridizes on blots with corresponding microRNA probe to 
determine size of siRNA between 21 and 23 nucleotides.

 9. There should be no significant difference between the (three 
or more) biological replicates.

 10. Primer design tips: primer melting temperature should be 
between 58 and 60 °C, amplicon length between 50 and 200 
nucleotides, ensure high transcript specificity.
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Chapter 11

Leaf-Disc Assay Based on Transient Over-Expression 
in Nicotiana benthamiana to Allow Functional Screening 
of Candidate Effectors from Aphids

Patricia A. Rodriguez, Saskia A. Hogenhout, and Jorunn I.B. Bos

Abstract

Aphids, like plant pathogens, are known to form close associations with their host. While probing and 
feeding, these insects deliver effectors inside the host, which are thought to be involved in suppression of 
host defenses and/or the release of nutrients. With increasing availability of aphid genome and transcrip-
tome sequencing data, effectors can now be identified using bioinformatics- and proteomics-based 
approaches. The next step is then to apply functional assays relevant to plant–aphid interactions to identify 
effector activities. This chapter describes an effective and medium-throughput screen for the identification 
of effectors that affect aphid fecundity upon in planta over-expression. This assay will allow the identifica-
tion of aphid effectors with a role in aphid virulence and can be adapted to other plant species amenable 
to agroinfiltration as well as to other assays based on transient expression, such as RNAi.

Key words Aphid effectors, Leaf-disc assay, Fecundity, Virulence, Plant–aphid interactions

1 Introduction

Aphids are economically important pests that, like other hemipterans, 
feed from the plant phloem using specialized mouthparts, called 
stylets. Despite having a mobile lifestyle, aphids need to maintain a 
close association with their host for extended periods of time to be 
able to survive and reproduce successfully. Although aphid stylets 
follow a mainly extracellular pathway en route to the phloem, they 
also briefly probe most cells along this pathway providing for direct 
contact with the cytoplasm of the plant cells [1]. While probing 
and feeding, aphids secrete saliva into the host- stylet interface. 
Aphid saliva has been implicated in suppression of host defense 
responses such as the clogging of plant sieve elements [2]. This 
suggests that the saliva contains molecules that function as effec-
tors to manipulate host defenses and/or promote the release of 
nutrients. The recent availability of aphid genome and transcriptome 
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sequence data has facilitated the identification of predicted secreted 
salivary proteins using bioinformatics pipelines. These data have 
also facilitated proteomics approaches for the identification of pro-
teins present in aphid saliva [3–6]. These salivary proteins are 
hypothesized to play a major role in plant–aphid interactions and 
are considered candidate aphid effectors. Indeed, we previously 
performed a functional genomics approach, which identified a 
number of aphid candidate effectors that shared functional features 
with plant pathogen effectors in that they suppressed host defenses 
and/or affected aphid virulence [5]. As part of the functional 
genomics approach, we developed a novel assay that allowed 
screening of a large number of candidate aphid effectors for their 
ability to affect aphid virulence on Nicotiana benthamiana. Using 
this assay, we found that Myzus persicae effectors Mp10 and Mp42 
reduced aphid fecundity, whereas MpC002 increased aphid fecun-
dity upon over-expression in planta. Although we have developed 
this assay for use in N. benthamiana, it can be adapted to other 
plant species that are amenable to agroinfiltration. An alternative 
approach to over-express effectors is to generate transgenic lines as 
described in chapter 10 (Aphid RNAi Chapter), although this will 
reduce the throughput. The leaf-disc assay here can also be easily 
adapted to, for example, test the effects of aphid gene silencing on 
virulence by transiently over-expressing dsRNA [7, 8].

2 Materials

 1. Agrobacterium tumefaciens strain GV3101 carrying a plant 
expression vector encoding the protein of interest.

 2. Luria-Bertani (LB) medium and agar plates supplemented 
with appropriate antibiotics for selection of Agrobacterium 
carrying the plant expression vector.

 3. Incubators and shakers set at 28 °C.
 4. High-speed tabletop centrifuge.
 5. Agroinfiltration buffer: 10 mM MgCl2, supplemented with ace-

tosyringone (125 μM final concentration) directly before use.
 6. Spectrophotometer.
 7. Needleless 1 mL syringes.
 8. 4- to 6-week old N. benthamiana plants.
 9. Glasshouse chamber set at 20–23 °C and 16 h light.

 1. 24-well plate.
 2. Caps of 5 mL Polypropylene round-bottom test tubes (BD 

Falcon, Cat. No. 352063).
 3. Scissors.

2.1 Over-Expression 
of Effectors by 
Agroinfiltration

2.2 Preparation  
of 24-Well Plates 
Containing Leaf Discs
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 4. Fine mesh.
 5. Glue gun with glue sticks.
 6. Leaf-disc cutter/cork borer, number 7.
 7. Forceps.
 8. Water agar, 1 %.
 9. 25 mL disposable pipettes.

 1. Myzus persicae aphid colony maintained on Nicotiana tabacum 
plants.

 2. Fine brushes.
 3. Scoring sheets.
 4. Plastic petri dishes.
 5. Dissecting microscope.
 6. Growth room set at 18 °C and 16 h light.

 ● Computer with statistical data analyses software to perform 
ANOVA.

3 Methods

We generate expression constructs by using Gateway compatible 
35S-based expression vectors such as the pB7WG2 vector. Genes 
of interest are cloned without the signal peptide encoding sequence 
to allow expression of effectors inside the host cell cytoplasm. 
Expression levels of proteins of interest can be examined by west-
ern blotting by including epitope tags in the expression construct 
as long as the addition of tags does not interfere with effector 
activity. It is recommended that over-expression assays are per-
formed in N. benthamiana plants prior to initiating the leaf-disc 
assays to determine if the proteins of interest induce a visible 
 phenotype that will interfere with the leaf-disc assays (e.g., leaf 
crinkling or cell death).

 1. Grow Agrobacterium strains carrying the vector constructs in 
5 mL liquid LB medium overnight in a shaker at 28 °C with 
appropriate antibiotic selection. To select for Agrobacterium 
strain GV3101 rifampicin 50 μg/mL can be included, plus the 
appropriate antibiotic to select for the vector construct.

 2. Centrifuge the overnight culture for 8 min at 2,656 × g in a 
tabletop centrifuge to pellet the Agrobacterium cells. Resuspend 
the cells in an appropriate amount of agroinfiltration buffer 
and dilute to a final OD600 of 0.3.

 3. Infiltrate Agrobacterium solutions into the underside of  
N. benthamiana leaves using a needleless syringe and prevent 

2.3 Aphid Transfer 
and Counting of 
Progeny

2.4 Statistical 
Analyses

3.1 Over-Expression 
of Effectors by 
Agroinfiltration

Transient Over Expression of Aphid Effectors
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causing wound damage. Infiltrate an area that will allow leaf 
tissue collection with cork borer No. 7 while excluding the 
mark left by the syringe. Use a permanent marker pen to out-
line the infiltrated leaf area (see Notes 1 and 2).

 1. Cut the top off 5 mL polypropylene round-bottom test tube 
caps (these are caps made from a soft plastic that is flexible and 
can be cut with scissors), to create a small tube. Use glue to 
attach a fine mesh over one of the openings. Remove excess glue 
using scissors. Prepare 24 caps to cover all wells in the plate.

 2. Pipette 1 mL of melted 1 % water agar into the individual wells 
using a 25 mL disposable pipette. Let the agar cool and set. 
Cover the plate to prevent drying out of the agar (see Note 3).

 3. One day after agroinfiltration of N. benthamina plants, cut leaf 
discs using a No. 7 cork borer. Carefully place the leaf discs 
upside down onto the agar (with the underside surface upward) 
using forceps (see Note 4).

 1. Transfer four first-instar nymphs from a healthy aphid colony 
to the individual leaf disc using a fine brush (see Note 5).

 2. Ensure that transferred nymphs are in place and have survived 
the transfer process.

 3. Seal individual wells with the mesh-covered caps to prevent 
escape of aphids, while maintaining air exchange. This is done 
by pushing the caps with the mesh-side down into the indi-
vidual wells (Fig. 1a, b).

 4. Place plate in an insect culture room at 18 °C and under 16 h 
of light (or in a slightly colder environment to reduce the 
reproduction rate if desirable and depending on the aphid 
 species/genotype) (see Note 6).

 5. Six days after placing the nymphs in the 24-well plate, transfer 
the (now adult) aphids to a new 24-well plate with fresh leaf 
discs prepared as described in Subheading 3.2. Record the 
number of surviving aphids per well on a scoring sheet  
(see Note 7).

 6. Six days after the previous transfer (on day 12), transfer the 
aphids for a second time to a new 24-well plate with freshly 
infiltrated leaf discs prepared as described in Subheading 3.2. 
Depending on the aphid species and temperature, the aphids 
may have produced nymphs by this stage. Record the number 
of adult aphids and nymphs per well on a scoring sheet. Only 
the adult aphids are transferred to the new plate.

 7. Record the number of adult aphids and nymphs on day 14 and 
day 17 after setting up the initial 24-well plate on a scoring 
sheet. Remove any newly produced nymphs after each count.

3.2 Preparation  
of 24-Well Plates 
Containing Leaf Discs

3.3 Aphid Transfer 
and Counting of Aphid 
Progeny
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 1. Calculate the aphid survival rates by adding up the number of 
surviving aphids (the initial four nymphs placed on each leaf 
disc) of the six wells per effector/control treatment.

 2. Calculate the average production rates per effector/control 
treatment by dividing the number of nymphs on day 12 by the 
number of adults on day 6 (calculated per well), dividing the 
number of nymphs on day 14 by the number of adults on day 
12, and dividing the number of nymphs on day 17 by the 
number of adults on day 14.

Thus, the average reproduction rate is calculated as 
follows:
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3.4 Statistical 
Analyses

Fig. 1 The 24-well plate setup for aphid virulence assays. (a) Overview of 24-well 
plate setup with Nicotiana benthamiana leaf discs and first-instar nymphs.  
(b) Overview of 24-well plate sealed with individual caps to prevent aphid escape 
and allow air exchange
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 3. Calculate the total nymph production per adult aphid per 
effector/control treatment by combining the average produc-
tion rates throughout the experiment.

 4. Perform one-way ANOVA using statistical analyses software, 
such as GenStat, to determine whether differences in survival 
and reproduction rates are significant among treatments. 
Effector/control construct is selected as treatment and the 
replicates as block.

4 Notes

 1. N. benthamiana leaves are easy to infiltrate due to leaf size and 
the tissue texture. Always ensure that plants are grown under 
optimal conditions. Choose leaves for infiltration that are 
young (second to third leaf from the top of the plant) to ensure 
high levels of protein expression.

 2. In order to reduce the effects of leaf-to-leaf variation, it is 
 recommended to express a set of three effectors plus a vector 
control side-by-side on the same leaf. Infiltrate six individual 
leaves from different plants with each effector/control set to 
be tested. Assays are typically performed in at least three bio-
logical replicates.

 3. Be sure to have plates ready with agar when collecting leaf 
materials so that leaves/leaf discs do not dry out.

 4. Each effector construct will be represented by six individual 
leaf discs per replicate and will thus fill one row in the plate. 
This means that one 24-well plate can accommodate three 
effector constructs plus one control construct.

 5. Nymphs need to be selected from a healthy aphid colony and 
handled with the greatest care to ensure they survive transfer 
to the 24-well plates. Some practice may be needed in selecting 
and handling aphids prior to setting up large-scale experiments 
to ensure good survival rates after transfer.

 6. The temperature and humidity may need adjustment depending 
on the aphid species and/or genotype. Ideally, the temperature 
for performing reproduction assays should be such that aphid 
reproduction rates are relatively low, as it is more likely to detect 
small effects on aphid reproduction when aphids are not per-
forming optimally.

 7. Agrobacterium-mediated expression is transient and lasts for 
up to 5–7 days. Levels of protein expression can be assessed by 
western blotting, if desirable, using epitope tagged proteins.

Patricia A. Rodriguez et al.
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Chapter 12

A Growth Quantification Assay for Hyaloperonospora 
arabidopsidis Isolates in Arabidopsis thaliana

Daniel F.A. Tomé, Jens Steinbrenner, and Jim L. Beynon

Abstract

There is a considerable interest in determining the role of individual oomycete effectors in promoting 
disease. Widely used strategies are based on manipulating effector-expression levels in the pathogen and by 
over-expressing particular effectors in the host by genetic transformation. In the case of the oomycete, 
Hyaloperonospora arabidopsidis (Hpa) genetic manipulation is not yet possible, so over-expression of pre-
dicted effectors in stably transformed Arabidopsis lines is used to investigate their capability for promoting 
virulence. Here, we describe a technique for quantifying pathogen growth based on the counting of 
asexual reproductive structures called sporangiophores in the compatible interaction between the Hpa 
isolate Noks1 and the Col-0 Arabidopsis accession.

Key words Oomycete, Hyaloperonospora arabidopsidis, Effector, Susceptibility, Sporangiophores, 
Pathogen growth

1 Introduction

Plants have evolved a very efficient defense system to protect them 
from plant pathogens that inhabit every ecosystem. This surveil-
lance system detects slowly evolving pathogen-associated molecu-
lar patterns (PAMPs), pathogen produced molecules conserved 
among many organisms, and activates defense responses (PAMP- 
triggered immunity, PTI) in a timely manner [1]. Successful patho-
gens overcome PTI by deploying secreted proteins, so-called 
effectors, which target the different cellular components involved 
in mediating PTI. This is usually sufficient to suppress the PTI 
response to a level that enables colonization of the host and to 
allow the establishment of a compatible interaction. In turn, plants 
have evolved a second layer of defense termed effector-triggered 
immunity (ETI), which is mediated by resistance (R) proteins [2] 
that recognize the presence of effectors resulting in a localized cell 
death hypersensitive response (HR). This can happen upon direct 
interaction between the R-protein and the effector [3, 4] or by the 
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detection of changes to a virulence target caused by the effector 
[5]. An interaction is termed incompatible when detection of the 
pathogen by the host via PTI or ETI results in suppression of 
pathogen growth and reproduction. In addition to effector pro-
teins, pathogens can also secrete non-proteinaceous toxins/chemi-
cals to manipulate host hormonal signaling pathways and further 
suppress ETI [6].

Oomycetes are fungal-like organisms that are actually more 
closely related to brown algae and diatoms than to fungi. This 
group comprises a number of aggressive plant pathogens that suc-
cessfully suppress plant defenses [7, 8] and can cause severe crop 
losses [9]. Unlike bacteria, oomycetes lack a type-three secretion 
system (TTSS) to directly deliver effectors inside the host cell to 
suppress PTI and ETI. Instead, oomycete effectors are secreted in 
specialized feeding structures, called haustoria, and translocated 
into the host cell by mechanisms which are still under debate [10, 
11]. It is believed that oomycetes suppress plant defense by employ-
ing effectors in this way.

Hpa (formerly Peronospora parasitica) is an obligate biotro-
phic oomycete of the model plant Arabidopsis that causes what is 
commonly referred to as downy mildew [12]. The genome 
sequence of Hpa was published in 2010 revealing 134 predicted 
RxLR effectors [13], a relatively low number compared to other 
oomycete species [14, 15]. The high genetic diversity among Hpa 
isolates has enabled the discovery of many “resistance to Peronospora 
parasitica” (RPP) loci that encode specific R-proteins [16]. In 
contrast, only four Hpa avirulence effector genes have been identi-
fied and cloned [17–20], showing that we are still far from under-
standing the relative contributions of oomycete effectors toward 
suppressing host defenses or triggering ETI responses.

A recent study employed an effector delivery system based on 
the TTSS of Pseudomonas syringae to investigate the role of indi-
vidual effectors in suppressing plant immunity [21]. The authors 
show that some Hpa effectors suppressed classic PTI responses, 
such as the reactive oxygen burst and callose deposition, and pro-
moted bacterial growth. Although a useful analytic technique this 
does not assess the consequence of effector production in planta 
on the growth and development of the pathogen from which the 
effectors originate. Pathogen growth can be measured directly or 
indirectly depending on the pathogen. For bacteria, it is common 
to measure bacterial growth by counting the numbers of colony 
forming units in leaf material upon serial dilution plating. For 
necrotrophic pathogens, measuring the lesion size on a host leaf is 
widely used because it correlates with pathogen growth. The bio-
trophic nature of Hpa makes these approaches impractical. 
Therefore, Hpa growth is sometimes measured indirectly by count-
ing the number of trypan blue stained oospores inside infected 
leaves or measuring the total amount of asexual spores on the 
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surface of infected leaves [22]. However, these assays can some-
times give inaccurate results, such as the underestimation of asex-
ual spore numbers due to spore loss during plant manipulation. In 
this chapter, we describe a method for measuring Hpa growth 
based on sporangiophore counting of the virulent Hpa isolate 
Noks1 on Col-0. It covers the revival and maintenance of the 
pathogen, steps that can be slightly complicated due to its obligate 
lifestyle and inability to grow on synthetic media similarly to other 
laboratory model organisms. This method can be used to accu-
rately quantify small changes in Hpa growth, making it ideal for 
investigating putative roles in defense suppression of individual 
Hpa RxLR effectors constitutively expressed following stable inte-
gration in the Arabidopsis genome.

2 Materials

 1. Hpa asexual spores from Noks1 isolate. Heavily sporulating 
seedlings from a compatible interaction are stored in small 
plastic tubes and kept at −80 °C.

 2. Plant materials:
 (a) Col-0.
 (b) Ws-eds1 [23].
 (c) Stable transgenic lines in Col-0 background constitutively 

expressing Hpa RxLR effectors generated as described 
previously [21].

 3. Ice box.
 4. Sterile MilliQ water.
 5. 70 % (v/v) ethanol.
 6. Miracloth mesh (EMD Millipore, Billerica, Massachusetts, 

USA).
 7. Microscope and hemocytometer.
 8. Dissecting microscope with adequate light source.
 9. Fine forceps and scissors.
 10. Gilson pipettes (P10 and P1000) and tips.
 11. Consumables:

 (a) BD Falcon 50 ml conical tubes.
 (b) 40 cell tray insert (P40).
 (c) Seed trays with holes.

 ● Standard size: 35 × 20cm (William Sinclair 
Horticulture Ltd., Lincoln, UK).

 ● Intermediate size: 21 × 17cm (William Sinclair 
Horticulture Ltd., Lincoln, UK).

Hyaloperonospora arabidopsidis Growth Assay
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 (d) Colored plastic labels.
 (e) Electrical adhesive tape.
 (f) Disposable gloves.
 (g) Aluminum foil.

 12. Clear small propagators (see Fig. 1a, Bell Boy Mini Propagators, 
Crowders, UK).

 13. Clear propagator lids (iGrowphonics, Sandy, Bedfordshire, 
UK, but other transparent lids will do) for intermediate and 
standard seed trays (see Fig. 1b,c).

 14. Equipment:
 (a) Class 2 (CL2) cabinet or flow-hood.
 (b) Two plant growth cabinets set for 10 h photoperiod, 

100 μE/cm, 60 % humidity. Have one cabinet set at con-
stant 18 °C and the other at constant 20 °C.

 (c) Spraying equipment:
 ● Sparmax Professional Mini Piston Airbrush Compressor.
 ● Badger 350-4 Airbrush Kit (Everything Airbrush, 

Poole, Dorset, UK). Familiarize yourself with all the 
components of the kit and how to use it.

Fig. 1 Different plant materials and propagators used when working with Hpa. (a) Small propagator used for 
reviving isolates from frozen stocks on a single pot of a P40 tray containing Wsneds1 seedlings. This propaga-
tor does not require sealing with adhesive tape for saturated humidity conditions. (b) Intermediate size propa-
gator used for regular maintenance of Hpa on six pots of a compatible accession. (c) Regular size propagator 
used on experimental P40 trays

Daniel F.A. Tomé et al.
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3 Methods

 1. Fill a P40 tray with soil and let it gradually absorb water from 
below, via holes in the bottom of the P40 tray insert.

 2. Sow Ws-eds1 seed in these P40 trays at high density (>50 seeds 
per P40 tray insert), wrap the trays in aluminum foil and ver-
nalize for 48 h at 4 °C. Cover tray with a propagator lid 
(Fig. 1c) and grow seeds at 20 °C and 60 % humidity in a 10 h 
photoperiod cabinet for 7 days. This is the material used for 
reviving all Hpa isolates (see Note 1).

 3. Take a frozen Hpa stock, add 2 ml of ice-chilled sterile MilliQ 
water and resuspend the asexual spores by vigorous shaking or 
using a vortexer (see Note 1).

 4. In the CL2 cabinet, carefully pipette 5 μl droplets of the 
spore suspension on the cotyledons of 7-day-old Ws-eds1 
 seedlings. Make sure every seedling has at least one drop on it 
(see Notes 2 and 3).

 5. Place the pot inside a small transparent propagator (Fig. 1a), 
previously sterilized with 70 % ethanol and rinsed with sterile 
MilliQ water, and place in a separate growth chamber at 10 h 
photoperiod, 60 % humidity, constant 18 °C for 7 days.

 6. After 7 days, harvest infected seedlings. Using scissors and for-
ceps sterilized with 70 % ethanol, cut the seedlings bellow the 
cotyledons and transfer into a BD Falcon 50 ml tube, taking 
care not to carry over any soil.

 7. Add 5 ml of ice-chilled sterile MilliQ water and resuspend the 
asexual spores by vigorous shaking or using a vortexer.

 8. Filter the suspension by gravity through a Miracloth mesh into 
a fresh BD Falcon 50 ml tube.

 9. Adjust compressor pressure to 1 bar. Connect compressor to 
airbrush gun attached to the bottle using the hose and wash 
the bottle from the inside, by passing through 70 % ethanol 
followed by sterile MilliQ water.

 10. Load the filtered spore suspension into the spray bottle and 
evenly spray six new P40 modules of 7-day-old Ws-eds1 
seedlings.

 11. Place these in an intermediate size propagator (21 × 17 cm, 
Fig. 1b), previously sterilized with 70 % ethanol and rinsed 
with sterile MilliQ water, and seal the edges with electrical 
adhesive tape. Seal vents with tape if the propagator has any.

 12. Place the propagator in growth cabinet at 10 h photoperiod, 
60 % humidity and constant 18 °C for 7 days, after which 
there will be enough spores to spray several experimental trays.

 13. Repeat steps 6–12 every 7 days to maintain the pathogen 
isolate(s) available for experiments (see Note 4).

3.1 Reviving Hpa 
Isolates from Frozen 
Stocks and Regular 
Subculturing

Hyaloperonospora arabidopsidis Growth Assay
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 1. Fill P40 trays with soil and let them gradually absorb water 
from below, via holes in the bottom of the P40 tray insert. Do 
not leave trays for longer than 15 min, as this leads to excessive 
water uptake making it ideal for contaminating pathogens to 
grow. These trays will become the experimental trays contain-
ing controls and stable expressing transgenic lines (see Note 5).

 2. On a P40 tray, carefully sow 15–20 seeds per pot. Do not sow 
more as this could result in bigger plants shadowing smaller 
ones resulting in more variable results.

 3. Sow Ws-eds1 seed on the outside of each tray (Fig. 2a). These 
are used as controls for even spraying and should always show 
high sporulation. Condensation inside the propagator lids 
tends to form droplets that drop on the outside modules, so 
these should not be used for sowing plants to be scored.

3.2 Experimental 
Trays Layout and 
Spraying

Fig. 2 Experimental tray setup and tray spraying. (a) A P40 tray is used to test 
three lines and two controls. Control 1 (Col-0 GUS, baseline control) and the three 
lines are randomly sown and color-coded. The remaining pots (Control 2) can be 
used for a highly sporulation control (HaRxL14 O.E. lines). (b) Spraying of an 
experimental tray. Each row should be sprayed once, switching to the next row 
when spraying outside the tray as indicated by the black arrows. Repeat three 
more times after rotating the tray 90° before each spraying

Daniel F.A. Tomé et al.
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 4. Of the 18 pots available in the center of a P40 tray, randomly 
distribute equal number of pots of controls and lines being 
tested (see Note 6, Fig. 2a). Color-code the pots to eliminate 
counting bias and inter-pot variability that can arise from their 
position in the tray. These include indiscernible differences in 
light, humidity, soil moisture, seed density, and water  droplets 
on the surface of the leaves.

 5. Wrap the trays in aluminum foil and vernalize for at least 48 h 
at 4 °C in the dark.

 6. Grow plants for 14 days in a 10 h photoperiod cabinet, 
100 μE/cm, at 20 °C and 60 % humidity covering the tray 
with a clear propagator lid and sealing the edges with adhesive 
tape (Fig. 1).

 7. Harvest Noks1 spores from the 6-pot seedlings 7 days after 
spraying as described in Subheading 3.1. After filtering the 
spore suspension through Miracloth, keep the spores on ice. 
The time between filtering the spores and spraying should be 
kept to a minimum because spore viability decreases overtime.

 8. Quantify the spores using a hemocytometer. Adjust spore con-
centration to 30,000/ml. We found this concentration to pro-
duce reproducible results.

 9. Place experimental trays in the CL2 cabinet and spray the 
whole tray with 12 ml in one continuous movement following 
a predefined pattern at a distance of 10 cm (Fig. 2b). Rotate 
tray 90° and spray again. Repeat until tray has been sprayed 
from all four sides (see Note 7).

 10. Seal propagator lid to tray with adhesive tape as well as the 
vents on top of the propagator (see Note 8).

 11. Place sealed trays in the dedicated growth cabinet (10 h pho-
toperiod, 100 μE/cm, 60 % humidity and constant 18 °C). 
Do not water the tray after spraying.

 12. After 3 days open propagator vents by removing the adhesive 
tape (see Note 8), but do not remove the tape sealing the tray 
to the propagator lid.

 13. Wait another day and count sporangiophores on 15 individual 
seedlings in each pot using tweezers and a dissecting microscope 
at 200–300× magnification (see Notes 9–12). Count a total of 
60 seedlings from each line (see Notes 13–14). High sporula-
tion on the Ws-eds1 seedlings sown on the outside pots of a P40 
tray shows that the whole tray was evenly sprayed (Fig. 2a).

 14. If using an incompatible Hpa isolate, wait at least 2 days after 
opening the vents before counting (see Note 15).

 15. When finished, dispose the tray and count seedlings in an 
autoclave bag.

Hyaloperonospora arabidopsidis Growth Assay
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 16. Compare the average sporangiophore count of each O.E. line 
to the control of the same tray using the Student’s t-test. The 
actual averages will vary from experiment to experiment but 
the HaRxLR14 O.E. control should always show a higher 
average than Col-0 GUS O.E. (baseline control). See Fig. 3a 
for some representative examples with HaRxLR14 O.E. T4 
lines (see Notes 16–17).

Fig. 3 The effects of different experimental conditions on sporangiophore numbers in Col-0 GUS and HaRxL14 
O.E. lines. (a) Average Noks1 sporangiophore numbers for Col-0-GUS and HaRxL14 O.E. lines sprayed with 
30,000 spores/ml of Noks1 from five independent experiments. (b) Average Noks1 sporangiophore numbers 
after 4 and 5 days, respectively. Both trays were sprayed with the same inoculum and incubated next to each 
other. (c) Emoy2 sprayed at 50,000 spores/ml on compatible Tsu-1 and incompatible Col-0 accessions. 
Counting was performed 5 and 6 days after spraying on Tsu-1 and Col-0, respectively. Error bars show mean 
values +/− STE. The p-value was determined using Student’s t-test. The mean Noks1 sporangiophore fold 
increase in the HaRxL14 O.E. is shown below each experiment number
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4 Notes

 1. When reviving a frozen stock, it is necessary to use Ws-eds1 
seedlings because these plants are hyper-susceptible to Hpa 
hence greatly increasing the chances of successfully reviving 
frozen stocks. Seven days after reviving the frozen stock, a few 
seedlings will show heavy sporulation. However, there are not 
enough spores for experimental use and a further round of 
subculturing is necessary to bulk up the spore numbers. The 
maximum viability of frozen stocks is not known, but we have 
successfully revived 20-year-old stocks.

 2. Hpa is a naturally occurring pathogen of a non-crop plant and 
hence does not require a special license to work with in the 
UK. CL2 cabinets should be used as they minimize contami-
nations of seedling pots with other plant pathogens, in par-
ticular when working with the hyper-susceptible Ws-eds1 
seedlings and of other Arabidopsis plants.

 3. If a CL2 cabinet is not available a regular flow-hood will suf-
fice, taking great care to sterilize all surfaces before use and 
between different isolates of Hpa. All infected material (gloves, 
soil, seedlings, and P40 tray insert) should be disposed of in 
autoclave bags and used propagators and trays should be thor-
oughly washed with 70 % ethanol and water.

 4. For continuous maintenance of the pathogen, spray six P40 
tray inserts (Fig. 1b) containing 7-day-old seedlings grown in 
high density of a compatible Arabidopsis accession with fresh 
spores every 7 days. It is recommended that at least two sepa-
rate propagator trays be used in parallel to reduce the risk of a 
contamination eliminating an ongoing Hpa culture. If work-
ing with more than one Hpa isolate at a time, revive each iso-
late from frozen stocks every 3 months to minimize the risk of 
cross contamination between isolates. This can result in a 
mixed population with more than one isolate. For confirma-
tion of the isolate identity, sequencing of the highly polymor-
phic effector ATR13 (primer pair ATR13-2F 5′-CAA TGC 
GCC TTG TTC ACG CGG TAC and ATR13-2R 5′-CAA 
CTA CTG TCT GTC AAG GGC AGCC) from infected seed-
lings used to generate the frozen stocks is recommended [17].

 5. Each experimental tray must always have its own control lines 
included to eliminate tray-to-tray variability. For the Noks1 
isolate, we use a Col-0 transgenic line over- expressing (O.E.) 
the GUS protein, which was generated using the same plasmid 
as the Col-0 effector O.E. lines, as the baseline control. 
Sporangiophore numbers on these plants will be treated as the 
baseline for Hpa infection on each particular tray, as GUS does 
not enhance or decrease Hpa sporulation. Some Col-0 effec-
tor O.E. lines have previously been shown to allow higher 
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sporulation levels than the Col-0 line over- expressing GUS 
[21], and so are used as a positive control for an increased 
sporulation levels. We regularly use the O.E. line for HaRxL14 
due to its reproducible phenotype [21], but other lines can 
also be used. If a positive control for reduced sporulation lev-
els is desired, the HaRxLL60 O.E. line can be used [21]. In 
addition, it is best to randomize the locations of the controls 
and lines being tested in each tray (Fig. 2a).

 6. Color-code the pots to eliminate counting bias and inter-pot 
variability that can arise from their position in the tray. These 
include indiscernible differences in light, humidity, soil mois-
ture, seed density, and water droplets on the surface of the 
leaves. It is best if the user doing the potting is not the same 
one doing the sporangiophore counting and so does not know 
the color-code.

 7. For increased infection rates it is best to spray experimental 
trays in the final 2 h of the cabinet’s photoperiod, as the degree 
of pathogen growth is dependent on the circadian rhythm of 
the host plant [24].

 8. It is important to properly seal the trays after spraying. This 
helps maintain saturated humidity conditions inside the tray 
promoting spore germination and infection of the plant. It 
also prevents airborne spores of other pathogens from con-
taminating the tray, as well as Hpa spores escaping into the 
growth cabinet. Opening the propagator vents causes a grad-
ual decrease in the tray humidity and droplets on the leaf sur-
face promoting sporangiophore growth.

 9. Sporangiophore counting can be a tedious process, especially 
if numbers are very high per seedling. An adequate light source 
and a dark background will make them stand out and easier to 
count. Try not to be disturbed while counting as not to lose 
count or use a hand held button counter. Avoid counting 
where an air current is present, as this will cause the seedlings 
to move, making counting difficult. One tray takes 2–4 h to 
count, depending on sporangiophore numbers and experience 
of the user.

 10. Count sporangiophores on the whole seedling. This includes 
cotyledons, true leaves, petioles, and hypocotyl. Sporangio-
phores are mostly concentrated on the abaxial side of leaves 
and cotyledons due to the higher stomata density. They are 
also predominant in the cotyledons and the first two true 
leaves, although the subsequent true leaves might have a few 
due to their tiny size at the time of spraying.

 11. When scoring sporangiophores, care is required when scoring 
the adaxial side of true leaves as their trichomes can sometimes 
be confused for sporangiophores, especially when spores have 
been shed. Do not score seedlings where leaves were 
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 accidentally removed/damages when being removed from the 
pot using the fine forceps.

 12. Sporangiophores can have different shapes and sizes. Bushy 
structures can sometimes appear on the abaxial side. These are 
sporangiophores with short stalks. Thin stalks can be immature 
sporangiophores or sporangiophores that have shed their spores, 
hence should also be counted. Sporangiophore morphology 
can also vary slightly between Hpa isolates. We noticed that 
Emoy2 has bigger and better defined structures than Noks1.

 13. Sporangiophore numbers can vary greatly between seedlings, 
even in the same pot. Therefore, it is necessary to count sporu-
lation on 15 seedlings per pot to enable statistical analysis. If 
following the example of Fig. 2a, a total of 60 seedlings will be 
counted per line, which usually produces good statistics. 
Abnormally, small seedlings should be discounted as they are at 
a different growth stage resulting in lower sporulation counts.

 14. Unless using an incompatible Hpa isolate, it is not recom-
mended to count ≥5 days after spraying due to the high num-
bers of sporangiophores per seedling that can exceed 100. The 
accuracy of the counting decreases when counting such num-
bers due to the high density of individual sporangiophores. 
Also, it may be difficult to assess differences in sporulation 
levels between a more susceptible line and the baseline control 
at later time points, when this control line reaches the maxi-
mum number of sporangiophores (Fig. 3b).

 15. Some accession-isolate combinations are deemed incompati-
ble. This happens when there is recognition of a specific effec-
tor by a cognate R-gene, triggering HR, and restricting the 
pathogen’s growth and sporulation [25]. There are different 
degrees of recognition phenotypes, depending on the robust-
ness of the response [26]. Most show full resistance (no sporu-
lation), but reduced sporulation is possible when the resistance 
response is slow. When this is the case it is possible to perform 
the same pathogenicity test as the one described in the paper 
using an incompatible isolate-accession combination, such as 
Emoy2 on Col-0. For such a test a few changes to the protocol 
are called for to maximize the number of sporangiophores to 
be counted. First, seedlings should be 10 days old at the time 
of spraying. Secondly, 50,000 spores/ml concentration should 
be used. Thirdly, sprayed seedlings should be incubated for 
5–6 days before being counted to give enough time for all 
sporangiophores to mature. We found that with these changes, 
average Emoy2 sporangiophores numbers in Col-0 were less 
than 2 per seedling, significantly less than when using the com-
patible accession Tsu-1 (Fig. 3c). This approach might be use-
ful for determining if an effector has a specific role in suppressing 
the RPP gene-dependent HR. Finally, the protocol described 
in this chapter can also be used to measure growth differences 
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in an Hpa isolate on an incompatible isolate-accession combi-
nation, providing that the adequate rpp knockout (KO) back-
ground for that accession was used to generate the effector 
O.E. lines as described previously [21].

 16. Generation of O.E. stable transgenic lines requires at least 
third-generation transformant (T3) seed to ensure stable 
expression of the transgene [21]. We tested if it was possible 
to speed up the screening of Hpa effector O.E. lines by screen-
ing second- generation transformants (T2) seed instead of wait-
ing for T3. Experimental trays with T2 seed were soaked in 
BASTA (glufosinate ammonium) 50 μg/ml instead of water. 
This allowed germination of all seeds but only seedlings 
expressing the bar gene, together with the Hpa effector gene, 
would survive. When plants were treated this way, we repeat-
edly noticed that the susceptible phenotype of the positive 
controls HaRxL14 O.E. was no longer evident. Our observa-
tions suggest that BASTA interferes with Hpa growth and so 
should not be used for screening T2 seed using this assay. 
Finally, other herbicides have been found to have negative 
effects on the growth of several plant pathogens both in vivo 
and in vitro [27] and likewise should also be avoided.

 17. The protocol described in this chapter can also be used with 
any other Arabidopsis lines as long as the appropriate controls 
are used. This is especially true for SALK KO lines [28], as 
there is a large body of evidence showing specific interactions 
between Hpa effectors and Arabidopsis proteins [29]. By using 
SALK KO lines for effector interacting proteins with this 
method one can systematically search for new genes that play 
a critical role in immune responses, even if they have been 
initially described as having unrelated functions, such as well 
characterized primary metabolism proteins [30, 31].
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Chapter 13

Simple Quantification of In Planta Fungal Biomass

Michael Ayliffe, Sambasivam K. Periyannan, Angela Feechan,  
Ian Dry, Ulrike Schumann, Evans Lagudah, and Anthony Pryor

Abstract

An accurate assessment of the disease resistance status of plants to fungal pathogens is an essential requirement 
for the development of resistant crop plants. Many disease resistance phenotypes are partial rather than 
obvious immunity and are frequently scored using subjective qualitative estimates of pathogen develop-
ment or plant disease symptoms. Here we report a method for the accurate comparison of total fungal 
biomass in plant tissues. This method, called the WAC assay, is based upon the specific binding of the plant 
lectin wheat germ agglutinin to fungal chitin. The assay is simple, high-throughput, and sensitive enough 
to discriminate between single Puccinia graminis f.sp tritici infection sites on a wheat leaf segment. It 
greatly lends itself to replication as large volumes of tissue can be pooled from independent experiments 
and assayed to provide truly representative quantification, or, alternatively, fungal growth on a single, small 
leaf segment can be quantified. In addition, as the assay is based upon a microscopic technique, pathogen 
infection sites can also be examined at high magnification prior to quantification if desired and average 
infection site areas are determined. Previously, we have demonstrated the application of the WAC assay for 
quantifying the growth of several different pathogen species in both glasshouse grown material and large- 
scale field plots. Details of this method are provided within.

Key words Plant, Fungus, Quantification, Chitin, Disease, Puccinia

1 Introduction

Effective plant disease resistance is a prerequisite for stable food 
production [1–3]. An essential requirement for the development 
of disease resistant plant cultivars is an accurate assessment of the 
plant’s resistance status. Many plant resistance phenotypes are 
partial rather than obvious immunity making scoring of resistant 
and susceptible plants often a challenging proposition. Plant dis-
ease assessment is frequently based upon qualitative estimates of 
pathogen growth [4, 5] or alternatively by the progression of 
plant disease symptoms [6]. Such scoring systems are inherently 
subjective and, to be meaningful, require considerable pathology 
experience [7].
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Here we report a simple method for the accurate quantification 
of pathogen development in plants. Previously we have demon-
strated the application of this method for quantifying wheat infec-
tion with cereal rust pathogens (Puccinia graminis, P. striiformis 
and P. triticina) and infection of grape-vines with Erysiphe necator 
[8]. This assay uses the lectin wheat germ agglutinin (WGA) con-
jugated to a fluorophore such as fluorescein isothiocyanate (FITC) 
for quantification of fungal biomass of infected plant leaf tissue. 
WGA has been used extensively for plant pathology studies due to 
its high binding specificity for chitin, a major component of the cell 
wall of many fungal species [9–12]. Chitin consists of polymers of 
N-acetyl glucosamine, and WGA specifically binds to trimers  
of this repeat unit [13, 14]. In the assay, fungal biomass is quanti-
fied by the binding of WGA-FITC to fungal chitin present in 
 processed infected plant tissues and subsequent fluorometry  
(summarized in Fig. 1). Consequently, we have named this wheat 
germ agglutinin chitin assay as WAC.

The WAC assay has a number of advantages for quantifying 
plant infection by fungal pathogens. It greatly lends itself to experi-
mental replication as large volumes of tissue from multiple inde-
pendent infection assays can be pooled and processed to provide a 
truly representative sample. The process can be stopped at many 
points throughout the protocol and processed tissue can be stored 
for long periods of time prior to assaying. There is no laborious 

Fig. 1 Summary of the WAC assay
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grinding of samples and no nucleic acid extraction required. It is 
high-throughput and is not prone to sample cross contamination 
like PCR-based quantification. The assay is sensitive enough to dis-
criminate between single rust pathogen infection sites on a wheat 
leaf and is likely to be applicable to many plant pathosystems, given 
the presence of chitin in the cell walls of most fungal species.

When establishing the WAC assay for a new pathosystem it is 
recommended that several preliminary steps are undertaken. From 
previous analysis it was apparent that minor changes in the proto-
col were necessary for wheat rust pathogens compared with grape- 
vine powdery mildew (described below). In addition, background 
fluorescence was apparent in Arabidopsis tissues that appeared to 
be age-related making this assay less attractive in this species [8].  
A microscopic analysis of tissue and tissue homogenates when 
establishing the protocol in a new pathosystem is therefore advis-
able. However, this is a very straightforward process as the WAC 
assay is based upon a microscopic staining process [15].

For demonstrative purposes, in the following protocol we have 
specified the conditions required for WAC assay analysis of wheat 
plants infected with cereal rust. Other pathosystems will obviously 
have different growth requirements for both host plants and patho-
gen species. However, the subsequent manipulations for the WAC 
assay will remain the same.

2 Materials

 1. Wheat germ agglutinin conjugated to fluorescein isothiocya-
nate (WGA-FITC) (Sigma-Aldrich). The stock solution is 
made to a final concentration of 1 mg/ml in water. Aliquots 
(200 μl) are frozen at −20 °C until use.

 2. 1 M KOH solution containing 0.1 % Silwet L-77 (Lehle Seeds, 
Texas) used for clearing plant tissue during autoclaving.

 3. 50 mM Tris–HCl pH 7.0 used for neutralizing tissue after 
autoclaving and subsequent washing of samples.

 4. A probe sonicator (e.g., Braun 1,000 l) or polytron blender.
 5. 200 μl PCR tubes in strips of 12 tubes (e.g., Ultraflux 200 μl 

12 strip tubes, Scientific Specialties Inc., USA).
 6. Black 96-well plates suitable for fluorometry (e.g., Corning 

96-well, flat bottom, black polystyrene plates, Corning Inc. 
USA).

 7. A fluorometer with 485 nm adsorption and 535 nm emission 
wavelengths e.g., Wallac Victor 1420 multilabel counter 
(Perkin and Elmer Life Science).

 8. 50 ml screw cap Falcon tubes.

Quantification of In Planta Fungal Biomass
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 9. A bench top centrifuge that takes 96-well plates.
 10. Purified crab shell chitin particles (Sigma Aldrich).
 11. A microscope with 20× resolution and capable of FITC detec-

tion (e.g., Zeiss Axioimager, Zeiss, Germany).
 12. 15 cm pots of compost soil mix (1:1), 1 g/l Aquasol (Yates, 

Australia) and Osmocote (Scotts, USA).

3 Methods

When establishing the WAC assay for the first time, a useful control 
experiment is to produce a chitin standard curve by supplementing 
uninfected tissue of the host plant with a serial dilution of purified 
chitin particles.

 1. Purified crab shell chitin particles (Sigma Aldrich) are ground 
in a mortar and pestle to produce particles as fine as possible 
(see Note 1). The insoluble chitin particles are then  resuspended 
in water to produce a 1 mg/ml suspension (see Note 2).

 2. Uninfected wheat seedling leaf tissue is cut into approximately 
3 cm segments, weighed and added to a 50 ml falcon tube.  
A maximum of 8 g can be added to a single tube and still enable 
subsequent manipulations to be undertaken in the same tube.

 3. A solution of 1 M KOH containing 0.1 % Silwet L-77 is poured 
over the leaf tissue. Ensure that all the tissue is covered with 
this buffer (see Note 3).

 4. Leaf samples are autoclaved at 121 °C and 15 psi for 20 min 
with the tube caps slightly loosened to allow pressure release.

 5. After autoclaving, the KOH solution is poured off. As much as 
KOH solution is removed as possible. Tubes are filled up with 
50 mM Tris–HCl pH 7.0, inverted and the buffer then imme-
diately poured off. Tubes are refilled with 50 mM Tris–HCl 
pH 7.0 and left at room temperature for at least 20 min  
(see Note 4).

 6. The buffer is poured off and 5 ml of 50 mM Tris–HCl pH 7.0 
added for each gram fresh weight of leaf tissue present, i.e., a 
final tissue concentration of 200 mg/ml (see Note 5).

 7. Leaf tissue samples are homogenized using a probe sonicator 
or small hand-held blender. Each sample generally takes around 
1 min to process. It is important to obtain a suspension as uni-
form as possible.

 8. 200 μl of wheat leaf homogenate is added to each of twenty- 
four 200 μl PCR tubes using a cut off pipette tip (see Note 6). 
Strips of 12 PCR tubes attached together are convenient for 
handling. Wheat leaf homogenate is always agitated prior to 
pipetting to ensure that a uniform suspension is sampled.

3.1 Establishing the 
WAC Assay with a 
Chitin Standard Curve
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 9. To each of four tubes containing leaf homogenate, 0, 5, 10, 
20, 30, or 40 μl of chitin particle suspension (described in 
Subheading 3.1.1) is added. The chitin particle suspension is 
also agitated prior to pipetting and a cut off pipette tip used.

 10. 10 μl of WGA-FITC (1 mg/ml) is added to each PCR tube 
and the sample mixed thoroughly by pipetting. Samples are 
stained for at least 15 min (see Note 7).

 11. PCR tube strips are centrifuged in a bench top centrifuge at 
600 × g for 3 min (see Note 8).

 12. After centrifugation the supernatant containing unbound 
WGA-FITC stain is removed from each sample using a 200 μl 
pipetteman.

 13. Samples are resuspended in 200 μl of 50 mM Tris–HCl pH 7.0. 
This can be rapidly achieved using a 12 channel multipipette 
and moderately forceful expulsion of buffer from the pipette.

 14. Samples are washed three times in 200 μl of 50 mM Tris–HCl 
pH 7.0 and then resuspended in 100 μl of the same buffer.

 15. Samples are transferred to black 96-well plates suitable for flu-
orometry using a 12 channel multipipette with the ends of the 
pipette tips cut off.

 16. Fluorescence of each sample is measured in a fluorometer (e.g., 
Wallac Victor 1420 multilabel counter) using 485 nm adsorp-
tion and 535 nm emission wavelengths and a 1.0 s measure-
ment time.

 17. Fluorescence values from replicated samples are averaged and 
subjected to standard statistical analyses. A typical chitin stan-
dard curve is shown in Fig. 2.

From previous experiments [8] we have shown that fluores-
cence values that range from 0 to 200,000 fluorescence units are 
directly proportional to the chitin content (Fig. 2). Fluorescence 
values that exceed 200,000 units fall outside this linear range and 
are no longer directly proportional to chitin content. This nonlin-
ear relationship is caused by WGA-FITC stain becoming a limiting 
factor with increasing amounts of chitin in the sample [8]. For this 
reason samples that exceed 200,000 units are further diluted and 
re-assayed. From our experience, a twofold dilution of very heavily 
infected wheat leaf tissue homogenate is generally sufficient to 
maintain these samples within the linear range of fluorescence 
under the conditions specified.

 1. Wheat seeds are planted in 15 cm pots containing a 1:1 mix-
ture of soil and compost. Five pots of each wheat genotype are 
planted (see Note 9). Emergent seedlings are fertilized fort-
nightly with Aquasol (1 g/l), and Osmocot fertilizer beads are 
added to each pot.

3.2 Infection of 
Wheat Seedlings for 
Quantification of 
Puccinia graminis f.sp 
tritici Growth
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 2. Seedlings are grown under a 16 h light/21 °C and 8 h 
dark/18 °C growth regime.

 3. Seedlings are infected at the 4–5 leaf stage with wheat stem 
rust pathogen (Puccinia graminis. f.sp tritici), hereafter 
referred to as Pgt. Prior to infection, some seedlings are har-
vested as described in points 6 and 7 as a zero time point for 
each genotype.

 4. For Pgt infection seedling pots are placed in a plastic box con-
taining 2 cm of water. A mixture of rust spores and talc powder 
(1:1) is sprayed onto the surface of the wheat seedlings, fol-
lowed by a fine mist of water. The box is sealed with a plastic 
lid and incubated overnight at 18 °C.

 5. Seedlings are removed the next day and returned to glasshouse 
growth conditions described in Subheading 3.2.2.

 6. One seedling is harvested from each pot for each day of the 
time course. Seedlings from each genotype are pooled result-
ing in five seedlings per time point per genotype. All the aerial 
tissue of each seedling is harvested.

 7. The total fresh weight of each pooled sample is recorded. Tissue 
is cut into 3 cm segments and placed in 50 ml Falcon tubes.

 8. Tissue samples can then be either processed and viewed micro-
scopically (Subheading 3.4) or have fungal infection quantified 
by the WAC assay (Subheading 3.6).
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Fig. 2 Chitin standard curve. A suspension of chitin particles was added to unin-
fected wheat leaf tissue homogenate and processed via the WAC assay. Each 
data point represents the average fluorescence from four technical replicates
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 1. Wheat seed is planted in field plots with approximately 50 
seeds per meter row. Each wheat genotype is replicated in ten 
separate plots in the field.

 2. Interspersed among each row of wheat cultivars of interest are 
rows of three fully susceptible wheat genotypes that serve as a 
source of natural Pgt inoculum throughout the growing 
season.

 3. Mixed susceptible plots are infected at the mid-vegetative stage 
with Pgt urediniospores.

 4. Flag leaves are harvested from wheat lines of interest from each 
plot after completion of grain filling. Ten flag leaves are har-
vested at random from each plot and the fresh weight recorded 
(see Note 10).

 5. Harvested flag leaves are cut into 3 cm segments and placed 
into 50 ml Falcon tubes.

 6. Tissue samples can either be processed and viewed microscopi-
cally (Subheading 3.4) or have fungal infection quantified by 
the WAC assay (Subheading 3.6).

It is advisable when establishing the WAC assay, either for the first 
time or with a new pathosystem, to examine pathogen-infected 
tissue microscopically prior to the WAC assay to ensure that the 
WGA-FITC conjugate shows good binding specificity for the 
pathogen to be assayed and that the host tissue shows little back-
ground fluorescence (examples shown in Fig. 3a–e) (see Note 11). 
Microscopy of leaf homogenates is also valuable when establishing 
the technique to ensure that samples are relatively homogeneous, 
and background staining of tissue homogenate is not apparent 
(Fig. 3f, g). Fortunately, this is simple to do as the WAC assay is 
based upon a staining method for microscopy [15].

 1. Leaf tissue from rust infected wheat plants is harvested and cut 
into approximately 3 cm pieces.

 2. Tissue segments are placed into 10 ml screw capped tubes with 
enough 1 M KOH containing 0.1 % Silwet added to entirely 
cover the leaf segments.

 3. Samples are autoclaved at 121 °C and 15 psi for 20 min with 
the caps loosened.

 4. Buffer is gently poured off the leaf segments. Note that the 
 tissue is fragile at this stage. The tubes are filled with 50 mM 
Tris–HCl pH 7.0. This solution is then immediately poured 
off and the tubes are again refilled with 50 mM Tris–HCl 
pH 7.0. Samples are left to neutralize for at least 20 min  
(see Note 4).

 5. Buffer is poured off the leaf segments and enough 50 mM 
Tris–HCl pH 7.0 added to just cover the sample (see Note 12). 

3.3 Growth and 
Infection of Adult 
Wheat Plants in the 
Field

3.4 Microscopic 
Analysis of Rust 
Pathogen- Infected 
Wheat Leaf Tissue
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Fig. 3 Fungal specificity of WGA-FITC staining of infected plant tissues. (a) A wheat leaf heavily infected with 
Pgt and stained with WGA-FITC as described in Subheading 3.4. Extensive infection hyphae ramification is 
observed throughout the entire leaf segment while uredinia on the leaf surface can be seen as circular struc-
tures. (b) A single Pgt uredinia on a wheat leaf showing urediniospore production and extensive ramification of 
infection hyphae throughout the apoplastic space between mesophyll cells. Note, little background staining of 
host tissue is apparent. (c) Two flax rust (Melampsora lini ) infection sites on flax (Linum usitatissimum ). Both 
spores have germinated on the leaf surface to produce a germ tube and an appressorium (marked with arrow 
head ) over a stomate. (d) Condiophores and hyphae produced by Blumeria graminis f.sp. tritici (powdery mil-
dew) on a wheat leaf. (e) Condiophores and hyphae produced by Erysiphe necator (powdery mildew) on a 
grape-vine leaf (Vitis vinifera ). (f) Wheat leaf homogenates in a 96-well plate from uninfected (top row ) and 
Pgt-infected (bottom row ) tissue showing WGA-FITC staining. Triplicate WAC reactions are shown for each 
sample. (g) Pgt-infected wheat leaf homogenates viewed under blue light at 2× magnification. Filamentous 
fungal hyphae can be seen that are stained
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20 μg of WGA-FITC (20 μl of a 1 mg/ml solution) is added 
per ml of 50 mM Tris–HCl buffer present.

 6. Samples are allowed to stain for at least 15 min. Longer stain-
ing times result in better staining. Even very long staining 
times (e.g., overnight) do not cause a significant increase in 
background.

 7. After staining, samples are removed from the tube for micros-
copy. This is best achieved by gently washing the samples into 
a glass petri dish using a squirt bottle of water. This will also 
dilute any unbound stain sufficiently for microscopy. Do not 
try to pull the samples with forceps as they are fragile.

 8. Leaf segments are placed onto a microscope slide using a flat 
spatula. Water is gently sprayed directly onto the surface of the 
leaf segment using a squirt bottle. This causes the leaf samples 
to unfold and straighten out. Excess water is removed by 
blotting.

 9. A cover slip is placed on the leaf samples which are then viewed 
under blue light excitation. Good resolution of all infection 
structures with little back ground staining of host tissue should 
be apparent (Fig. 3a–e).

A combination of microscopy and chitin quantification by the 
WAC assay enables the average size of rust infection sites to be 
quantified and compared between leaf segments derived from 
different wheat genotypes [8]. This is useful for comparing disease 
development between resistant and susceptible germplasm and 
enables both microscopic evaluation and quantification of 
infections sites from the same material. The total number of 
infection sites is counted microscopically on a leaf segment after 
WGA-FITC staining, and this same segment is then processed by 
the WAC assay. An average fluorescence per infection site can then 
be calculated. We have previously shown for Pgt that the average 
fluorescence is equivalent to the average infection site area  
(see Notes 13 and 14).

 1. Rust infected wheat leaf segments are harvested 
(Subheadings 3.2 and 3.3) and processed and stained as 
described in Subheading 3.4.

 2. The total number of infection sites on each leaf segment is 
counted under the microscope. It is essential that all sites are 
counted, i.e., both large and small sites (see Note 15).

 3. After microscopy leaf segments from the same genotype are 
pooled into a tube, 1 ml of 50 mM Tris–HCl pH 7.0 is added 
per 2–3 leaf segments.

 4. The tissue is sonicated using a probe sonicator.

3.5 Quantifying 
Average Infection Site 
Size Using the WAC 
Assay
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 5. 200 μl of tissue homogenate is added to a 200 μl PCR tube.  
At least three replicates are performed per sample.

 6. 10 μl of WGA-FITC is added to each tube and samples mixed 
with vigorous pipetting. Samples are left to stain for at least 
15 min (see Note 16).

 7. Steps 11–17 in Subheading 3.1 are then followed.
 8. Average fluorescence per infection site is calculated by total 

sample fluorescence/number of infection sites present on the 
combined leaf segments. The total fluorescence of the sample 
is calculated by the average fluorescence of a 200 μl sam-
ple × total sample volume in ml/0.2.

 1. Samples harvested in Subheading 3.2 or 3.3 are covered with 
enough 1 M KOH containing 0.1 % Silwet to completely cover 
the sample.

 2. Samples are autoclaved at 121 °C and 15 psi for 20 min with 
tube caps loosened.

 3. The KOH solution is poured off and tubes filled with 50 mM 
Tris–HCl pH 7.0. This buffer is immediately poured off and 
replaced with 50 mM Tris–HCl pH 7.0. Samples are neutral-
ized for at least 20 min (see Note 11).

 4. The buffer is replaced with 5 ml of Tris–HCl pH 7.0 per gram 
fresh weight of tissue.

 5. Samples are homogenized with a probe sonicator or polytron 
blender. Samples must be as homogeneous as possible.

 6. Using a pipette tip with the end removed, 200 μl samples are 
aliquoted into 200 μl PCR tubes in strips of 12. Four to six 
replicates per sample are routinely undertaken. Samples are 
agitated between pipetting to ensure a homogeneous suspen-
sion is maintained.

 7. 10 μl (1 mg/ml solution) of WGA-FITC is added to each 
tube. Samples are mixed by pipetting and stained at room tem-
perature for at least 15 min (see Note 7).

 8. Samples are centrifuged at 600 × g for 3 min in a swing out 
bench top centrifuge.

 9. As much supernatant as possible is removed from each sample 
with a pipetteman and samples then resuspend in 200 μl of 
50 mM Tris–HCl pH 7.0.

 10. Samples are washed three times with 200 μl of 50 mM Tris–
HCl pH 7.0 and resuspended in 100 μl of 50 mM Tris–HCl 
pH 7.0 (see Note 17).

 11. Fluorescence is quantified in a fluorometer using 485 nm 
adsorption and 535 nm emission wavelengths and 1.0 s mea-
surement time. A time course of Pgt growth on two wheat 
genotypes is shown as an example in Fig. 4.

3.6 Quantifying 
Pathogen Growth  
in Infected Tissue 
Samples by the 
WAC Assay
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4 Notes

 1. As chitin is difficult to grind, the particles can be sieved through 
a very fine mesh to remove unground fragments. It is essential 
to make the chitin particles as small and uniform in size as pos-
sible. Large fragments will greatly interfere with subsequent 
quantification.

 2. In subsequent pipetting steps of the chitin suspension, it is 
important to agitate the solution vigorously prior to each 
pipetting to ensure a homogeneous aliquot of the suspension 
is obtained.

 3. Additional Silwet can be added if the tissue is particularly waxy 
and buoyant. It is important to make sure that the tissue is 
submerged in the buffer.

 4. It is essential that the samples are neutralized with 50 mM 
Tris–HCl pH 7.0. The assay will not work under alkaline con-
ditions. Samples can be tested with pH strips for confirmation 
of neutralization if needed.
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Fig. 4 Quantification of Pgt growth on two wheat genotypes. Chinese Spring 
wheat seedlings (CS) and Chinese Spring wheat seedlings with the Sr45 gene 
introgressed as a chromosome 1D substitution from Aegilops tauchii were 
infected with Pgt. Ten seedlings were harvested for each time point and chitin 
accumulation compared with the WAC assay
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 5. Both uninfected and infected leaf samples can be stored for 
months at 4 °C after autoclaving. Do not store the samples at 
room temperature as fungal contamination can occur which 
will cause increased chitin levels. We have not tried freezing the 
samples, but it is likely that the sample would last indefinitely 
under these conditions.

 6. The ends of pipette tips are removed for all pipetting of leaf 
homogenates and chitin samples throughout the procedure to 
ensure a uniform sample is aliquoted.

 7. Samples can be stained for much longer periods (e.g., over-
night) with no deleterious effects. However, it is essential that 
samples that are to be directly compared are stained at the 
same time and for the same length of time. Longer staining 
times can result in increased levels of fluorescence. Samples can 
be re-agitated by pipetting at various times throughout the 
staining step to assist staining.

 8. A 96-well, 200 μl PCR plate makes a convenient holder for the 
PCR tube strips in the centrifuge.

 9. Replication of infected material is essential for meaningful 
results to be obtained in quantitative assays. Uniform inocula-
tion densities are not easy to obtain, so replication of material 
is needed to overcome potential variation arising from this 
limitation. Fortunately, the WAC assay is very amenable to 
pooling of leaf tissue.

 10. We again stress the importance of replication for meaningful 
quantitative results in both seedling assays and field experi-
ments. Good field results were obtained using ten replicated 
plots for each genotype. We have not determined the mini-
mum number of field plots required for an experiment.

 11. The following example highlights the value of microscopic 
analysis when establishing the WAC assay for a new pathosys-
tem. Cereal rusts produce large amounts of growth within 
the plant apoplast whereas mildew pathogens produce large 
amounts of growth on the leaf surface. Microscopy of mildew 
infected leaves after processing indicated that external fungal 
structures frequently snapped off the leaf surface following 
autoclaving leaving only haustoria behind in the leaf tissue. It 
was likely that much of this external fungal growth would be 
lost without the inclusion of centrifugation steps prior to all 
buffer changes in the WAC assay described in Subheading 3.6. 
Consequently mildew infected leaf samples were centrifuged 
at 2,000 × g for 10 min prior to all buffer changes described 
in step 3 of Subheading 3.6. This additional step enabled 
good quantification of mildew pathogen growth by the WAC 
assay [8].
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 12. A minimum volume is used to reduce the amount of WGA- 
FITC required. If heavily infected leaf segments are present 
it may be necessary to add more stain. Higher stain concen-
trations do not seem to result in increased levels of 
background.

 13. Average Pgt infection site area was calculated previously by 
photographing a representative number of individual infec-
tion sites on each leaf segment. The length (L) and width 
(W) of each infection site was measured from each photo-
graphic image using the polyline facility of the AnalySIS Life 
Science Professional program (Olympus, Australia). The area 
of each site was then calculated as L/2 × W/2 × π (i.e., the 
area of an ellipse). This approach is considerably more labo-
rious than determining average fluorescence per infection 
site [8].

 14. The propensity of mildew infection structures to break away 
from the leaf surface as described in Note 11 suggests that the 
assay described in Subheading 3.5 may not be applicable for 
mildew pathogens. In contrast the assay described in 
Subheading 3.5 was very successful in determining the average 
infection site size of cereal rust infection sites due to pathogen 
growth being predominately within the plant leaf [8].

 15. For wheat rust, each spore germination event that led to the 
production of at least a substomatal vesicle was considered as a 
successful infection site. Spores that had germinated but did 
not reach this stage of development were not counted.

 16. Even though samples are already WGA-FITC stained for 
microscopy, we restain to ensure that all chitin in the leaf 
homogenates is detected. It is possible that tissue homogeniza-
tion increases stain accessibility when compared with intact leaf 
segments, although we have not tested this experimentally.

 17. If establishing the WAC assay for the first time examine the 
infected tissue homogenates by bright field and blue light 
microscopy. Abundant homogenate should be present under 
bright field of which only a small proportion is strongly fluo-
rescent under blue light (Fig. 3f, g).
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Chapter 14

Virus-Induced Gene Silencing and Agrobacterium 
tumefaciens- Mediated Transient Expression in Nicotiana 
tabacum

Zhao Zhang and Bart P.H.J. Thomma

Abstract

Virus-induced gene silencing (VIGS) is a rapid method for transient silencing of plant genes. In this 
 chapter, we describe the methodology for Tobacco rattle virus (TRV)-based VIGS in Nicotiana tabacum. 
In combination with subsequent co-expression of the tomato immune receptor Ve1 and the correspond-
ing Verticillium effector Ave1 through Agrobacterium tumefaciens-mediated transient transformation 
(agroinfiltration), we established a rapid system for assessing the requirement of candidate plant genes for 
Ve1- mediated immune signaling.

Key words VIGS, ATTA, Agroinfiltration, Hypersensitive response (HR), Ve1, Ave1, Effector, 
Tobacco, Tobacco rattle virus

1 Introduction

Virus-induced gene silencing (VIGS) is a technology for transient 
knock-down of target genes that is based on sequence-specific 
RNA degradation triggered by double stranded RNA (dsRNA). 
Recombinant virus carrying a partial sequence (>23 base pairs) of 
a host target gene is used to infect the plant. When the virus repro-
duces and spreads throughout the plant, the viral gene transcripts 
(mRNA) are targeted by the endogenous host silencing machinery 
as a natural defense mechanism against viral infection. Together 
with the viral gene transcripts, also the transcripts of the target 
gene are degraded, and thus the expression of the target gene is 
knocked down [1].

Although many viral vectors have been developed for VIGS in 
several host plant species, the Tobacco rattle virus (TRV)-based 
silencing vector has been most extensively used [1–3]. When com-
pared with other viral vectors, TRV has a wide range of host plant 
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species, infects large areas of adjacent cells, and induces only mild 
viral symptoms [1, 4]. Thus, many TRV-based vectors have been 
made to target candidate genes in tomato and other Solanaceous 
plant species, exploiting the generally high degree of sequence 
homology that exists between orthologous genes within this plant 
family [5–10].

Another tool that has been widely exploited for gene func-
tional analysis is transient expression of candidate genes via the 
Agrobacterium tumefaciens-mediated transient transformation 
assay (agroinfiltration) [11, 12]. Interestingly, multiple genes can 
simultaneously be transferred into the same cells through agroinfil-
tration, and thus different proteins can be co-expressed [12]. 
Co-expression of plant immune receptors and the corresponding 
ligands, for instance particular effectors that are secreted by the 
pathogen to mediate disease establishment, often leads to a hyper-
sensitive response (HR), which is a rapid and localized cell death of 
plant tissue at the site of recognition [13]. Therefore, the occur-
rence of HR can be used as a proxy for successful immune signal-
ing. The combination of VIGS and agroinfiltration has been used 
extensively to study the requirement of candidate genes for immune 
signaling; the candidate gene can be silenced by VIGS, followed by 
co-expression of the immune receptor and its corresponding 
(pathogen-derived) ligand. The requirement of the candidate gene 
for immune signaling can be evaluated by evaluating the (extent 
of) occurrence of the HR, as a compromised HR indicates that the 
candidate gene is required for successful immune signaling.

The efficiency of VIGS is largely determined by the compati-
bility of the plant and the virus. When compared with VIGS on the 
model tobacco species N. benthamiana, TRV-based VIGS is noto-
riously difficult for most N. tabacum cultivars [8]. However, we 
recently screened a number of N. tabacum cultivars and discovered 
that N. tabacum cv. Samsun is amenable to TRV-based VIGS [8]. 
Here, we describe a protocol for TRV-based VIGS in combination 
with agroinfiltration in N. tabacum for the investigation of Ve1- 
mediated immune signaling.

2 Materials

 1. Seeds of N. tabacum cv. Samsun or N. tabacum cv. Samsun 
NN (see Note 1).

 2. 9-cm Petri dishes.
 3. Tissue papers.
 4. Toothpicks.
 5. 12-cm plastic pots with soil.

2.1 Plant Growth
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 1. TRV1, TRV2::PDS, TRV2::GFP, TRV2::EDS1 used for VIGS 
were described previously [4–6]. 35S::Ave1 and 35S::Ve1 for 
inducing Ve1-mediated immune signaling that culminates in 
HR have also been previously described [7, 8, 14].

 2. To generate novel target gene silencing constructs of interest, 
empty TRV2 cloning vectors are available either as pYL156 
for digestion-ligation cloning or as the Gateway-compatible 
pYL279 vector (see Notes 2 and 3).

 3. If using pYL156, reagents for digestion and ligation are 
required.

 4. If using pYL279, Gateway BP Clonase II enzyme mix, Gateway 
LR Clonase II enzyme mix, and pDONR207 vector 
(Invitrogen, Carlsbad, California) are required.

 5. For co-expression of immune receptors gene and the corre-
sponding ligands, the Gateway-compatible destination vectors 
pEarleyGate100 [15] and pSol2092 [8] are recommended.

 1. LB medium (1 L): 10 g bacteriological peptone, 10 g NaCl, 
5 g yeast extract (see Note 4).

 2. YEB medium (1 L): 5 g beef extract, 5 g bacteriological pep-
tone, 5 g sucrose, 1 g yeast extract, 2 mL 1 M MgSO4.

 3. Infiltration buffer (1 L, should freshly be made before use): 
20 g sucrose, 5 g MS salts (Murashige and Skoog medium 
without vitamins), 10 mL 1 M MES, 1 mL 0.2 M 
acetosyringone.

 4. Kanamycin (1,000× stock): 50 mg/mL in demineralized 
water (filter sterilize).

 5. Rifampicin (1,000× stock): 25 mg/mL in DMSO (see Notes 
5 and 6).

 6. 1 M MgSO4: 246 g/L (autoclave).
 7. 1 M MES (2-[N-morpholino] ethanesulfonic acid): 195 g/L 

(autoclave).
 8. 0.2 M acetosyringone: 39.3 mg/mL in DMSO (see Notes 5 

and 6).

 1. Agrobacterium tumefaciens strain GV3101 (see Note 7).
 2. Sterile 50 mL tubes.
 3. Small syringe needle (BD Plastipak, Madrid, Spain).
 4. Needleless 1 mL syringes (BD Plastipak, Madrid, Spain).
 5. Latex gloves (VWR, Leuven, Belgium).

2.2 Constructs  
for Gene Silencing

2.3 Media, Buffers, 
and Solutions

2.4 VIGS and 
Agroinfiltration
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3 Methods

 1. Place the N. tabacum seeds in a Petri dish with wet tissue 
paper, and cover with the lid of the Petri dish to maintain high 
humidity. Incubate seeds at room temperature for 3 days to 
stimulate germination.

 2. Transfer the seedlings to soil using a toothpick, and cover the 
pots with a clear plastic dome to maintain high humidity for  
2 days, after which the plastic dome can be removed.

 3. Tobacco plants are grown in the greenhouse with the follow-
ing settings: 21 °C/19 °C during 16/8-h day/night periods, 
respectively, at 70 % relative humidity and 100 W/m2 supple-
mental light when the light intensity drops below 150 W/m2. 
Alternately, plants can be grown in a controlled climate cham-
ber at 22 °C/19 °C during 16/8-h day/night periods, respec-
tively, with 70 % relative humidity.

 4. Two- to three-week-old plants are optimal to be used for 
VIGS.

 1. Transform A. tumefaciens with TRV1 and with TRV2::GFP, 
TRV2::PDS, TRV2::EDS1, or TRV2 carrying a fragment of 
the gene of interest; or streak from glycerol stock.

 2. Incubate on LB plates containing kanamycin (50 μg/mL) and 
rifampicin (25 μg/mL) for 2 days at 28 °C (see Note 8).

 3. Inoculate A. tumefaciens carrying TRV1 and A. tumefaciens 
carrying TRV2::GFP, TRV2::PDS, TRV2::EDS1, or TRV2 
carrying a fragment of the gene of interest in 5 mL LB medium 
containing kanamycin (50 μg/mL) and rifampicin (25 μg/mL) 
(see Note 8).

 4. Grow cultures overnight at 28 °C under continuous agitation 
(200 rpm).

 5. Dilute 100 μL A. tumefaciens culture in 900 μL LB. Measure 
the OD600 of the diluted cultures with a spectrophotometer. 
An OD600 > 1 is optimal to proceed (see Note 9).

 6. One day prior to VIGS, add 50 μL of the A. tumefaciens cul-
ture into 20 mL YEB medium containing 50 μg/mL kanamy-
cin (20 μL from stock solution), 20 μM acetosyringone (2 μL 
from 0.2 M stock solution), 10 mM MES (200 μL from 1 M 
stock solution).

 7. Grow overnight at 28 °C under continuous agitation 
(200 rpm).

 8. Dilute 100 μL A. tumefaciens culture with 900 μL YEB and 
measure the OD600 with a spectrophotometer. If the A. tume-
faciens grew properly, the OD600 should now be between 0.8 
and 1.2 and the culture is ready for use.

3.1 Plant Growth

3.2 Preparation  
of A. tumefaciens

Zhao Zhang and Bart P.H.J. Thomma
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 1. Plants at the two-leaf stage (approximately 2–3 weeks old) are 
optimal for VIGS. Nevertheless, plants at the four-leaf stage 
can still be used.

 2. Overnight culture of Agrobacterium cells was harvested at 
OD600 of 0.8 to 1.2 by centrifugation (3,363 × g for 10 min) 
and resuspended in infiltration buffer to a final OD600 of 2.

 3. Make 1:1 mixtures of the A. tumefaciens suspensions carrying 
TRV1 and the appropriate TRV2 constructs.

 4. Incubate the mixture of A. tumefaciens suspensions for 1–6 h 
at room temperature.

 5. Fill a 1 mL needleless syringe with the appropriate mixture of 
A. tumefaciens suspensions and remove air bubbles from the 
syringe.

 6. Place the tip of the syringe against the lower side of a cotyle-
don of a tobacco seedling, and gently provide counter pres-
sure at the upper side of cotyledon with a finger. Infiltrate the 
entire cotyledon with the A. tumefaciens suspension by put-
ting gentle pressure on the syringe. Both cotyledons of a 
tobacco seedling should be infiltrated (Fig. 1) (see Note 10).

 7. After infiltration, plants can be growth in a greenhouse or a 
climate room under the previously described conditions. It is 
important to note that the photoperiod has dramatic effects on 
the silencing efficiency, and the plants should be grown under 
a long day conditions (16 h photoperiod) after infiltration.

3.3 VIGS

Fig. 1 A mixture of Agrobacterium suspension carrying TRV1 and appropriate 
TRV2 constructs is infiltrated into the lower side of a tobacco seedling cotyledon

Virus-Induced Gene Silencing in Nicotiana tabacum
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 1. At 2–3 weeks after TRV inoculation, properly infected TRV- 
inoculated plants show viral symptoms and are smaller than 
non-inoculated plants. Clear photobleaching will be observed 
at 3–4 weeks after inoculation with TRV::PDS (Fig. 2).

 2. As soon as photobleaching is observed in PDS-silenced plants, 
immune receptor-ligand combinations can be co-expressed in 
the true leaves of the plant, to test whether an HR can still be 
induced upon silencing of the target gene of interest.

 3. As an example, we co-expressed tomato Ve1 and Verticillium 
dahliae Ave1 in N. tabacum inoculated with TRV::EDS1, 
which is required for Ve1-mediated defense signaling, while 
N. tabacum inoculated with TRV::GFP is used as control  
[7, 16, 17] (see Note 11).

 4. A. tumefaciens cultures are prepared as described, harvested 
by centrifugation and resuspended in infiltration buffer to a 
final OD of 2.

 5. The A. tumefaciens strain carrying 35S::Ve1 is mixed in a 1:1 
ratio with A. tumefaciens carrying 35S::Ave1, incubated at 
room temperature for 1–6 h and subsequently infiltrated into 
the leaves of TRV-inoculated tobacco. A slight scratch made 
with a small syringe needle at the lower side of the leaf will 
facilitate infiltration.

 6. Occurrence of the HR can be monitored between 2 and 5 
days after infiltration (Fig. 3) (see Note 12).

3.4 Agroinfiltration

Fig. 2 TRV-based VIGS of the phytoene desaturase (PDS) gene leads to efficient 
photobleaching in leaves of N. tabacum cv. Samsun, but not in N. tabacum cv. 
SR1. Both cultivars were inoculated with recombinant TRV carrying a fragment of 
the PDS gene, and the pictures were taken at 21 days after infiltration
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4 Notes

 1. To the best of our knowledge, N. tabacum cv. Samsun and  
N. tabacum cv. Samsun NN are the only N. tabacum cultivars 
that display significant VIGS efficiency [8]. The VIGS effi-
ciency is similar in both cultivars.

 2. Both pYL156 and pYL279 display similar gene silencing 
efficiencies.

 3. pYL156 and pYL279 are available from the Arabidopsis 
Biological Resource Center (ABRC, Ohio State University).

 4. Bacteriological peptone can be replaced by bacteriological 
tryptone.

 5. Dissolve in DMSO, do not filter sterilize.
 6. Rifampicin and acetosyringone also can be dissolved in etha-

nol, not required to filter sterilize.
 7. Other A. tumefaciens stains, such as AGL1, MOG101, or 

C58C1, are also frequently used for VIGS and agroinfiltration.
 8. When using A. tumefaciens stain GV3101, 15 mg/L genta-

mycin can be added.

Fig. 3 TRV-based silencing of the EDS1 gene results in compromised HR upon 
induction with Ve1 and Ave1 in N. tabacum cv. Samsun. Plants were inoculated 
with recombinant TRV targeting EDS1 (TRV::EDS1) or recombinant TRV targeting 
GFP as a control (TRV::GFP). Compromised HR was observed in EDS1-silenced 
plants at 5 days after infiltration
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 9. The A. tumefaciens culture can be stored at 4–10 °C for 2 
months.

 10. Some studies report infiltration of two true leaves; we found 
that this does not result in more efficient silencing.

 11. Although an empty TRV2 vector is often used as control  
in VIGS of N. benthamiana, we found that inoculation of  
N. tabacum with this construct often result in strong viral 
symptoms. In contrast, TRV::GFP or TRV::GUS induces rela-
tively mild viral symptoms in N. tabacum.

 12. The timing of the occurrence of HR may vary considerably 
between different combination of immune receptors and their 
corresponding ligands. For Ve1 and Ave1, HR is typically vis-
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Chapter 15

DIGE-ABPP by Click Chemistry: Pairwise Comparison 
of Serine Hydrolase Activities from the Apoplast  
of Infected Plants

Tram Ngoc Hong and Renier A.L. van der Hoorn

Abstract

Activity-based protein profiling (ABPP) is a targeted functional proteomics method that displays the active 
proteome by using small molecule probes that react covalently with the active sites of protein classes. 
Comparison of activity profiles from two different samples is not always easy, especially when using probes 
that generate too many signals. For accurate comparison of protein activities between two proteomes, we 
developed difference gel electrophoresis ABPP (DIGE-ABPP), which compares two fluorescently labeled 
proteomes in the same gel lane. This protocol describes the labeling of two proteomes with alkyne-labeled 
probes, followed by the coupling with two different fluorophores using “click chemistry,” the separation 
of mixed proteomes on protein gels, and the quantification and comparison of the activity profiles. We 
applied DIGE-ABPP to investigate differential serine hydrolases activities in the apoplast of Nicotiana 
benthamiana challenged with Pseudomonas syringae p.v. tomato DC3000.

Key words Activity-based protein profiling, ABPP, Click chemistry, Fluorophosphonate, FP probe, 
Serine hydrolase, Apoplast, Pseudomonas syringae, DC3000, Nicotiana benthamiana

1 Introduction

Activity-based protein profiling (ABPP) is an advanced, targeted 
functional proteomics method that displays the active proteome 
using small molecules that label the active site of proteins [1]. The 
classical ABPP method often involves a comparison between two 
or more proteomes in different protein gel lanes. However, differ-
ent gel lanes sometimes have different qualities, and dense profiles 
can make it difficult to distinguish signals with a minor difference 
in molecular weight or intensity. In this chapter, difference gel 
electrophoresis for ABPP (DIGE-ABPP) is described. This allows 
an accurate comparison of two activity profiles, by comparison 
within the same gel lane.

DIGE-ABPP contains a labeling reaction with minitagged activ-
ity-based probes, resulting in labeled proteins that carry minitags 
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(alkynes or azides) [2]. In the coupling reaction, these minitags are 
coupled to a fluorescent reporter using a “click chemistry” reaction 
[3]. Click chemistry generates a covalent bond between an alkyne 
and an azide, catalyzed by the presence of copper (II) ions and 
Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA).

In practice, the two proteomes are first separately labeled with 
the same alkyne-probe under the same labeling conditions 
(Fig. 1a). After labeling, each proteome is clicked to a different 
cyanine-azide fluorophore, such as the cyanide-azides Cy3N3 or 
Cy5N3. These fluorophores have similar structure with a minor 

Fig. 1 Procedure of DIGE-ABPP. (a) Two different proteomes are labeled with FP≡. Click chemistry is used to 
couple fluorescent reporters to the alkyne-tags, resulting in two proteomes labeled with different fluorophores. 
(b) Structures of used chemicals. The reactive fluorophosphonate (FP) group that reacts with active site serine 
residues is indicated in yellow. Minitags for click chemistry and the fluorophores are indicated in green and 
red/blue, respectively. (c) The proteomes are mixed and separated on protein gels. The different fluorophores 
are detected using two different excitation lasers and emission filters. The fluorescent signals are quantified 
from the scanned gel
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difference in molecular weight (575.19 Da versus 601.22 Da, 
respectively) (Fig. 1b) and non-overlapping spectral properties. 
Mixing of the two different labeled proteomes allows the labeled 
samples to undergo identical conditions of gel electrophoresis, but 
generate distinguishable profiles by scanning the fluorescence sig-
nals using different settings (Fig. 1c). In this experiment we use a 
fluorophosphonate probe carrying an alkyne minitag (FP≡) 
(Fig. 1b) and cyanide fluorophores carrying an azide minitag 
(CyN3, Lumiprobe). The same results can be achieved using the 
commercially available FP-azide (Thermo Scientific) and cyanine- 
alkyne (Lumiprobe).

The FP probe forms an irreversible covalent bond with the 
active site serine residue of serine hydrolases (SHs), which includes 
serine proteases, acyltransferases, lipases, and other esterases [4]. 
The catalytic serine is activated by a proton relay involving an acidic 
and a basic residue, usually aspartate and histidine. Plant genomes 
encode for over 200 SHs, and some SHs play important roles in 
metabolism, development, and immunity. Well-studied SHs in 
plant immunity include salicylic acid binding protein-2 (SABP2), 
enhanced disease susceptibility-1 (EDS1), pathogenesis-related 
protein-7 (PR7, a subtilase), and GDSL lipase-1 (GLIP1) [5–8]. 
We previously identified over 50 different SHs using ABPP from 
Arabidopsis proteomes [9], used ABPP to detect selective inhibi-
tion of plant SHs with agrochemicals [10], and identify SH pro-
teins from infected plants [9, 11]. Here, we describe how to detect 
differential SH activities in the apoplast of Nicotiana benthamiana 
upon infection with Pseudomonas syringae p.v. tomato DC3000 
(PtoDC3000), which triggers a non-host response because of its 
type-III effector hopQ1-1 [12].

2 Materials

 1. PtoDC3000 frozen stock stored at −80 °C.
 2. DMSO: dimethylsulfoxide (Sigma 41640).
 3. Rif 1,000×: Rifampicin 50 mg/mL (Sigma-Aldrich, R8883). 

In a 1.5 mL Eppendorf tube, measure 50 mg rifampicin and 
dissolve into 1 mL DMSO. Cover the tube with aluminum foil 
and store at −20 °C.

 4. NYG medium 1 L: 5 g/L of Bacto™ peptone (BD 211677), 
3 g/L of Bacto™ yeast extract (BD 28862), 20 g/L of glycerol 
(CarlRoth 3783). In a 1 L beaker, stir 5 g peptone and 3 g 
yeast extract in 0.5 L MilliQ water using a magnetic stirrer. 
Add 20 mL of glycerol into the mixture, remove the mixer, 
and fill up to 1 L with MilliQ water. Autoclave the medium at 
121 °C and 100 kPa for 15 min.

2.1 Preparation  
of Infected Plants

DIGE-ABPP 
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 5. Five-week-old Nicotiana benthamiana plants with some fully 
expanded leaves. Grow Nicotiana benthamiana in a growth 
chamber with 60 % relative humidity and 16:8 light:dark cycles at 
26 °C during the day and 22 ºC during the night. Reserve three 
plants for each treatment and use two leaves from each plant.

 6. Two 1 mL sterile syringes without needle.
 7. Ethanol (70 %) for sterilization.

 1. 800 mL Beaker and styrofoam lid: measure the size of beaker 
to cut the styrofoam, so that styrofoam lid fits tightly in the 
beaker, pressing against the wall.

 2. Custom-made centrifuge tube, designed based on [13]. The 
tube consists of two parts. The upper part has a perforated bot-
tom, which allows apoplastic fluid to be collected in the lower 
part by centrifugation.

 3. Vacuum desiccator with pump.
 4. Centrifuge with swing-out rotor for the custom-made centri-

fuge tubes (above).

 1. 10× PBS: Phosphate-buffered saline, 10.6 mM KH2PO4 
(Merck Millipore 1051080050), 1,552 mM NaCl (Merck 
Millipore 1064001000), 30 mM Na2HPO4 (Merck Millipore 
1065660500), pH 7.4. In a 1 L beaker mix 1.44 g KH2PO4, 
90.70 g NaCl and 4.26 g Na2HPO4. Add 800 mL water and 
dissolve using a magnetic stirrer. Then adjust to pH 7.4 using 
hydrochloric acid and make up to 1 L with MilliQ water. Filter 
sterilize the buffer using a 0.22 μm filter unit. Can be stored at 
room temperature (RT) indefinitely.

 2. 1× PBS: In a 1 L bottle, mix 100 mL of 10× PBS with 900 mL 
of MilliQ water. Invert the bottle several times. Store the solu-
tion at RT.

 3. DTT 1 mM: Dithiothreitol (Sigma 43815-1G). Dissolve 
154 mg DTT powder in 1 mL MilliQ water by vortexing. 
Aliquot into 100 μL into a 500 μL Eppendorf tube and store 
at −20 °C.

 4. FP alkyne 1 mM: The probe is dissolved in DMSO to a con-
centration of 1 mM and stored at −20 °C. Always open and 
handle the stocks at room temperature. This reduces the likeli-
hood of water getting into the stock due to condensation.

 1. Cold acetone: 99.9 % Acetone for HPLC (CarlRoth 7328.1). 
Store in a glass bottle at −20 °C until use.

 2. 10 % SDS: Sodium dodecyl sulfate (CarlRoth 23262). In a 
chemical hood, dissolve 10 g SDS in 80 mL MilliQ water at 
40 °C using a magnetic stirrer until the solution is clear. Then 
adjust the volume to 100 mL. The solution can be stored at RT.

2.2 Isolation of 
Apoplastic Fluid

2.3 Labeling of 
Apoplastic Fluid with 
FP-Alkyne Probe

2.4 Acetone 
Precipitation
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 3. PBS-SDS buffer: 1× PBS buffer containing 1 % SDS. Mix 
10 mL of 10× PBS with 10 mL of 10 % SDS and add MilliQ 
water up to 100 mL.

 1. Cyanine-azide: Cy3N3 and Cy5N3 (Lumiprobe 11030 and 
13030, resp.). Dissolve the powder in DMSO to a final con-
centration of 100 μM and store at −20 °C.

 2. 3.4 mM TBTA: Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]
amine 97 % (Sigma 678937). Dissolve 9 mg TBTA in 1 mL of 
DMSO/t-butanol 3:1. Add water up to 5 mL. Make 0.5 mL 
aliquots and store at −20 °C.

 3. 100 mM TCEP: Tris(2-carboxyethyl)phosphine hydrochlo-
ride (Sigma C4706). Dissolve 28.7 mg of powder in 0.5 mL 
water and bring the volume up to 1 mL by adding water. Store 
at −20 °C.

 4. 50 mM CuSO4 (Sigma C1297). Dissolve 7.98 mg powder in 
0.5 mL water and bring the volume up to 1 mL by adding 
water. Store at −20 °C.

 5. 6× GLB: Gel Loading Buffer pH 6.8. Mix 6.06 g Tris with 
400 mL water, adjust to pH 6.8 with concentrated HCl. Add 
to the mixture 3 mL glycerol, 1.4 g SDS, 0.93 g DTT (0.6 M 
final concentration) and 1.2 mg bromophenol blue. Heat the 
mixture at 65 °C until all SDS is dissolved. Bring the volume 
up to 10 mL by adding water. Store 0.5 mL aliquots at −20 °C.

 1. 1 M Tris pH 6.8: Tris-(hydroxymethyl)-aminomethane (Roth 
54293). In a 500 mL bottle, dissolve 60.57 g Tris in 400 mL 
MilliQ water. Adjust the pH to 6.8 with concentrated HCl. Fill 
with MilliQ water up to 500 mL. The solution can be stored at 
RT indefinitely.

 2. 1.5 M Tris pH 8.8. Dissolve 90.85 g Tris in 400 mL MilliQ 
water. Adjust the pH to 8.8 with concentrated HCl. Then 
transfer the solution to a 500 mL measuring cylinder and add 
water up to 500 mL. Transfer the solution to a 500 mL bottle 
and autoclave. The solution can be stored at RT indefinitely.

 3. 10 % APS: 400 mM Ammonium persulfate (NH4)2S2O8 (Sigma 
A3678). Add 1 g APS to a 15 mL tube and add MilliQ water 
up to 10 mL. Mix well until the chemical is completely dis-
solved. The solution can be stored at 4 °C for 1 week, or in 
aliquots at −20 ºC for longer periods.

 4. 30 % Acrylamide/Bis (Sigma A3574).
 5. 15 % Resolving gel: for one gel mix the following components 

in a clean glass beaker: 1.6 mL water, 1.75 mL 1.5 M Tris 
pH 8.8, 70 μL 10 % SDS, 70 μL 10 % APS, 3.5 mL 30 % 
Acrylamide/Bis solution, and finally 28 μL TEMED. Pour the 

2.5 Click Chemistry

2.6 Protein Gel 
Electrophoresis

DIGE-ABPP 
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gel between the gel plates and overlay the surface with 
Isopropanol. After 3 h, the resolving gel is polymerized. Pour 
off the Isopropanol and dry the gel surface with Whatman 
paper.

 6. 6 % Stacking gel: For one gel mix the following components in 
a glass beaker on ice: 2 mL water, 378 μL 1.0 M Tris pH 6.8, 
30 μL 10 % SDS, 30 μL 10 % APS, 6 mL 30 % Acrylamide/Bis 
solution, and finally 3 μL TEMED. Fill the gel cassette with 
stacking gel solution and add the comb. Incubate the gel at RT 
for 1 h. In case storage is needed wrap the cassette in wet tissue 
paper and store in a plastic bag at 4 °C for a few days.

 7. 10× SDS running buffer: 248 mM Tris, 2 M glycine, 35 mM 
SDS. In a 1 L bottle, mix 30 g Tris, 144 g glycine, and 10 g 
SDS with 800 mL water with a magnetic stirrer until all the 
components are dissolved. Fill the bottle up to 1 L with water 
and store the solution at RT.

 8. 1× SDS running buffer: 24.8 mM. In a 1 L bottle, mix 100 mL 
10× SDS running buffer with 900 mL MilliQ water.

3 Methods

 1. Streak out the PtoDC3000 on an LB medium plate containing 
50 μg/mL rifampicin. Incubate bacteria at 28 °C for 24 h. 
Prepare 10 mL of liquid NYG medium containing 50 μg/mL 
rifampicin in a 50 mL falcon tube. Use a sterile pipette tip or 
toothpick to inoculate with PtoDC3000. Incubate overnight 
at 28 °C with shaking at 200 rpm. Spin down the bacteria for 
5 min at 1,000 × g and discard the medium. Resuspend the 
bacteria in 1 mL sterile water by vortexing. Measure OD at 
600 nm. Dilute bacteria with water until OD600 = 1 (109 bacte-
ria/mL). Dilute bacterial stock to 106 bacteria/mL in two 
steps by adding 100 μL bacteria to 10 mL sterile water.

 2. Select three plants for each treatment, label them with “C” 
(control) or “I” (infected) and the date of infiltration. “C” 
plants are infiltrated with sterilized water, and “I” plants are 
infiltrated with bacteria.

 3. Start infiltrating the “C” plants. Use a 1 mL syringe for infiltra-
tion. Take in sterilized water and remove air bubbles (see Note 1). 
Infiltrate water into the abaxial (lower) face of the tobacco leaf. 
Do not wound the leaves too much (see Note 2).

 4. After finishing “C” plants, do the same for “I” plants using the 
bacterial culture.

 5. Use a color marker to label the infiltrated leaves. Decontaminate 
the working area with 70 % ethanol.

 6. Keep the plants in a growth chamber for 48 h.

3.1 Preparation  
of Infected Plants

Tram Ngoc Hong and Renier A.L. van der Hoorn
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This is a brief protocol based on Joosten [13].

 1. Label two 800 mL beakers with “C” and “I.”
 2. Place 300 mL ice in the beaker and add water up to 500 mL.
 3. Detach the infiltrated leaves and remove the petiole.
 4. Submerge the leaves into the prepared beaker containing ice 

water. Cover the leaves with styrofoam and press down to keep 
the leaves under water. Add 100 mL ice to the top.

 5. Place ice beaker into vacuum desiccator and apply vacuum for 
10 min. A sufficient pressure is about 60 mbar (hPa) or 46 Torr 
(mmHg). Release vacuum slowly to allow water to enter the 
leaves (see Note 3).

 6. Place the infiltrated leaves on paper towels, and quickly dry the 
surface with paper towels. Do not damage the leaves and pro-
ceed to the centrifugation step within 15 min.

 7. Label the centrifugation tubes with “C” and “I.” Stack the 
leaves, roll them up, and place them into the centrifugation 
tubes.

 8. Centrifugate for 15 min, 3,000 × g at 4 °C.
 9. Collect the apoplastic fluid from the bottom of the tube and 

keep on ice. A gram of Nicotiana benthamiana leaf should 
result in about 0.5 mL apoplastic fluid.

 10. Aliquot apoplastic fluids in Eppendorf tubes, and keep them 
on ice for not more than 8 h. Apoplast samples can be frozen 
with liquid nitrogen and stored at −80 °C for some months, 
but protein precipitation often occurs upon thawing.

 1. Mix 500 μL apoplastic fluid with 2.5 μL of 1 M DTT (5 mM 
final), vortex well for 30 s, spin down at full speed for 15 s. Use 
the supernatant for labeling (see Note 4).

 2. Label four 1.5 mL tubes with “CCy3,” “ICy3” (red ink) and 
“CCy5,” “ICy5” (blue ink). Add sample “C” to CCy3 and 
CCy5. Add sample “I” to the others. Add buffer and probe in 
the following amounts:

Stock Volume (μL) Final

1× PBS  20 0.1×

1 mM FP-alkyne   1 5 μM

Apoplastic fluid 179

Total 200

 3. Vortex well for 10 s, spin down at full speed 5 s. Rotate the 
samples for 1 h at RT.

3.2 Preparing 
Apoplastic 
Fluid Sample

3.3 Labeling of 
Apoplastic Fluid with 
FP-Alkyne Probe

DIGE-ABPP 
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 1. Add 1 mL of ice-cold 100 % acetone to each tube and vortex 
for 10 s (see Note 5).

 2. Immediately centrifuge all tubes at full speed for 2 min at RT.
 3. Discard the supernatant and use a narrow tip to remove most of 

the remaining solution without disturbing the protein pellet.
 4. Let the protein pellet dry for 10 min at RT in an open tube  

(see Note 6).
 5. Add 44 μL of PBS-SDS buffer to each tube. Close the cap and 

vortex protein at RT for 15 min to dissolve the pellet com-
pletely (see Note 7).

 6. When the protein is completely dissolved in PBS-SDS buffer, 
denature the protein by heating at 90 °C for 10 min (see Note 8).

 1. All chemicals are kept on ice. The samples are kept at RT.
 2. Perform click reaction by adding components in the order 

shown below. Vortex the sample for 5 s after adding each 
chemical. Cy3N3 is added into red ink tubes (CCy3 and ICy3). 
Cy5N3 is added into the others.

Stock Volume (μL) Final

Sample in PBS–SDS 
buffer

44.0

100 μM Cy3 (or Cy5) 2.5 5 μM

3.4 mM TBTA 1.5 100 μM

100 mM TCEP 1.0 2 mM

50 mM CuSO4 1.0 1 mM

Total 50.0

 3. Vortex the samples well for 15 s. Spin down at full speed for 
10 s. Rotate all samples in the dark (wrap in aluminum foil) at 
RT for 1 h (see Note 9).

 4. Perform acetone precipitation as described in Subheading 3.3 
(see Note 10). Dissolve the protein pellet in 50 μL 1× PBS 
buffer containing 1 % SDS. Add 10 μL of GLB to the solution. 
Samples are ready for separation in protein gels. The samples 
can be stored at −20 °C.

 1. Place a 15 % Bis–Tris gel in an electrophoresis unit (see Note 11). 
Fill both the inside and outside compartments with 1× SDS 
running buffer. Rinse the wells with SDS running buffer.

 2. Mix 5 μL of CCy3 with 5 μL ICy5 in a new tube, label it 
“Mix1.” Do the same for CCy5 and ICy3, labeled “Mix 2.”

 3. Use PageRuler protein ladder from Thermo Scientific as a 
molecular weight control (or a Spectra multicolor broad range 

3.4 Acetone 
Precipitation

3.5 Click Chemistry

3.6 Protein 
Electrophoresis

Tram Ngoc Hong and Renier A.L. van der Hoorn
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protein ladder). Load the samples with the following volumes 
and in the following order:

Lane 1 2 3 4 5 6 7

Sample PageRuler CCy3 Mix 1 ICy5 CCy5 Mix 2 ICy3

Volume (μL) 1 5 10 5 5 10 5

 4. Perform protein electrophoresis at 200 V for 1 h until the blue 
dye front almost runs out from the bottom of the gel.

 5. Remove the gel from the cassette and rinse gently under run-
ning tap water. Remove the blue dye area at the bottom of the 
gel. Keep the gel in a clean box containing water and immedi-
ately scan for fluorescence signals with the Typhoon Scanner.

 6. Set up Typhoon Scanner FLA 9000 for scanning fluorescence 
multiple channels (DIGE). Reader setting is fluorescence, first 
layer use Cy3 method (532 nm LPG) and second layer use 
Cy5 method (635 nm LPR). Set PMT at 900 V and pixel size 
is 10 μm (see Note 12).

 1. The details for the process can be checked in the manual of the 
ImageQuantTL (IQTL) version 8.1 (GE Healthcare) [14].

 2. By using multiple channels scanning setting with the typhoon 
scanner (step 6 of Subheading 3.6), the program creates a folder 
with overlay gel under .ds file, and two separate gels under .gel 
file. Open overlay .ds file with IQTL, show overlay mode for 
both channels by clicking “overlay” bottom in the main menu. 
Set layer 1 in red for Cy3 gel, and layer 2 in blue for Cy5 gel. 
The overlay image can be exported as a .bmp file (Fig. 2a).

 3. Select “edit mode” to create lanes, choose “automatic,” and 
then click “create.” The lanes can be adjusted with “edit mul-
tiple lanes” mode. Click “accept” when you have finished edit-
ing lanes. The background subtraction is optional. Under lane 
window, IQTL gives a line chart presenting counts against 
pixel position for each lane. Under measurement window, 
IQTL shows the band intensity value for each lane. Lane num-
ber four for Mix1 sample is quantified and presented in a line 
chart of the intensity against the apparent molecular weight 
(MW) (Fig. 2b).

4 Notes

 1. Avoid air bubbles in the syringe, so that only liquid is infil-
trated into the leaf. Pull the plunger to take in 2 mL of the 
liquid, turn the syringe with the opening up, flick the syringe 
to release the air bubbles and push out all the air slowly.

3.7 Create Multiplex 
Image and 
Quantification of 
Fluorescence Signal

DIGE-ABPP 
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 2. Wear gloves during infiltration. Hold the leaf with one hand, 
placing a finger behind the leaf at the injected site. Inject water 
or bacteria culture from the underside of the leaf.

 3. Check if all leaves are fully infiltrated with water, repeat the 
vacuum step if necessary.

 4. DTT is a reducing agent that prevents protein aggregation and 
it is necessary for some proteins to maintain activity and 
stability.

Fig. 2 DIGE-ABPP displays differential Ser hydrolase activities in the apoplast 
upon Pseudomonas infection. N. benthamiana plants were infiltrated with (I) and 
without (C) 106 PtoDC3000 bacteria/mL. Apoplastic fluids were harvested at 48 h 
post infiltration and labeled with FP-alkyne. Alkyne minitags were coupled to Cy3 
and Cy5 fluorophores using click chemistry and labeled proteins were separated 
on protein gels, separately or mixed pairwise. The gel was scanned for fluores-
cence with different lasers and filters and an overlay image was created using 
ImageQuant TL and Adobe Photoshop (a). The Mix1 lane was quantified using 
ImageQuant TL and the intensity plotted against the apparent molecular weight 
(MW) (b)

Tram Ngoc Hong and Renier A.L. van der Hoorn
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 5. The protein concentration in the apoplastic fluid is low. Protein 
precipitation increases the protein concentration and removes 
all unreacted probe and other chemicals from the solution.

 6. Drying acetone pellet longer than 10 min makes it difficult to 
dissolve the protein later.

 7. Run the tubes across an Eppendorf tube holder to mix vigor-
ously. If the protein pellet is not over dried, they dissolve easily 
in PBS-SDS buffer. If a pellet still remains after centrifugation, 
the protein will need another 15 min rotating in the buffer. If 
the protein is over-dried, try to solubilize the pellet as much as 
you can for up to 1 h, and then move on to click chemistry.

 8. Heating in the presence of 1 % SDS will expose the alkyne 
group of the FP probe for the click reaction.

 9. Cyanine fluorophores are sensitive to light. Cover the shaker 
with aluminum foil to protect the Cy3 and Cy5 fluorophores.

 10. Acetone precipitation is necessary to remove all the unbound 
Cy3-azide and Cy5-azide, which can cause smearing back-
ground signals in the fluorescence gel. Also, most copper ions 
will be removed in this step.

 11. 12 or 15 % protein gels are commonly used, depending on the 
size of the expected proteins. Apoplast proteomes show clear 
differentials on a 15 % protein gel.

 12. If the signal is saturated, the gel should be scanned at lower 
PMT voltage. You know the signal is saturated during scan-
ning when signals turn red in the scanning image.
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Chapter 16

A Simple and Fast Protocol for the Protein Complex 
Immunoprecipitation (Co-IP) of Effector: Host Protein 
Complexes

Jens Steinbrenner, Matthew Eldridge, Daniel F.A. Tomé,  
and Jim L. Beynon

Abstract

Plant pathogens are responsible for enormous damage in natural and cultured ecosystems. One strategy 
most pathogenic organisms follow is the secretion of effector proteins that manipulate the host immune 
system to suppress defense responses. There is considerable interest in finding host targets of pathogen 
effectors as this helps to shape our understanding of how those proteins work in planta. The presented 
protocol describes a protein complex immunoprecipitation method aimed at verifying protein–protein 
interactions derived from protein complementation assays like Yeast-two-Hybrid.

Key words Effector, Co-IP, Hyaloperonospora arabidopsidis, Oomycetes, Transient expression

1 Introduction

One major virulence strategy of phytopathogenic organisms is to 
deliver effector proteins into the plant cell that target and disable 
the host immune machinery and, therefore, enable successful colo-
nization. Some effectors bind to DNA and manipulate host tran-
scription [1, 2], whereas others interact with host proteins and may 
influence protein turnover, phosphorylation, dephosphorylation 
and exhibit transferase or ubiquitin ligase activities. The 
Pseudomonas syringae effector AvrPphB shows protease activity 
and cleaves the kinase PBS1 [3]. The endosome localized P. syrin-
gae effector HopM1 interacts with the Arabidopsis thaliana ade-
nosine diphosphate (ADP) ribosylation factor guanine nucleotide 
exchange factor Arf-GEF protein AtMin7/BEN1 leading to its 
ubiquitin-dependent degradation via the 26S proteasome, thereby 
impairing the defense secretory pathway in plants [4, 5]. The  
P. syringae effector HopZ1a exhibits an acetyltransferase activity 
and interacts with plant tubulin causing depolymerization of the 
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plant microtubule network which leads to the disruption of pro-
tein secretion [6]. The P. syringae effector AvrPtoB shows intrinsic 
E3 ligase activity and targets the Chitin Elicitor Receptor Kinase 1 
(CERK1) for degradation [7, 8].

In the case of oomycetes the Phytophthora infestans (P. infes-
tans) effector CRN8 shows in planta kinase activity but the target 
of this effector is unknown [9]. Other oomycete host protein tar-
gets have been reported, but the biochemical and molecular pro-
cesses underlying these interactions in promoting virulence are not 
understood. The P. infestans effector Avr3a interacts and stabilizes 
host U-box E3 ligase CMPG1 possibly to prevent host-induced 
cells death during the biotrophic phase of the pathogen [10]. The 
P. infestans effector AVRblb2 prevents secretion of the host papain- 
like cysteine protease C14 [11]. For Avr2 an interaction with BSL1 
(BSU Like 1) orthologs from the major hosts of P. infestans, tomato 
and potato, was shown by Protein Complex Immunoprecipitation 
(Co-IP) and Yeast-two-Hybrid (Y2H) analyses. This interaction is 
needed for R2-mediated recognition of Avr2 [12]. In a recent 
study, new host targets of effectors from the plant bacterial patho-
gen P. syringae and the oomycete Hyaloperonospora arabidopsidis 
(Hpa) were identified using a matrix-based yeast-two-hybrid assay 
[13]. This study showed that P. syringae and Hpa effectors con-
verged onto 18 shared targets and in total both effector classes tar-
geted 165 plant proteins. Although this plant pathogen interaction 
network gives new insights into the immune system of plants few of 
the interactions have been validated by independent secondary 
techniques such as Co-IP or Bimolecular Fluorescence 
Complementation (BiFC) [14]. Here, we describe a simple and 
effective protocol to validate experimentally proven and theoreti-
cally predicted protein–protein interactions from available datasets 
using the technique of Co-IP. As an example we prove the interac-
tion between the Hpa effector HaRxL14 and an armadillo repeat 
only 2 (Aro2) protein which was reported earlier in a Y2H assay 
[13]. Armadillo repeat only proteins are involved in cytoskeleton 
binding and cell polarity [15]. HaRxL14 was described recently to 
enhance susceptibility of P. syringae DC3000 [16], and the 
Arabidopsis thaliana (Arabidopsis) accession Columbia-0 overex-
pressing this effector is more susceptible to the Hpa isolates Noks1 
(Tome et al. this issue).

Since the development of the epitope tagging technology at the 
end of the 1980s the need to raise specific antibodies (AB) against 
an antigen is no longer a prerequisite for immunoprecipitation 
[17]. Good monoclonal antibodies are now available for many 
epitope tags. These include the human influenza Hemagglutinin 
(HA), tag derived from a virus surface glycoprotein [18], or the 
c-Myc tag, a polypeptide derived from the human oncogenic 
transcription factor c-Myc [19]. For a more detailed overview we 
refer the reader to the review on this topic by Brizzard [20]. 

1.1 Strategy

Jens Steinbrenner et al.
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Epitope tags can be placed anywhere in the protein of interest but 
are usually added to the N-terminus or C-terminus of the protein. 
Monoclonal antibodies that recognize the tags can then be used to 
purify tagged proteins from a cell lysate.

We use the pGWB and pEarleygate vector series for transient 
expression of epitope-tagged proteins in N. benthamiana [21, 22]. 
Other vectors containing full-length GFP or the C-terminal half of 
YFP can be used as well, since the C-terminal half of YFP is 
recognized by some GFP antibodies (see Note 1).

It is advisable to use several non-interacting control proteins. We 
use other effector proteins which show similar localization pattern 
as the effector of interest [23]. An example is shown for GFP 
fusions to the Hpa effectors HaRxL14 and HaRxL21. Both 
effectors show nuclear/cytoplasmic localization when transiently 
expressed in N. benthamiana (Fig. 1a).

It is also important to ensure that the effector and control pro-
teins are expressed to similar levels. We perform test infiltrations 
with increasing amounts of Agrobacterium tumefaciens cells har-
boring the tagged HaRxL-effector constructs, run samples on an 
SDS-PAGE gel, and perform a Western blot. An example is shown 
in Fig. 1b.

Finally, an IP should be performed without the Bait protein to 
rule out the possibility that the Prey protein binds nonspecifically 
to the antibody-coupled matrix or antibody-coupled magnetic 
beads (Fig. 1c).

2 Materials

 1. Primers:
AttB1_FWD: GGGGACAAGTTTGTACAAAAAAGCAGGCT
AttB2_REV: GGGGACCACTTTGTACAAGAAAGCTGGGT
M13_FWD: GTAAAACGACGGCCAGTC
M13_REV: AACAGCTATGACCATG

 2. KOD Hot Start Master Mix (Merck Biosciences Cat. No. 
71842-3).

 3. BP Clonase II (Invitrogen Cat. No. 11789020).
 4. pDONR™Zeo Vector (Invitrogen Cat. No. 12535035).
 5. Incubator at 37 °C.
 6. Shaking Incubator at 37 °C.
 7. One Shot® OmniMAX™ 2 T1 Phage-Resistant Cells 

(Invitrogen Cat. No. C8540-03).
 8. PCR tubes.

1.2 The Choice  
of Vector

1.3 Controls

2.1 Cloning of  
Target Genes

Co-IP of Effector: Host Protein Complexes
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Fig. 1 (a) GFP:HaRxL14 and GFP:HaRxL21 show nuclear/cytoplasmic distribution in N. benthamiana cells when 
transiently expressed. Blue channel: DAPI stain, Green channel: HaRxLRs, Magenta channel: Endoplasmatic 
Reticulum (ER) marker [24]. (b) Western blot of protein extracts of N. benthamiana leaves that were co- infiltrated 
with increasing amounts of Agrobacteria cells harboring plasmids coding for the effector HaRxL14 and the 
control effector HaRxL21. Proteins were extracted 36 h after infiltration. Effectors were fused C-terminally to 
the C-terminal half of YFP of the pBIFP4 vector (BIFC-Vector). Lane 1 non-infiltrated. Lane 2 final OD600 0.05 for 
each construct, lane 3 OD600 0.1 for each construct, lane 4 OD600 0.2 for each construct. Blot was probed with 
an anti-GFP antibody. Protein sizes on the left in kilo Daltons. (c) Western blot showing that HaRxL14:C-YFP 
does not bind nonspecifically to the μMACS HA magnetic beads. N. benthamiana leaves were infiltrated with 
Agrobacterium cells harboring plasmids coding for the effector HaRxL14:C-YFP or HA:Aro2 alone. Blots were 
probed with anti-HA and anti-GFP antibodies. HA:Aro2 binds to the μMACS HA magnetic beads and gets 
enriched whereas HaRxL14:C-YFP does not bind nonspecifically. Protein sizes on the left in kilo Daltons

Jens Steinbrenner et al.



199

 9. Thermal Cycler.
 10. QIAquick PCR Purification Kit (Qiagen, Cat. No. 28104).
 11. QIAquick Gel Extraction Kit (Qiagen, Cat. No. 28704).
 12. QIAprep Spin Miniprep Kit (Quiagen, Cat. No. 27104).
 13. Zeocin (Invitrogen Cat. No. R25001).
 14. SOC medium: Dissolve 20 g tryptone, 5 g yeast extract, 0.5 g 

NaCl, 2.5 mM KCl, 10 mM MgCl2 in 900 ml of water, and 
adjust pH to 7.00 with NaOH. Autoclave at 121 °C for 
15 min. After cooling the solution to room temperature add 
100 ml of 200 mM Glucose and sterilize the final solution by 
passing it through a 0.2 μm filter.

 15. Luria-Bertani (LB) low-salt medium: Dissolve 10 g Bacto 
Tryptone (Difco), 5 g yeast extract (Difco), 5 g NaCl in 1 L 
water, and adjust pH to 7.00 with NaOH. For plates add 15 g 
bacteriological agar (Sigma-Aldrich) per L before autoclaving. 
Autoclave at 121 °C for 15 min.

 16. Nanodrop (Thermo Scientific).
 17. 80 % (v/v) autoclaved glycerol.

 1. LR Clonase II (Invitrogen Cat. No. 11791020).
 2. Based on the selected cloning strategy, choose the appropriate 

destination vector (see Note 3).
 3. Luria-Bertani (LB) medium: Dissolve 10 g Bacto Tryptone 

(Difco), 5 g yeast extract (Difco), 10 g NaCl in 1 L water, and 
adjust pH to 7.00 with NaOH. For plates add 15 g bacterio-
logical agar (Sigma-Aldrich) per L before autoclaving. 
Autoclave at 121 °C for 15 min.

 1. Agrobacterium tumefaciens strain GV3101 or LB4404.
 2. Incubator at 28 °C.
 3. Shaking Incubator at 28 °C.
 4. Spectrophotometer.
 5. BD Falcon 50 ml conical tubes (Falcon).
 6. YEB medium: Dissolve 5 g beef extract (Sigma), 1 g yeast 

extract (Difco), 5 g peptone (Sigma), 5 g sucrose, and 2 mM 
MgCl2 in 1 L of water, and adjust the pH to 7.00 with NaOH. 
For plates add 15 g bacteriological agar (Sigma-Aldrich) per 
liter before autoclaving. Autoclave at 121 °C for 15 min.

 1. N. benthamiana plants grown at a 22/20 °C day/night tem-
perature cycle and 16-h light/8-h-dark cycle in a growth 
chamber or in the glass house for 4–5 weeks.

 2. Infiltration medium: 10 mM MgCl2, 10 mM MES pH 5.7, 
100 mM Acetosyringone (in DMSO Sigma Aldrich Cat. No. 
D134406).

2.2 Cloning into  
Destination Vector

2.3 Preparation of  
Agrobacterium  
Competent Cells

2.4 Transient Expres- 
sion in Nicotiana  
benthamiana

Co-IP of Effector: Host Protein Complexes
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 3. Large plant propagator (Stewart, 35 × 37 × 21 cm).
 4. 50 ml conical screw cap tubes (Falcon).

 1. Mortar and pestle.
 2. Lysis Buffer: 50 mM Tris/HCl pH 8.0, 150 mM NaCl, 10 % 

Glycerol, 0.1–1 % Triton X-100 or Igepal CA-630 (NP-40) 
(see Note 4).

 3. Protease inhibitor tablets: Roche complete ULTRA Tablets, 
Mini, EDTA-free (Roche Applied Science Cat. No. 
05892791001) (1 tablet/10 ml).

 4. 1.5 ml and 2 ml reaction tubes (Eppendorf).
 5. 100 % Acetone (−20 °C).
 6. μMACS HA Isolation Kit for 40 isolations (Miltenyi Biotec 

Cat. No. 130-091-122), μMACS GFP Isolation Kit (Miltenyi 
Biotec Cat. No. 130-091-125), or μMACS Myc Isolation Kit 
(Miltenyi Biotec Cat. No. 130-091-123).

 7. μMACS Separator (Miltenyi Biotec Cat. No. 130-042-602).
 8. μ Columns (Miltenyi Biotec Cat. No. 130-042-701).
 9. MACS MultiStand (Miltenyi Biotec Cat. No. 130-042-303).

3 Methods

For a successful Gateway® reaction, recombination sites (AttB1 
and AttB2) have to be introduced on both sides on the target 
sequence of interest (see Note 2). We add these sites to our PCR 
primer pairs. The strategy here is to fuse only AttB1/2 mini-sites 
to the primer to keep the primer costs low. In a two-step PCR the 
full-length AttB1/2 recombination sites are then added.

 1. Design gene-specific primers of 20–24 bp starting from the 
ATG start codon. If possible, the 3′-end of the primer should 
end with a G or C. For N-terminal fusion constructs the ATG 
start codon can be omitted and the recombination mini-site 
(AttB1 AAAAAGCAGGCTCC) is fused to the gene-specific 
primer. This results in a sequence: 5′-AAAAAGCAGGCTCC 
NNNNNNNNNNNNNNNNNNNN-3′ (N is the gene- 
specific sequence and the underlined bases are added to keep 
the construct in frame with the fusion construct).

 2. For C-terminal fusion to the target sequence or for untagged 
constructs the ATG is maintained and a plant-specific Kozak 
sequence CCACC is added [25]. The resulting primer is then:
5′-AAAAAGCAGGCTCCACCATGNNNNNNNNNN 

NNNNNNNNNN-3′.

2.5 Protein Complex 
Immunoprecipitation

3.1 Primer Design

3.1.1 Forward Primer 
Design

Jens Steinbrenner et al.
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 1. In keeping with the forward primer design we choose a 
 gene-specific primer sequence around 20–24 bp in length. For 
C-terminal fusion constructs we omit the STOP codon, for 
N-terminal fusion constructs the STOP codon is maintained. 
Note that an additional base needs to be included (underlined) 
for C-terminal fusion constructs; otherwise, a frame shift will 
be introduced. The resulting primer is then: 5′-AGAAAGCTG
GGTCNNNNNNNNNNNNNNNNNNNNN-3′ (N reverse 
complement sequence of the gene of interest).

In a two-step PCR the target sequence is initially amplified using 
the gene-specific primers with added AttB1/2 mini-sites. In the 
second step the full-length AttB1 and AttB2 primers are used to 
introduce the full AttB1/2-sites to the construct.

 1. For a 20 μl PCR pipet the following components:
10 μl of KOD Hot Start Master Mix (Merck Biosciences).
0.6 μl of 10 μM gene-specific forward primer containing AttB1 

mini-sites (final concentration 300 nM).
0.6 μl of 10 μM gene-specific reverse primer containing AttB2 

mini-sites (final concentration 300 nM).
1 μl of template cDNA (50–500 ng/μl).
7.8 μl of sterile autoclaved water.

 2. Mix reaction well and spin down in a bench-top centrifuge.
Run the PCR using the following conditions:
95 °C for 2 min.
10 cycles: 95 °C for 30 s (Denaturation step).
55 °C for 45 s (Primer annealing step, temperature should be 

determined experimentally).
70 °C for 20 s/kb (Elongation step).
Final elongation step at 70 °C for 2–5 min.
Hold at 10 °C.
Remove unbound primers from reaction by using a QIAquick 

PCR Purification Kit and elute with 30 μl Elution Buffer 
(EB). Pipet EB directly onto the columns and incubate for 
5 min to increase elution efficiency.

 3. For the second PCR step using the full-length AttB1_FWD 
and AttB2_REV primer set up a 40 μl PCR reaction with fol-
lowing components:

20 μl of KOD Hot Start Master Mix (Merck Biosciences).
1.2 μl of 10 μM AttB1_FWD primer (final concentration 

300 nM).
1.2 μl of 10 μM AttB2_REV (final concentration 300 nM).

3.1.2 Reverse  
Primer Design

3.1.3 Two-Step PCR  
and Cloning into  
pDONR™ Vector

Co-IP of Effector: Host Protein Complexes
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4 μl of purified PCR product from step 3.
13.6 μl of sterile autoclaved water.

 4. Mix reaction well and spin down in a bench-top centrifuge.
Run PCR using the following conditions:

95 °C for 2 min.
20 cycles: 95 °C for 30 s.
55 °C for 45 s.
70 °C for 20 s/kb.
Final elongation step at 70 °C for 2–5 min.
Hold at 10 °C.

 5. Separate the PCR product on a TAE (Tris–acetate–EDTA) 
agarose gel and excise the appropriate band with a scalpel by 
placing it close to a UV light source. Be as quick as possible as 
long exposure to UV light damages DNA.

 6. Extract DNA from gel slice using a QIAquick Gel Extraction 
Kit according to the manufacturer’s instructions. Pipet 
20–30 μl EB directly onto the columns and incubate for 5 min 
to increase elution efficiency.

 7. Determine the DNA concentration by separating 1–2 μl on a 
TAE agarose gel and compare it to a DNA ladder or use a 
Nanodrop to determine DNA concentration.

 1. Perform BP reaction according to manufacturer’s instructions. 
We use the pDONR™Zeo Vector since none of the Gateway® 
Destination vectors harbors the Zeocin resistance cassette and 
therefore no linearization of the pDONR vector is necessary 
before the LR reaction. Incubate the reaction at least for 1 h at 
25 °C, preferentially overnight.

 2. Add 1 μl of the Proteinase K solution to each sample to stop 
the reaction. Vortex briefly. Incubate samples at 37 °C for 
10 min.

 3. Pipet 2 μl of BP reaction into 10 μl of One Shot® OmniMAX™ 
2 T1 Phage-Resistant Cells.

Phage-Resistant Cells and perform transformation accord-
ing to manufacturer’s instructions.

 4. Plate 20 μl and the rest of each transformation onto low-salt 
LB plates containing 25 μg/ml Zeocin.

 5. Seal plates and incubate at 37 °C overnight.
 6. Incubate one colony into 5 ml of low-salt LB medium contain-

ing 25 μg/ml Zeocin. Do this for at least three colonies and 
grow in a shaking incubator at 37 °C at 220 rpm overnight.

3.2 BP and LR 
Reactions

Jens Steinbrenner et al.
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 7. Prepare archival stocks by mixing 500 μl of bacterial culture 
with 500 μl 80 % (v/v) autoclaved glycerol in 2 ml reaction 
tubes. Mix well by vortexing and store at −80 °C.

 8. Use the remainder of the liquid culture to isolate plasmids 
using QIAprep Spin Miniprep Kit according to manufacturer’s 
instructions.

 9. Determine the DNA concentration using the nanodrop.
 10. Sequence plasmids using M13_FWD and M13_REV primers.

LR Reaction

 1. Choose an appropriate Gateway destination vector (see Note 3) 
and the pDONR™ vector harboring the gene of interest.

 2. Perform LR reaction according to manufacturer’s instructions. 
Incubate the reaction at least for 1 h at 25 °C, preferentially 
overnight.

 3. Add 1 μl of the Proteinase K solution to each sample to stop 
the reaction. Vortex briefly. Incubate samples at 37 °C for 
10 min.

 4. Pipet 2 μl of LR reaction into 10 μl of One Shot® OmniMAX™ 
2 T1 Phage-Resistant Cells.

Phage-Resistant Cells and perform transformation accord-
ing to manufacturer’s instructions.

 5. Plate 20 μl and the rest of each transformation onto LB plates 
containing the appropriate antibiotic.

 6. Seal plates and incubate at 37 °C overnight.
 7. Incubate one colony into 5 ml of LB medium containing the 

appropriate antibiotic. Do this for at least three colonies and 
grow in a shaking incubator at 37 °C at 220 rpm overnight.

 8. Prepare archival stocks by mixing 500 μl of bacterial culture 
with 500 μl 80 % (w/v) autoclaved glycerol in 2 ml reaction 
tubes. Mix well by vortexing and store at −80 °C.

 9. Use the remainder of the liquid culture to isolate plasmids 
using a QIAprep Spin Miniprep Kit according to manufactur-
er’s instructions.

 10. Sequence plasmids using vector-specific primers to ensure that 
the constructs are correct and the epitope tag is in frame.

The preparation of competent Agrobacterium cells and the 
transformation procedure were adapted from [26].

 1. Streak Agrobacterium strain on YEB Agar plates containing 
appropriate antibiotics and grow at 28 °C for 48 h.

 2. Pick a single colony and inoculate 10 ml of YEB broth contain-
ing appropriate antibiotics. Grow bacteria at 28 °C in a shaking 
incubator at 220 rpm overnight.

3.3 Preparation of  
Agobacterium  
Competent Cells

Co-IP of Effector: Host Protein Complexes
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 3. Inoculate 200 ml of YEB broth containing appropriate antibi-
otics with the 10 ml overnight culture. Incubate flasks in 
orbital shaker for 2–6 h at 28 °C and 220 rpm till the culture 
reaches an OD600 of 0.6–0.8.

 4. Chill the flask immediately on ice for 10 min and shake occa-
sionally. Centrifuge cells for 20 min at 2,500 × g at 4 °C.

 5. Resuspend pellet in 50 ml ice cold TE-Buffer (10 mM Tris/
HCl, 1 mM EDTA pH 8.0).

 6. Centrifuge cells for 20 min at 2,500 × g at 4 °C.
 7. Resuspend pellet in 20 ml ice cold TE-Buffer (10 mM Tris/

HCl, 1 mM EDTA pH 8.0).
 8. Centrifuge cells for 20 min at 2,500 × g at 4 °C.
 9. Resuspend cells in 10 ml ice cold YEB medium and aliquot 

100 μl in pre-cooled 1.5 ml reaction tubes. Snap freeze cells in 
liquid nitrogen. Larger volumes can be aliquoted if multiple 
transformations are planned at the same time.

 10. Store cells at −80 °C (cells should be used within 6 months).

 1. Thaw cells on ice.
 2. Add 3–5 μg of plasmid DNA and mix cells by flicking the tube. 

In parallel prepare a control reaction by adding sterile water 
instead of DNA.

 3. Incubate cells for 5 min on ice.
 4. Snap freeze cells for 5 min in liquid nitrogen using a polysty-

rene float.
 5. Heat shock cells at 37 °C for 5 min.
 6. Chill cells for 2 min on ice and add 900 μl of YEB medium.
 7. Incubate cells for 2–4 h at 28 °C on a shaker at 900 rpm.
 8. Pellet cells by centrifugation in a bench-top centrifuge for 30 s 

and remove 900 μl of supernatant.
 9. Resuspend the cells in the remaining liquid and plate 10 μl and 

the rest on YEB agar plates containing the appropriate 
antibiotics.

 10. Grow plates for 48 h at 28 °C in an incubator. Colonies should 
have a diameter of around 1 mm. On the control plate no col-
onies should have grown.

 11. Three to five colonies per construct should be streaked onto a 
new YEB agar plate containing the appropriate antibiotics.

 12. Grow Agrobacteria for 24–48 h at 28 °C in an incubator.
 13. Pick a small amount of Agrobacteria cells (no more than can fit 

in the very end of a standard 200 μl pipette tip) and resuspend 
in 100 μl of sterile water in a PCR tube.

3.4 Agrobacterium 
Transformation

Jens Steinbrenner et al.



205

 14. Heat the resuspended cells for 5–10 min at 95 °C in a thermal 
cycler.

 15. Spin cells >15,000 × g in a microfuge to pellet debris and 
unlysed cells.

 16. Use 1 μl of this in a 20 μl PCR with primers specific for the 
destination vector.

 17. Run the PCR product on a TAE agarose gel and check for the 
expected size of the PCR product.

 18. Grow clones that contain the right insert size at 28 °C in a 
shaking incubator in 5 ml liquid YEB medium containing the 
appropriate antibiotics at 220 rpm for 24 h.

 19. Prepare archival stocks by mixing 500 μl of bacterial culture 
with 500 μl 80 % (w/v) autoclaved glycerol in 2 ml reaction 
tubes. Mix well by vortexing and store at −80 °C.

This Agrobacterium transient expression protocol was adapted 
from [27, 28].

 1. Grow N. benthamiana at a 22/20 °C day/night temperature 
cycle and 16-h light/8-h-dark cycle in a growth chamber or in 
the glass house. We generally infiltrate 4- to5-week-old plants 
that have six fully expanded leaves and that have not started to 
flower (Fig. 2).

 2. Streak the untransformed Agrobacteria and the Agrobacteria 
harboring the constructs for bait, prey, and prey control from 
archival stocks on YEB agar plates containing appropriate 

3.5 Transient 
Expression in 
Nicotiana 
benthamiana

Fig. 2 Five-week-old N. benthamiana plant. Arrows indicate the leaves that 
should be infiltrated

Co-IP of Effector: Host Protein Complexes
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 antibiotics and grow them for 48 h at 28 °C in a plate incuba-
tor. Additionally, we grow Agrobacteria harboring a construct 
encoding the p19 protein of the tomato bushy stunt virus 
[29]. This is a silencing suppressor which improves the levels 
of transgene expression.

 3. Inoculate one colony in 5 ml of YEB broth containing appro-
priate antibiotics and grow overnight in 50 ml conical screw 
cap tubes until stationary phase is reached. (OD600 should be 
between 2.5 and 3).

 4. Spin 50 ml conical tubes for 20 min at 2,500 × g at 20 °C and 
resuspend each pellet in 10 ml of infiltration medium without 
Acetosyringone.

 5. Spin cells again for 20 min at 2,500 × g and resuspend each 
 pellet in 10 ml infiltration medium containing 100 μM 
Acetosyringone.

 6. Adjust OD600 to 0.6 for Agrobacteria harboring constructs and 
no constructs with infiltration medium containing 100 μM 
Acetosyringone. The p19 carrying Agrobacteria are adjusted 
to OD600 0.9.

 7. Mix 3 ml of each strain 1:1:1 in the following 
combinations(Table 1):

Incubate for 2–4 h in the dark. The final OD600 for each of 
the Agrobacteria harboring the epitope-tagged constructs is 
0.2 and the p19 anti-silencing strain is at OD600 0.3. In paral-
lel, place N. benthamiana plants in a plant propagator (Stewart, 
35 × 37 × 21 cm) for 1–2 h under light to allow the stomata to 
open, which will greatly facilitate the infiltration.

 8. Infiltrate the different construct combinations into the leaves 
as shown in Fig. 2. Using a 1 ml needleless syringe gently infil-
trate the Agrobacterium suspension from the lower side of the 
leaf through the stomatal openings and support the syringe 
with a fingertip from the other side. Infiltrate the whole leaf. 
Use two leaves per construct on different plants.

 9. Leave the plants for 36–48 h in the glasshouse or growth 
room.

Table 1  
Example of required combinations of Agrobacteria harbouring constructs 
encoding for bait and prey proteins

1 Bait Prey p19

2 Bait Prey_Control p19

3 Empty Agrobacteria Prey p19

4 Bait Empty Agrobacteria p19

Jens Steinbrenner et al.
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 1. Chill mortar and pestle on ice.
 2. Add one protease inhibitor tablet to 10 ml lysis buffer and mix 

on shaker until completely dissolved. Approximately 5 ml of 
Lysis Buffer is needed for each leaf.

 3. Harvest the two infiltrated N. benthamiana leaves used for 
each combination and determine the fresh weight. Roll one 
leaf and place it in a 15 ml conical tube and snap freeze it in 
liquid nitrogen. Store this sample at −80 °C as backup.

 4. Place the remaining leaf in a mortar on ice.
 5. Add 3 ml of lysis buffer per gram of plant material and homog-

enize using a mortar and pestle on ice.
 6. Transfer 2 ml of the homogenate to a 2 ml reaction tube and 

store on ice.
 7. Repeat steps 3–5 for all construct combinations.
 8. Spin all samples at 10,000 × g for 10 min at 4 °C using a bench-

top centrifuge.
 9. Transfer 1.1 ml of the supernatant into a new pre-cooled 2 ml 

reaction tube.
 10. Precipitate part of the lysate by pipetting 100 μl of the super-

natant into 900 μl of cold (−20 °C) acetone in a new 2 ml 
reaction tube. A precipitate might be observed immediately. 
Store the samples for at least 1 h at −20 °C. This will be your 
IP-input sample.

 11. Mix 50 μl of μMACS Anti-tag MicroBeads to 1 ml of lysate 
and mix by inverting the tube, avoid foaming. Incubate tubes 
for 30–60 min on ice.

 12. Place four μColumns in the μMACS Separator and equilibrate 
columns by applying 200 μl of lysis buffer onto the column.

 13. Apply 333 μl of the lysate containing the μMACS Anti-tag 
MicroBeads and let the lysate run through. Repeat this step 
three times until no sample is left. Avoid the formation of bub-
bles. Run all samples in parallel.

 14. Wash the columns with 400 μl of lysis buffer.
 15. Prepare 80 μl of Elution Buffer (SDS-Sample Buffer) for each 

column and incubate at 95 °C.
 16. Wash the columns with 300 μl of lysis buffer.
 17. Wash the columns twice with 200 μl of lysis buffer.
 18. Finally wash the columns with 100 μl of 20 mM Tris–HCl 

(pH 7.5).
 19. Apply 20 μl of preheated elution buffer onto each column and 

incubate for 5 min. We remove any droplets formed at the 
nozzle of the column.

 20. Add 50 μl of Elution Buffer and collect flow through into a 
1.5 ml reaction tube.

3.6 Protein Complex 
Immunoprecipitation 
(Co-IP)

Co-IP of Effector: Host Protein Complexes
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 21. Store the eluted samples on ice.
 22. Take the IP-Input samples from the −20 °C freezer and spin in 

a bench-top centrifuge at 21,000 × g for 30 min at 4 °C.
 23. Remove the supernatant and dry the pellets.
 24. Add 100 μl of SDS-Sample Buffer to each tube and heat at 

95 °C for 5 min.
 25. Load 5 μl of each IP-Input sample and 5 μl of the eluted 

samples on two SDS-PAGE gels in duplicate and perform 
Western blot using antibodies against the epitope tags that 
were used (see Note 5). An example result is shown in Fig. 3. 
For SDS-PAGE preparation and protein transfer follow the 
protocol of [30].

4 Notes

 1. The anti-GFP-HRP antibody (Miltenyi Biotec, Cat. No. 130-
091-833) or the monoclonal anti-GFP antibody (Roche 
Applied Science Cat. No. 11814460001) recognizes the 
C-terminal half of the YFP protein. When BiFC constructs for 
the genes of interest are already available the vectors for the 
C-terminal half of the YFP protein can be used for transient 
expression in N. benthamiana and Co-IP.

Fig. 3 HaRxL14:C-YFP forms a complex with HA:Aro2 in N. benthamiana, but the 
negative control HaRxL21:C-YFP does not. HaRxL14:C-YFP or HaRxL21:C-YFP 
and Ha:Aro2 were transiently co-expressed in N. benthamiana and immunopre-
cipitated (IP) using μMACS HA magnetic beads. Input and IP samples were 
detected by Western blot using anti-HA and anti-GFP antibodies. Protein sizes on 
the left in kilo Daltons. Asterisk indicates an unspecific band

Jens Steinbrenner et al.
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 2. In this section we will guide you through the process of  
cloning a cDNA into Gateway® pDONR™ vectors, which will 
then allow subsequent recombination into a wide range of  
destination vectors for the purpose of epitope tagging or 
observations of effector and target localization using fluores-
cence microscopy. We advise the reader to read additional lit-
erature about Gateway® cloning on the Invitrogen website 
(http://www.Invitrogen.com). cDNA clones from Arabidopsis 
gene transcripts can be obtained from the Arabidopsis 
Biological Resource Center (https://abrc.osu.edu) or from the 
TAIR website (http://www.arabidopsis.org). Hpa effector 
clones can be sourced from our laboratory. P. syringae effector 
clones can be cloned from isolated genomic DNA.

 3. Since Gateway® cloning facilitates high-throughput cloning of 
target sequences, a wide choice of Gateway compatible expres-
sion vectors is available for a multitude of model organisms 
ranging from Caenorhabditis elegans to zebrafish [31, 32]. For 
plants Gateway® compatible binary vectors are available that 
allow Agrobacterium-mediated plant transformation for tran-
sient expression in Nicotiana benthiamiana, Nicotiana taba-
cum and the stable transformation of monocots and dicots 
[22, 33, 34] http://www.psb.ugent.be/gateway/.

 4. A prerequisite for a successful Co-IP is to maintain the inter-
acting proteins in their native conformation, which depends on 
an appropriate lysis buffer that maintains a slightly alkaline pH 
(7.4–8), inhibits protease activity, releases proteins from their 
compartments or membranes, and prevents unspecific ionic 
interactions. Widely used IP lysis buffers contain Tris/HCl 
buffer to maintain the pH. Non-ionic detergents such as Triton 
X-100 or Igepal CA-630 (formerly known as NP-40) in a 
range of 0.1–1 % are used to lyse organelles and release protein 
complexes from membranes. When extracting soluble, cyto-
plasmic protein complexes, detergent-free buffers can be used 
as mechanical disruption is sufficient. Low-salt extraction buf-
fers with no or low concentrations (25–50 mM) of NaCl are 
used when weak interactions are expected. In standard buffers 
a NaCl concentration of 150 mM is used. Commercially avail-
able protease inhibitor cocktails are added to inhibit proteases 
released from organelles during the lysis process.

 5. We use the antibodies at the following dilutions:
Anti-GFP-HRP antibody (PBS 0.1 % Tween20, 1 % BSA) 

Dilution 1:5,000 (Miltenyi Biotech).
Anti-HA antibody (TBS 0.1 % Tween20, 1 % BSA) Dilution 

1:2,000 (Roche Applied Science).
Anti-Myc-HRP antibody (PBS 0.1 % Tween20, 1 % BSA) 

Dilution 1:7,500 (Miltenyi Biotech).

Co-IP of Effector: Host Protein Complexes
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Chapter 17

An Arabidopsis and Tomato Mesophyll Protoplast  
System for Fast Identification of Early MAMP-Triggered 
Immunity- Suppressing Effectors

Malou Fraiture, Xiangzi Zheng, and Frédéric Brunner

Abstract

Transient expression in plant mesophyll protoplasts allows rapid characterisation of gene functions in vivo 
in a simplified and synchronized manner without bias due to the use of bacteria-based gene or protein 
delivery systems. It offers the possibility to test whether microbial effectors can subvert early events of 
plant immune signaling that are activated upon recognition of Microbe-Associated Molecular Patterns 
(MAMPs), the so-called MAMP-triggered immunity (MTI). Here, we describe the isolation and transfec-
tion with effector genes of Arabidopsis thaliana and Solanum lycopersicum mesophyll protoplasts, the use 
of a non-invasive luciferase reporter assay and a simple method to detect activated Mitogen-Activated 
Protein Kinases (MAPKs) to identify and study, in a medium-throughput manner, new effectors suppressing 
early signal transduction events of MTI.

Key words Arabidopsis thaliana, Solanum lycopersicum, Tomato, Mesophyll protoplast, Transient 
expression, Reporter assay, MAPK, MTI suppression, Effector

1 Introduction

Plants are constantly exposed to a multitude of pathogenic 
 microorganisms, including bacteria, fungi and oomycetes. Many 
microbes that successfully invade plant tissue deploy an arsenal of 
effector proteins that they introduce into host cells to manipulate 
cellular activities to their benefit. A function of many effectors is 
the inhibition of the immune response that is initiated upon detec-
tion of invariant microbial structures, named Microbe-Associated 
Molecular Patterns (MAMPs), by corresponding Pattern- 
Recognition Receptors (PRRs) localized on the plant cell surface 
[1]. A prominent example for interference with MAMP-triggered 
immunity (MTI) is the blocking of signal transduction at the FLS2 
receptor complex upon binding of bacterial flagellin by the 
Pseudomonas syringae effector AvrPto [2–6]. Analysis of effector 



214

function in planta is often performed upon protein delivery by  
the bacterial type III secretion system or gene transfer using 
Agrobacterium T-DNA. These techniques suffer experimental lim-
itations, especially when the aim is to study the influence of effec-
tors on early events recruiting Mitogen-Activated Protein Kinase 
(MAPK) cascades in MAMP-triggered immune responses. 
Transient expression of effectors in protoplasts offers a valuable 
alternative for studying their effect on MTI signaling, as the system 
does not require the use of microorganisms for effector delivery. 
Moreover, it permits the generation of highly synchronized 
responses and allows epistatic analysis. The Sheen laboratory exten-
sively described the method of Arabidopsis protoplast isolation and 
transfection and made a major contribution to the development of 
protoplast-based reporter assays, monitoring signaling pathways  
of both inherent and adaptive processes that regulate growth, 
development and responses to external stimuli [7–9]. The meth-
ods and techniques in Arabidopsis protoplasts were also transferred 
to other plant species such as tomato; a demanding task usually 
requiring a specific experimental set-up [10].

Here, we describe how we have modified the existing proto-
cols in Arabidopsis and tomato and adjusted them for use in a 
medium-throughput screen for MTI-suppressing functions of 
effectors from both prokaryotic and eukaryotic microorganisms. 
To set up this screen, candidate effector genes from the pathogen 
of interest are cloned without their signal peptide sequence into a 
plant vector harboring a CaMW 35S promoter for constitutive 
expression (p35S-effector). Most suitable are non-binary Gateway- 
based vectors as they permit rapid cloning by recombination and 
guarantee high protoplast transfection efficiency due to their small 
size. Effector plasmids are co-transfected into protoplasts with a 
pFRK1-Luc construct in which the firefly luciferase gene (Luc) is 
controlled by the MAMP-inducible promoter of Arabidopsis FRK1 
[5, 11]. This reporter construct is functional in both the Arabidopsis 
and the tomato protoplast system. Transfected protoplasts are then 
challenged with a genuine MAMP, such as flg22, a 22 amino acid 
immunogenic peptide derived from flagellin [3], and measurement 
of Luc activity serves as a read-out for the initiation of early MTI. 
The absence or significant inhibition of Luc activity induction 
compared to a Green Fluorescent Protein (GFP) control indicates 
that an effector acts as a suppressor of early immune signaling.  
A β-glucuronidase (GUS) activity assay, reflecting the constitutive 
expression of concomitantly transfected pUBQ10-GUS [5], allows 
the normalization of Luc activity and serves as an indicator for suc-
cessful transfection. With our experimental set-up, 15 effectors can 
be tested simultaneously within less than 24 h. A significant 
improvement to measuring reporter gene activity is that we pro-
pose a non-invasive approach to monitor Luc activity in situ instead 
of collecting lysate from frozen cells. This method permits the 
recording of Luc activity kinetics over several hours. Figure 1 
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shows representative results of pFRK1-Luc activity upon flg22 
treatment in the presence of either a putative early MTI-suppressing 
effector or an effector having no influence on reporter gene induc-
tion in both Arabidopsis and tomato protoplasts.

When an early MTI-suppressor is identified, the next step 
toward its functional characterisation is to investigate whether it 
blocks MAPK signaling triggered upon MAMP recognition either 
by acting upstream of the MAPK cascade or by directly targeting 
it. We describe an immunoblotting assay with Arabidopsis and 
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Fig. 1 Reporter assay to investigate the role of effectors in MTI inhibition. (a, b) Time-course Luc activity assay 
in Arabidopsis (a) and tomato (b) protoplasts. In these four independent representative experiments, effectors 
named 1–4 were tested for their ability to suppress the flg22-mediated expression of Luc under the control of 
the FRK1 promoter. Protoplasts were co-transfected with pFRK1-Luc, pUBQ10-GUS and p35S-effector or 
p35S- GFP (GFP control) plasmids and incubated for 6 to 12 h. Cells were then challenged with flg22 or left 
untreated and Luc activity was monitored every 2 h for 8 h. Error bars represent SD from three technical rep-
licates. rlu; relative light units. Effectors 1 and 3 strongly block Luc activity indicating that they function as 
suppressors of MTI. Effectors 2 and 4 have no influence on Luc activity induction, as the kinetics is similar to 
the GFP control. (c, d) Normalized Luc activity assay. The graphs depict the mean from three independent 
experiments 6 h after flg22 challenge in Arabidopsis (c) and 4 h after flg22 challenge in tomato (d) protoplasts 
expressing effector genes or GFP. Results are represented as ratio between the flg22-treated and non-treated 
sample and are normalized to the corresponding data sets from the GUS activity assay (Luc/GUS). Error bars 
show SEM. Statistical analysis was performed with the non-parametric Mann–Whitney test comparing effector 
gene- expressing samples to the GFP control. Data sets with p < 0.05 are marked by an asterisk. This repre-
sentation of the reporter assay data highlights the strong and reproducible suppressing effects of effectors  
1 and 3 in Arabidopsis and tomato, respectively

Fast Identification of Early MTI-Suppressing Effectors 
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tomato protoplasts using an anti-p44/42 MAPK antibody to visu-
alize activated phosphorylated MAPKs upon MAMP challenge. 
This assay is easier and faster than a previously described in vitro 
kinase assay requiring immunoprecipitation of MAPKs and the use 
of radio-labeled (γ-32P) ATP [7]. Figure 2 depicts representative 
immunoblots from both Arabidopsis and tomato protoplasts, 
showing the phosphorylation of MAPKs in GFP-expressing sam-
ples and, in comparison, a total inhibition of MAPK activation in 
the presence of an early MTI-suppressing effector.

It is important to note that the protoplast system presents some 
drawbacks. When effector genes are overexpressed, cells may collapse 
or ectopic effects may block Luc activity in a non-specific way. When 
a candidate effector displays pFRK1-Luc suppression, it is important 
to verify inhibition of endogenous FRK1 up- regulation and other 
MAMP-induced genes by quantitative real- time PCR (qRT-PCR) to 
be sure that the immune signaling pathway is specifically targeted 
[7]. It is also worth noting that the protoplast system is not suitable 
for measuring all typical immune responses; for instance, cell wall-
associated defense responses cannot be used as a read-out.

In summary, we have established a simple, fast and efficient 
protoplast-based system to pinpoint effectors subverting the earliest 
stages of the immune response in plants. Our system is suitable for 
the study of effectors from a wide range of pathogens, not only 
those that naturally infect Arabidopsis and/or tomato but also those 
with a different host range. For the latter, the use of an experimen-
tal model may reveal the repertoire of effectors that target ubiqui-
tous components or cellular hubs of the plant immune system.

2 Materials

 1. 4- to 5-week-old Arabidopsis thaliana plants (e.g. Col-0 
ecotype).

 2. 3- to 4-week-old Solanum lycopersicum plants (e.g. Moneymaker 
cultivar).

2.1 Plant Material
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Fig. 2 MAPK activation in the presence of effectors. (a, b) Immunoblotting of phosphorylated MAPKs with 
 anti-p44/42 MAPK antibody in Arabidopsis (a) and tomato (b) protoplasts transfected with either GFP, effector 
genes 1 or 3. Samples were collected 0, 15 or 30 min after flg22 treatment. Ponceau S Red staining served as 
a loading control. M; PAGE-Ruler. While MAPKs are phosphorylated upon flg22 challenge in the GFP control, 
effectors 1 and 3 strongly block their activation in Arabidopsis and tomato, respectively
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All solutions used for protoplasts should be prepared with  
Milli-Q- filtered H2O (Millipore water purification systems). Stock 
solutions are stored at room temperature unless specified 
differently.

Stock solutions for the preparation of Arabidopsis protoplast 
enzyme solution, MMg, PEG, WI and W5 [9]:

 1. 1 M CaCl2.
 2. 1 M Ca(NO3)2.
 3. 0.1 M KCl.
 4. 0.8 M sterile-filtered mannitol (see Note 1).
 5. 0.2 M MES pH 5.7 (stored at −20 °C).
 6. 0.15 M MgCl2.
 7. 5 M NaCl.

Stock solutions for the preparation of tomato protoplast 
enzyme solution [10, 12]:

 1. Macro-stock: 1.5 g NaH2PO4 × H2O, 9.0 g CaCl2 × 2 H2O, 
25 g KNO3, 2.5 g NH4NO3, 1.34 g (NH4)2SO4, 2.5 g 
MgSO4 × 7 H2O for 1 l; autoclave for storage.

 2. Micro-stock: 75 mg KI, 300 mg H3BO3, 1 g MnSO4 × 7 H2O, 
200 mg ZnSO4 × 7 H2O, 25 mg Na2MoO4 × 2 H2O, 2.5 mg 
CuSO4 × 5 H2O, 2.5 mg CoCl2 × 6 H2O for 100 ml; filter ster-
ilize and freeze at −20 °C.

 3. Vitamin stock: 100 mg nicotinic acid, 100 mg pyridoxine–
HCl, 1 g thiamine–HCl for 100 ml; filter sterilize and freeze at 
−20 °C.

 4. FeNa-EDTA stock: 1 % (w/v) ethylenediaminetetraacetic acid 
(EDTA) ferric sodium salt (stored at 4 °C).

 1. Freshly prepared enzyme solution: 20 mM KCl, 0.4 M 
 mannitol, 20 mM MES pH 5.7, 1.5 % (w/v) cellulase 
“Onozuka” R10 (Yakult Pharmaceutical Ind. Co., Ltd., 
Japan), 0.4 % (w/v) macerozyme R10 (Yakult Pharmaceutical 
Ind. Co., Ltd., Japan), 10 mM CaCl2, 0.1 % (w/v) bovine 
serum albumin (BSA).

 2. Arabidopsis W5 solution (may be stored at −20 °C): 125 mM 
CaCl2, 5 mM KCl, 2 mM MES pH 5.7, 154 mM NaCl.

 3. Nylon mesh (75 μm mesh size).
 4. Desiccator.
 5. Cellulose acetate membrane filter, 0.45 μm pore size.
 6. 10 or 20 ml syringe.
 7. Petri dish.
 8. Forceps with bent flat tips.
 9. Razor blades.

2.2 Stock Solutions 
for Protoplast Isolation

2.3 Arabidopsis 
Protoplast Isolation

Fast Identification of Early MTI-Suppressing Effectors 
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 10. White sheet of paper.
 11. Small funnel.
 12. Bench-top centrifuge.
 13. Haemocytometer (e.g. improved Neubauer chamber with a 

depth of 0.1 mm).
 14. Light microscope.
 15. 12 ml round-bottom polystyrene or polypropylene tubes with 

screw cap (e.g from Greiner, Germany).

 1. K3 solution with 0.4 M sucrose: 10 ml macro-stock I, 0.1 ml 
micro-stock II, 0.1 ml vitamin stock, 0.5 ml FeNa-EDTA 
stock, 10 mg myo-inositol, 25 mg D-xylose, 13.7 g sucrose for 
100 ml; adjust pH to 5.7 with 1 M KOH, filter sterilize and 
store at −20 °C.

 2. Enzymes: 2 % (w/v) cellulose “Onozuka” R10 (Yakult 
Pharmaceutical Ind. Co., Ltd., Japan), 0.4 % (v/v) pectinase 
(Sigma).

 3. Freshly prepared tomato W5 solution: 18.4 g CaCl2 × 2 H2O, 
1 g glucose, 0.4 g KCl, 9 g NaCl for 1 l; adjust pH to 5.7.

 4. Grated quartz.
 5. Nylon mesh (100 μm mesh size).
 6. 50 ml conical polystyrene or polypropylene tube with screw 

cap (e.g. Falcon).
 7. Items 5–15 listed in Subheading 2.3.

 1. W5 solution (see Subheading 2.3 and 2.4 for Arabidopsis and 
tomato, respectively).

 2. Freshly prepared MMg solution: 0.4 M mannitol, 4 mM MES 
pH 5.7, 15 mM MgCl2.

 3. Freshly prepared polyethylene glycol (PEG) solution: 0.1 M 
CaCl2 (for Arabidopsis) or 0.1 M Ca(NO3)2 (for tomato), 
0.2 M mannitol, 40 % (w/v) PEG4000 (Sigma-Aldrich, for-
merly Fluka) (see Note 2).

 4. Freshly prepared WI solution: 20 mM KCl, 0.5 M mannitol, 
4 mM MES pH 5.7.

 5. Highly pure plasmid DNA (stored at −20 °C) (see Note 3): 
pFRK1-Luc [5], pUBQ10-GUS [5], p35S-GFP (Gateway-based 
p2FGW7; VIB, University of Ghent, Belgium) and p35S-driven 
effector gene constructs (Gateway-based p2GW7 backbone; 
VIB, University of Ghent, Belgium). Effector genes must be 
devoid of their signal peptide sequence and can be with or 
without an N- or C-terminal fusion/tag such as GFP, HA, myc 
or flag (see Note 4).

2.4 Tomato 
Protoplast Isolation

2.5 PEG-Mediated 
Protoplast 
Transfection
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 6. 12 ml round-bottom polystyrene tubes with screw cap 
(Greiner, Germany).

 7. Bench-top centrifuge.

 1. 20 mM D-luciferin acid free (stored at −20 °C) (see Note 5).
 2. 50 μM flg22 peptide (stored at −20 °C) (see Note 6).
 3. White flat-bottom 96-well-plate with lid.
 4. Luminometer.

 1. 5× cell lysis buffer (stored at −20 °C): 125 mM Tris–HCl 
pH 7.8, 10 mM dithiothreitol (DTT), 10 mM 1,2- diaminocy
clohexanetetraacetic acid (DCTA), 50 % (v/v) glycerol, 5 % 
(v/v) Triton X-100.

 2. MUG solution (stored at −20 °C): 1 mM 4-methyl- 
umbelliferyl-β-D-glucuronide, 10 mM Tris–HCl pH 8.0, 
2 mM MgCl2.

 3. Stop solution: 0.2 M Na2CO3.
 4. 50 μM flg22 peptide (stored at −20 °C) (see Note 6).
 5. 1 ml syringe with cannula.
 6. 1.5 ml safe-lock tubes.
 7. Liquid N2.
 8. Bench-top centrifuge.
 9. Vortex.
 10. White flat-bottom 96-well-plate with lid.
 11. Fluorimeter with appropriate filter.

 1. 100 μg/ml propidium iodide.
 2. 1.5 ml tubes.
 3. Fluorescence microscope with appropriate filter.

For preparation of material and solutions for polyacrylamide elec-
trophoresis and protein blotting, refer to the relevant guides from 
Bio-Rad. Buffers can be prepared with demineralised H2O and are 
stored at room temperature unless specified differently.

 1. 50 μM flg22 peptide (stored at −20 °C) (see Note 6).
 2. 1 ml syringe with cannula.
 3. 1.5 ml safe-lock tubes.
 4. Liquid N2.
 5. Bench-top centrifuge.
 6. Vortex.

2.6 Luciferase (Luc) 
Activity Assay

2.7 β-Glucuronidase 
(GUS) Activity Assay

2.8 Cell Death 
Staining

2.9 Immunoblotting 
of Activated MAPKs

Fast Identification of Early MTI-Suppressing Effectors 
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 7. Heating block.
 8. 13.5 % SDS mini-gel (0.1 cm thick, 10 or 15 slots) for 

SDS-PAGE.
 9. Mini-Protean (Bio-Rad) vertical electrophoresis system.
 10. Mini Trans-Blot (Bio-Rad) wet transfer system.
 11. Nitrocellulose membrane.
 12. Tris-glycine buffers for electrophoresis and transfer.
 13. Laemmli protein loading buffer (stored at −20 °C).
 14. PAGE-Ruler (Fermentas), prestained protein ladder (stored  

at −20 °C).
 15. Ponceau S Red staining solution.
 16. TBS-T: Tris Buffered Saline containing 0.1 % Tween 20.
 17. Freshly prepared blocking solution: 5 % skimmed milk in 

TBS-T.
 18. Primary antibody solution: anti-p44/42 MAPK (human Erk 

1/2) antibody produced in rabbit (Cell Signaling Technology), 
diluted 1,000 × in 5 % BSA TBS-T (fresh or stored at −20 °C 
for reuse).

 19. Secondary antibody solution: anti-rabbit IgG produced in 
goat and coupled to alkaline phosphatase (AP) (Sigma), diluted 
3,000× in TBS-T (fresh or stored at −20 °C for reuse).

 20. AP buffer and reagents for colorimetric detection of AP 
activity.

3 Methods

 1. Cultivate Arabidopsis thaliana plants in a phytochamber or 
greenhouse under stable climate conditions: 8 h light at 
22–24 °C/16 h dark at 20 °C, 40–60 % humidity, ~120 μE/
m2/s light intensity (see Note 7). Grow them on soil com-
posed of a 3.5:1 mixture of GS/90 (Patzer, Germany) and 
vermiculite.

 2. Keep Solanum lycopersicum in a phytochamber or greenhouse 
under controlled growth conditions: 16 h light at 24 °C/8 h 
dark at 22 °C, 40–45 % humidity, ~200 μE/m2/s light inten-
sity (see Note 7). Grow them on soil containing a 4.6:4.6:1 
mixture of type P soil, type T soil (Patzer, Germany) and sand.

 1. To prepare enzyme solution, mix all the ingredients except 
CaCl2 and BSA and heat the solution at 55 °C for 10 min  
(see Note 8). Chill the solution on ice and add the remaining 
components.

 2. Syringe-filtrate the solution through a 0.45 μm filter into a 
Petri dish of adequate size.

3.1 Plant Growth 
Conditions

3.2 Arabidopsis 
Protoplast Isolation
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 3. Cut well-expanded leaves from 4- to 5- week-old plants and 
place them individually on a white sheet of paper. Cut only a 
few at a time.

 4. Remove tip and stalk from the leaf and carefully cut the middle 
part into about 0.5 mm thick strips using a sharp razor blade 
(see Note 9).

 5. Immediately submerge the leaf strips in the enzyme solution 
by dipping them with flat-tip forceps.

 6. Vacuum-infiltrate leaf strips for 30 min in the dark using a 
 desiccator covered with a black cloth.

 7. Continue the digestion, without shaking, in the dark at room 
temperature for 3 h (see Note 10).

 8. Release protoplasts by gentle swirling of the Petri dish. The 
solution should turn green and most of the leaf strips should 
become transparent.

 9. Add an equal volume of W5 to the enzyme solution and swirl 
again.

 10. Using a small funnel, filter the solution through a nylon mesh 
into one or several 12 ml round-bottom tubes.

 11. Spin for 1 min at 200 × g and remove the supernatant by 
pipetting.

 12. Re-suspend the protoplasts in W5 by gently inverting the 
tubes. The total volume of W5 should be 2 ml. If several tubes 
are used, combine the protoplast suspensions into a single tube 
(see Note 11).

 13. Take a small aliquot of protoplast suspension. Count proto-
plasts with a haemocytometer under a light microscope to 
determine their concentration (see Note 12).

 14. Keep the protoplast solution on ice for 40 min to let  protoplasts 
settle on the bottom of the tube.

 15. Do a second wash with 2 ml W5 and keep protoplasts again on 
ice for at least 40 min.

 16. Immediately before transfection, remove the supernatant by 
pipetting and add the required volume of MMg to obtain a 
final concentration of 2 × 105 protoplasts/ml. Gently mix by 
inverting the tube and keep at room temperature.

 1. To prepare enzyme solution, thaw K3 solution containing 
0.4 M sucrose at 55 °C for 30 min. Add cellulase and incubate 
again at 55 °C for 10 min. Chill the solution on ice, then add 
pectinase (see Note 13).

 2. Syringe-filtrate the solution through a 0.45 μm filter into a 
Petri dish of adequate size.

3.3 Tomato 
Protoplast Isolation

Fast Identification of Early MTI-Suppressing Effectors 
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 3. Cut well-expanded leaves from 3- to 4- week-old plants and 
place them on a sheet of white paper with the bottom surface 
(lower epidermis) facing up.

 4. Spread some grated quartz on the leaves and gently rub with a 
wet finger. Rinse with sterile water to remove the quartz.

 5. Place the leaves on a new white paper. Remove leaf tip and 
stalk and carefully cut the middle part into about 2 mm thick 
strips using a sharp razor blade. Do steps 3–5 for only a few 
leaves at a time (see Note 9).

 6. Immediately float leaf strips on the enzyme solution with the 
rubbed epidermis facing down using a flat-tip forceps. 
Completely cover the surface of the enzyme solution with leaf 
sections.

 7. Incubate the Petri dish, without shaking, in the dark at 26 °C 
for 3 h for enzymatic digestion (see Note 10).

 8. Release protoplasts by gentle swirling of the Petri dish for sev-
eral minutes. The solution should turn green and most of the 
leaf strips should become transparent.

 9. Using a small funnel, carefully pour the enzyme-protoplast 
solution through a nylon mesh. Distribute the filtrate into sev-
eral 12 ml round-bottom tubes (3 ml in each).

 10. Carefully overlay the protoplast suspension in each tube with 
1 ml W5 solution without mixing (see Note 14).

 11. To form a sucrose gradient, spin at 200 × g for 5 min, putting 
acceleration and brake settings of the centrifuge to zero.

 12. Harvest around 1 ml viable protoplasts from each tube into a 
50 ml conical tube (see Notes 11 and 15).

 13. Suspend the protoplasts in 10 volumes W5. Gently mix by 
inverting the tube to dilute the remaining sucrose.

 14. Spin at 100 × g for 2 min and remove the supernatant by 
pipetting.

 15. Re-suspend the protoplasts in 10 ml W5 by gently inverting 
the tube. If several tubes are used in a large experimental 
 set- up, combine the protoplast suspensions into a single tube.

 16. Take a small aliquot of protoplast suspension. Count proto-
plasts with a haemocytometer under a light microscope to 
determine their concentration (see Note 12).

 17. Supplement the protoplast suspension with W5 to a volume  
of 35 ml.

 18. Let the protoplasts recover for 1.5–2 h on ice in the dark. 
Maintain good aeration by inverting the tube every 15 min.

 19. Immediately before transfection, pellet protoplasts at 100 × g 
for 2 min and remove the supernatant by pipetting.

Malou Fraiture et al.
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 20. Add the required volume of MMg to obtain a final concentra-
tion of 7 × 105 protoplasts/ml. Gently mix by inverting the 
tube and keep at room temperature.

 1. Prepare one 12 ml round-bottom tube for each transfection of 
a candidate effector construct. Pipette a total amount of 80 μg 
plasmid DNA into the bottom of the tubes. In each tube, the 
ratio of the co-transfected constructs should be 4.5:1:4.5 for 
pFRK1-Luc, pUBQ10-GUS and p35-effector or p35S-GFP as 
control (see Note 16).

 2. Add 800 μl Arabidopsis or tomato protoplasts in MMg to the 
DNA.

 3. Add 880 μl (1.1 protoplast volumes) PEG solution.
 4. Mix by slowly inverting the tube (see Note 17).
 5. Incubate at room temperature for 5–10 min.
 6. To stop transfection, add 3.52 ml (4.4 protoplast volumes) W5 

and mix gently.
 7. Spin for 1 min at 200 × g and remove as much supernatant as 

possible by pipetting.
 8. Re-suspend the protoplasts in 800 μl (1 protoplast volume) WI.
 9. Position the tubes horizontally and incubate the cells in  

the dark at room temperature for 6–16 h (Arabidopsis) or 
6–10 h (tomato) to allow gene expression from the plasmids 
(see Note 18).

 10. Carefully re-suspend the protoplasts. Use 600 μl for the Luc 
activity assay (leave in the tube), 100 μl for the GUS activity 
assay (transfer to two 1.5 ml safe-lock tubes, 50 μl each), 100 μl 
for propidium iodide staining of dead cells (transfer to a 1.5 ml 
tube).

 1. Add 6 μl of 20 mM D-luciferin to the 600 μl protoplast suspen-
sion (200 nM final concentration) and gently invert.

 2. Transfer protoplasts to a white flat-bottom 96-well plate, 
pipetting 100 μl into six wells in a row. The plate will be com-
pletely filled when 15 effectors plus the GFP control are tested.

 3. Measure background luminescence in relative light units (rlu) 
using a luminometer. The detection time can be set to 1 s/well.

 4. Incubate the plate for 30 min to 1 h in the dark at room 
 temperature to allow protoplast recovery prior to MAMP 
challenge.

 5. Treat the protoplasts from three of the wells with 1 μl of 
50 μM flg22 peptide (500 nM final concentration) and leave 
the other three wells untreated. Gently tap the sides of the 
plate to mix.

3.4 PEG-Mediated 
Protoplast 
Transfection

3.5 Luc 
Activity Assay
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 6. Measure luminescence emitted by Luc activity every 2 h  
for 8 h using a luminometer (in rlu, 1 s/well detection time) 
(see Note 19). Between the measurements, incubate the plate 
covered by a lid in the dark at room temperature. A timesaving 
alternative is to run a program for automated Luc activity mea-
surement (see Note 20).

 1. Treat one of the two tubes containing 50 μl protoplast suspen-
sion with 0.5 μl of 50 μM flg22 (500 nM final concentration) 
and leave the other untreated (see Note 21). Gently tap the 
tube to mix.

 2. Incubate Arabidopsis protoplasts for 6 h and tomato cells for 
4 h in the dark at room temperature (see Note 22).

 3. Spin the tubes for 10 s at maximum speed. Remove the super-
natant with a 1 ml syringe.

 4. Flash-freeze the protoplast pellet in liquid N2. The tubes can 
be stored at −80 °C until the assay is performed.

 5. Add 100 μl 1× cell lysis buffer prepared from the 5× stock solu-
tion to the pellet, mix by vortexing and briefly spin down at 
10,000 × g.

 6. Transfer the lysate to a white flat-bottom 96-well plate by 
pipetting three replicates of 10 μl. The plate will be completely 
filled when 15 effectors plus the GFP control are tested.

 7. Add 90 μl MUG solution to the wells. Mix by tapping the sides 
of the plate.

 8. Incubate the plate covered with a lid for 30 min at 37 °C.
 9. Add 100 μl stop solution. Mix by tapping the sides of the plate.
 10. Measure fluorescence emitted by GUS activity (production of 

4-methylumbelliferone, 4-MU, λex = 365 nm, λem = 445 nm) in 
relative light units (rlu) using a fluorimeter (see Note 23).

 11. The values obtained in the GUS activity assay are used to nor-
malize the data from the 6 h or 4 h time-point of the Luc activ-
ity assay for Arabidopsis or tomato, respectively (see Note 24).

 1. Continue incubating the tube containing 100 μl protoplasts 
for cell death staining for another 6 h in the dark at room 
temperature.

 2. Add 1 μl of 100 μg/ml propidium iodide (1 μg/ml final con-
centration) to the protoplast suspension.

 3. Determine the proportion of dead stained protoplasts  
under a fluorescence microscope (λex = 536 nm, λem = 617 nm) 
(see Note 25).

As immunoblotting is a commonly used technique in molecular 
biology, the protocol below is shortened and only focuses on the 

3.6 GUS 
Activity Assay

3.7 Cell Death Rate

3.8 Immunoblotting 
of Activated MAPKs
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specific requirements for phosphorylated MAPK detection. 
Detailed information on polyacrylamide electrophoresis and protein 
blotting methods is available (see refs. 13, 14).

 1. Prepare Arabidopsis or tomato protoplast samples  
(see Subheadings 3.2 and 3.3). Transfect 150 μl Arabidopsis 
protoplasts with 15 μg plasmid (p35S-GFP or p35S-effector)  
or 600 μl tomato protoplasts with 60 μg plasmid  
(see Subheading 3.4).

 2. Incubate for 6–16 h (Arabidopsis) or 6–10 h (tomato) to allow 
gene expression from the plasmid.

 3. Transfer into three 1.5 ml tubes (50 μl each for Arabidopsis or 
200 μl each for tomato) and treat with 0.5 or 2 μl of 50 μM 
flg22 (500 nM final concentration). Gently tap the tubes  
to mix.

 4. Immediately collect one of the samples (0 min time-point), the 
next after 15 min (15 min time-point) and the last again 
15 min later (30 min time-point).

 5. At each time-point, spin the tube for 10 s at 10,000 × g. 
Remove the supernatant with a 1 ml syringe.

 6. Quickly flash-freeze the protoplast pellet in liquid N2. The 
tubes can be stored at −80 °C until the assay is performed.

 7. Put tubes on ice. Add 20 μl Laemmli buffer to the protoplast 
pellet and vortex for 10 s.

 8. Heat at 90 °C for 5 min in a heating block to denature the 
protein samples. Mix again by vortexing and shortly spin down.

 9. Load whole samples onto a 13.5 % SDS mini-gel using a 
 Mini- Protean electrophoresis cell (Bio-Rad). Load 1.5 μl 
PAGE- Ruler (Fermentas) as molecular weight marker.

 10. Perform SDS-PAGE. Stop electrophoresis when the 40 kDa 
band of the protein ladder has migrated approximately to the 
middle of the resolving gel.

 11. Transfer proteins onto a nitrocellulose membrane using a Mini 
Trans-Blot cell (Bio-Rad) for wet protein transfer.

 12. Stain the membrane with Ponceau S Red solution to visualize 
protein loads.

 13. Rinse several times in H2O to remove the Ponceau stain.
 14. Block the membrane by incubating in 5 % skimmed milk 

TBS-T for 1 h at room temperature.
 15. Rinse twice in TBS-T for 20 min at room temperature.
 16. Incubate for 2 h at room temperature or overnight at 4 °C in 

primary antibody solution (see Note 26).
 17. Wash three times in TBS-T for 10 min at room temperature.
 18. Incubate for 1 h at room temperature in secondary antibody 

solution.

Fast Identification of Early MTI-Suppressing Effectors 



226

 19. Wash three times in TBS-T for 10 min at room temperature.
 20. Place in AP buffer and add reagents for colorimetric detection 

of AP activity.
 21. Stop the reaction by washing the membrane in H2O, once the 

signal for phosphorylated MAPKs in the GFP control is suffi-
ciently strong.

4 Notes

 1. The mannitol stock solution should be kept sterile, as there is 
a high microbial contamination risk. All working solutions 
containing mannitol should be prepared freshly on the day of 
protoplast preparation.

 2. The quality of polyethylene glycol is very important. To dissolve 
PEG, heat the PEG solution for 15 min at 55 °C and mix from 
time to time.

 3. For efficient transfection, it is crucial to prepare plasmid DNA 
using a commercial purification kit such as PureYield Plasmid 
Midipep System (Promega) or by conventional CsCl gradient 
purification. Accurately determine DNA concentration by 
OD260nm measurement and adjust it to 1–2 μg/μl. DNA prepa-
rations that are too highly concentrated or that contain impu-
rities may cause protoplast clumping in contact with PEG 
solution and consequently give very low transfection rates.

 4. The presence of a tagged effector can be verified by immunob-
lotting of the transfected protoplast sample with correspond-
ing anti-tag antibodies. The pellet from 50 μl protoplast 
suspension (104 protoplasts) is sufficient to obtain a detectable 
signal on an immunoblot.

 5. To dissolve D-luciferin, carefully titrate with 1 M KOH. The solu-
tion will turn bright yellow when the powder is dissolved.

 6. Chemically synthesized flg22, sequence from Pseudomonas 
aeruginosa as published [3]: QRLSTGSRINSAKDDAAGLQIA. 
It is also possible to use other MAMPs such as elf18 [15] or 
chitin [16].

 7. Protect plants from any environmental stresses such as drought, 
flooding, heat or irregular light conditions during their growth. 
Even minor changes in growth conditions will affect protoplast 
yield and/or responsiveness.

 8. Up to 30 leaves can be digested in 10 ml enzyme solution.  
In our laboratory, the yield is at least 5 × 105 protoplasts per ten 
leaves and can go up to 106. For a screen of 15 effector genes 
plus the GFP control—this corresponds to a whole 96-well 
plate for the Luc and GUS activity assays—about 55 leaves are 
necessary.
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 9. If possible, cut the leaves directly in the phytochamber or 
greenhouse where the plants are cultivated. Be very precise and 
avoid crushing the tissue. There should hardly be any green 
stains on the sheet of paper. Change razor blade when sharp-
ness diminishes.

 10. Protoplasts have the best survival rate and responsiveness when 
the leaf digestion (in the case of Arabidopsis) and all further 
experimental steps (both species) are performed in an air- 
conditioned room at 20–22 °C. This is especially important 
during warm weather conditions.

 11. Protoplasts must be handled very carefully throughout the 
whole protocol. When adding a solution to the protoplasts, 
pipette it slowly along the tube wall. When pipetting proto-
plast suspension, cut the end of the pipet tip to slightly increase 
the size of the tip hole.

 12. Count only round-shaped protoplasts containing chloroplasts 
and for which the plasma membrane is intact. Protoplast size is 
not relevant.

 13. Up to 40 leaves can be digested in 20 ml enzyme solution. 
When a 12 × 12 cm rectangular Petri dish containing 20 ml 
enzyme solution is fully covered with leaf strips, this will yield 
approximately 4 × 106 protoplasts. For a screen of 15 effector 
genes plus the GFP control—this corresponds to a whole 
96-well plate for the Luc and GUS activity assays—about 80 
leaves are necessary.

 14. W5 should be pipetted extremely slowly along the tube wall to 
overlay the protoplast suspension. The two-layered mixture 
must not be disturbed to ensure formation of a sucrose  gradient 
after centrifugation.

 15. Three layers form after sucrose gradient centrifugation. From 
the top to the bottom the gradient layers constitute: W5 solu-
tion, viable green protoplasts (to be collected), brownish green 
protoplasts and a pellet of dead cells and debris.

 16. In general, 10 μg plasmid DNA is needed to transfect 100 μl 
protoplast suspension. Here, 80 μg plasmid DNA is used, as 
800 μl protoplast suspension is required for each candidate 
effector to be tested for MTI suppression. If smaller or larger 
amounts of protoplasts are transfected, the DNA/protoplast 
ratio should stay the same, but the size of the round-bottom 
tube must be adapted.

 17. To ensure that the handling of each tube is similar during trans-
fection, place all tubes in a rack and invert them simultaneously. 
The suspension should stay homogeneously green. Protoplasts 
should not aggregate. Differences in transfection efficiency 
from one tube to another mainly depend on the quality of the 
DNA preparation and the size of the constructs.

Fast Identification of Early MTI-Suppressing Effectors 
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 18. If the incubation time is longer than 8 h, a background signal 
will appear in the Luc activity assay, which does not significantly 
disturb the outcome of the experiment. The background can 
be different from one sample to another, mostly depending on 
the transfection efficiency of the reporter construct (see Fig. 1). 
Avoid incubating Arabidopsis or tomato protoplasts longer 
than 16 or 10 h, respectively. They start dying after this time 
and will be less responsive to MAMP challenge.

 19. In a reliable experiment, the luciferase activity induction of the 
flg22-treated samples compared to the non-treated samples of 
the GFP control is at least threefold after 6 h and twofold after 
4 h for Arabidopsis and tomato, respectively (see Fig. 1). If the 
monitored rlu are very low for an effector data set compared to 
the GFP control and no Luc activity induction is observed, 
this does not always indicate that the effector is an MTI-
suppressor. Artifacts are possible in the following cases: (a) the 
transformation efficiency is poor (it is optimally 70 % for 
Arabidopsis and 60 % for tomato and should be at least 40 %), 
(b) the introduced effector disturbs major cell functions or  
(c) the intro duced effector causes cell death because it is pres-
ent in  non-physiological amounts. To identify a false- positive 
result, transfection efficiency can be determined by fluores-
cence microscopy when the tested effector is fused to a 
 fluorescent protein such as GFP. The GUS assay described in 
Subheading 3.6 also indirectly indicates the transfection effi-
ciency. To exclude enhanced protoplast dying in the presence 
of an effector, the cell death rate should be determined as 
described in Subheading 3.7. In addition to these tests, the 
induction of endogenous FRK1 expression in flg22-treated 
transfected Arabidopsis protoplasts may be tested by qRT- PCR 
to validate the Luc activity assay data. A detailed protocol for 
RNA extraction from protoplasts, cDNA synthesis and qRT-
PCR is available (see ref. 7). We suggest to use the following 
qRT-PCR primers: FRK1 forward 5′-GATGGCGGACT 
TCGGGTT ATC-3′, FRK1 reverse: 5′-CGAATAGTACTCG 
GGGTCAA GGTAA-3′. In tomato, another MAMP-induced 
gene may serve as marker gene for MTI suppression in qRT-
PCR experiments.

 20. When using automated measurement, the plate stays in the 
luminometer for at least 8 h. To avoid evaporation, it should 
be covered by optical or cling film. Note that the temperature 
inside the apparatus is slightly higher, which may affect proto-
plast responsiveness.

 21. The comparison of flg22-challenged and untreated samples 
from the same transfection event can reveal a possible effect of 
flg22 on protoplast survival. We have rarely observed a notable 
difference between these samples when the protoplast incuba-
tion times after transfection were respected.
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 22. Sample collection for the GUS activity assay should ideally 
 coincide with the 6 h or the 4 h measurement time-point of the 
Luc activity assay for Arabidopsis or tomato protoplasts, respec-
tively. This time-point usually gives the best ratio of flg22-treated 
compared to non-treated samples for a data set. In the case of 
Arabidopsis protoplasts, it most often  corresponds to the time-
point where Luc activity peaks (see Fig. 1). We were not able to 
design a non-invasive GUS assay to perform GUS activity kinet-
ics. Therefore, samples need to be collected at a specific time-
point. It can be adapted to your experimental results.

 23. Low rlu values for a given sample can be explained by the same 
reasons as mentioned in Note 19. If low values are observed in 
both assays for a data set, no conclusion can be drawn on the 
MTI suppression potential of the tested effector.

 24. Data is normalized as follows: (value Luc +flg22/value GUS 
+flg22)/(value Luc −flg22/value GUS −flg22), using Luc and 
GUS values from the same time-point.

 25. The cell death rate should not be above 30 % for Arabidopsis 
protoplasts and 60 % for tomato protoplasts. Note that the 
tomato protoplast system is very delicate. A substantial  number 
of cells die during protoplast isolation, but this is compensated 
by high transfection efficiency. If cell death is much higher in 
one sample compared to the GFP control, the function or over-
expression of the tested effector gene most probably kills the 
protoplasts.

 26. Antibody incubation overnight will produce the best results, 
especially with a fresh antibody dilution. The primary antibody 
solution may be used again for up to three times.
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Chapter 18

Production of RXLR Effector Proteins for Structural 
Analysis by X-Ray Crystallography

Richard K. Hughes and Mark J. Banfield

Abstract

Structural analysis of RXLR effector proteins from oomycete plant pathogens is an emerging area of 
research. These studies are aimed at understanding the molecular basis of how these proteins manipulate 
plant cells to promote infection and also to help define how they can lead to activation of the plant innate 
immune system. Here, we describe a medium-throughput procedure for cloning and expression testing 
oomycete RXLR proteins in Escherichia coli. We also describe methods for purification of soluble protein 
and crystallization, with the aim of determining three-dimensional structures by X-ray crystallography. The 
procedures are generally applicable to any research program where the production of soluble recombinant 
protein in E. coli has proven difficult, or where there is a desire to evaluate E. coli thoroughly as a host 
before considering alternative hosts for heterologous expression.

Key words Effector, Oomycete, RXLR, Heterologous expression, pOPIN vectors, E. coli, Protein, 
Crystal, Diffraction, X-ray crystallography, Structure

1 Introduction

Determining the three-dimensional structures of proteins is  
an unparalleled approach for understanding molecular function. 
An experimentally defined structure can provide an atomic-level 
understanding of catalytic mechanisms or allow recognition sur-
faces to be mapped, for example, between proteins or between 
proteins and other ligands. Despite the absolute requirement for 
crystals, X-ray crystallography is still the most commonly employed 
method for structure determination. To be rewarded with the 
beauty of a three-dimensional structure of a protein of interest 
there are a number of significant hurdles that must all be over-
come. Then the job of designing experiments to probe key biologi-
cal questions based on the structure can begin. The steps that need 
to be followed in order to determine a structure can be broadly 
summarized as:
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 1. Heterologous expression of the protein.
 2. Purification of stable, homogeneous, monodisperse protein in 

milligram quantities.
 3. Obtain well-ordered crystals that diffract X-rays to a resolution 

useful for analysis.
 4. Solve the crystallographic phase problem and produce an 

experimental electron density map.
 5. Complete the interpretation of the X-ray data and structural 

analysis.

The scope of this article limits us to detailed discussion of 1–3 
above.

Expression of a chosen protein at sufficient levels and its puri-
fication in a stable, monodisperse form is, more often than not, a 
significant bottleneck in this process. Once conditions have been 
identified that allow production of stable, soluble, monodisperse 
protein in milligram quantities, crystallization trials are possible.  
If crystals are obtained that diffract X-rays to sufficient resolution, 
and the crystals do not show pathologies such as twinning, then 
structure solution should be achievable. In this article we concen-
trate on the processes of obtaining soluble protein of high quality 
for crystallization that have proven useful for obtaining structures 
of oomycete RXLR effector proteins.

Obtaining milligram quantities of a protein of interest almost 
always requires expression in a heterologous host as the protein is 
unlikely to be present in the host organism in sufficient quantities. 
Identification of a host that supports heterologous expression of the 
protein of interest in functional form is an important consideration. 
Escherichia coli is the host of choice for protein production in most 
laboratories [1]. However, E. coli will not always produce proteins 
that are correctly folded and functional. For example, proteins of 
eukaryotic origin may require chaperones or specific post- 
translational modifications not found in E. coli. Proteins with disul-
phide bonds may also be difficult to obtain in E. coli due to the 
oxidizing environment of the cytoplasm. Eukaryotic proteins may 
form inactive aggregates in E. coli and accumulate in inclusion bod-
ies [1]. It is possible to re-fold such proteins following denaturation 
to obtain soluble, functional protein [2, 3], but frequently this is 
challenging. Despite these reservations, in terms of the number of 
structures that have been solved and deposited in the Protein Data 
Bank (http://www.rcsb.org/pdb/), E. coli is by far the most suc-
cessful host for heterologous protein expression. It therefore remains 
common to exhaustively test protein expression in E. coli before 
considering alternative hosts, such as yeasts, insect cells, mammalian 
cells, other bacteria, xenopus oocytes or even plants. To this end, 
combinatorial library approaches for improving  soluble protein 
expression in E. coli have been developed [4]. The details of protein 
expression outside E. coli are beyond the scope of this article.

Richard K. Hughes and Mark J. Banfield
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To maximize the potential for yield of soluble, functional 
 protein, many factors should be considered in the preliminary design 
of expression constructs [5]. These can include: optimizing the 
codon usage of the expressed sequence to match that of the express-
ing organism; elimination of cryptic splice sites and RNA destabiliz-
ing sequence elements for increased RNA stability; addition of RNA 
stabilizing sequence elements; and avoidance of stable RNA second-
ary structures. Many of these considerations are possible with the 
advent of cost-effective DNA synthesis technologies [6].

In the case of E. coli, the number of different expression vec-
tors and host strains available can seem daunting [7]. Optimization 
of host strain–vector combinations, including the choice of induc-
ible promoters, is known to be crucial for success in some cases, 
especially with expression of proteins toxic to E. coli [8]. Many 
expression vectors now encode fusion-tags, used to aid purification 
and/or enhance solubility (histidine, maltose binding protein, 
glutathione- S-transferase, thioredoxin, etc.) that can be localized 
to the N- or C-terminus of the protein [9]. For crystallization, an 
important consideration is the prediction and removal of putative 
disordered regions at the termini of expressed proteins [10]. For 
proteins with more than a single domain, expressing individual 
domains separately rather than trying to express the full-length 
protein may prove useful (a “divide-and-conquer” approach).  
It may also be necessary to test homologues or orthologues of the 
target protein of interest.

It is also important to give consideration to optimizing the 
liquid culture phase during protein expression. Maximizing plas-
mid stability in the culture, choice of culture density at which to 
induce protein expression, and the choice of media itself (e.g. LB, 
auto-induction, rich media [terrific broth]) are all important [11, 
12]. Further, solubility of expressed proteins is often improved if 
the culture is grown at lower temperatures (8–20 °C) [13] or when 
additives such as sorbitol or other chemical chaperones are included 
in the growth medium [14].

Even when a large amount of protein of interest can be  purified 
in a soluble and functional form it may not crystallize in standard 
crystallization screens, or may give unsuitable crystals. In such 
cases, re-designing the expression construct is frequently required. 
Various techniques can be employed to provide information that 
should improve the chances of producing good quality protein 
crystals. These include: Nuclear Magnetic Resonance (NMR—
which can be used to identify regions of disorder in proteins  
that could not be predicted from sequence) or limited tryptic 
digest (to identify stable subdomains of a protein). The purified 
protein may also be relatively unstable and show signs of  degradation 
in solution before crystals form. This can be monitored by compar-
ing the behavior of the protein on SDS-PAGE gels immediately 
after purification and during storage. To help prevent degradation, 

X-Ray Crystallography of RXLR Effector Proteins
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proteins can be stored frozen in aliquots under liquid nitrogen. 
The chosen buffer in which the protein has been purified may also 
need to be optimized. Important parameters may include buffer 
pH, salt concentration, the presence of other additives like metal 
ions, metal ion chelators, reducing agents, etc., all of which can alter 
the structures and/or surface properties of proteins and affect crys-
tallization. Dynamic light scattering (DLS) [15] and the Thermofluor 
assay [16] are useful tools to identify the buffer conditions for pro-
ducing monodisperse and stable protein, respectively.

Whilst certainly not unique, the expression of RXLR effector 
proteins is complicated by a number of the factors detailed above. 
As the subject of this article, we focus on approaches used to obtain 
crystal structures of these proteins here. There are likely many 
means to the same end. In RXLR effectors, the region that con-
tains the canonical RXLR motif (after the secretion signal and 
involved in the translocation of effectors into the host cell [17] 
(Fig. 1)) is frequently predicted to be disordered, but the disorder/
order boundary transition is often not clear. The part of the  protein 
that encodes biochemical function in the host cell (the “effector 
domain”) may contain multiple sub-domains. Furthermore, patho-
gens can encode >>100 RXLR effectors [18, 19]. As many of these 
are of interest for understanding structure/function relationships, 
the expression pipeline must be streamlined for throughput.  
To rapidly screen for expressed proteins suitable for crystallization, we 
use the suite of recombination-based cloning expression vectors 
developed by the Oxford Protein Production Facility (OPPF) 
[20]. These pOPIN vectors allow cloning using In-Fusion tech-
nology (Clontech) and are available with a range of different tags 
and vector backbones (usually a histidine tag is included). They 
also allow for expression in E. coli, insect cells and mammalian cell 
culture without the need for re-cloning.

To screen for expression of constructs of interest established in 
pOPIN vectors, our procedural unit allows for the rapid produc-
tion of 24 bacterial cultures (or multiples thereof). The system is 
highly flexible in terms of expression construct design (e.g. differ-
ent fusion tags, dependent on the pOPIN vector chosen), the host 
strain/growth temperature and medium used for expression 
 testing. It requires only simple laboratory equipment, consumables 

Fig. 1 Domain structure of RXLR effector proteins. RXLR proteins are modular 
and comprise a signal peptide (SP), followed by the characteristic RXLR sequence 
(blue). These sequences are involved in host cell targeting. The C-terminal effec-
tor domain encodes the activity in the host cell

Richard K. Hughes and Mark J. Banfield
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and multichannel pipettes; a robotic handling procedure can be 
used to streamline the process, if available. We use a system that 
permits the analysis of both total and soluble protein expression in 
cleared lysates. Our laboratory typically uses fully automated AKTA 
Xpress modules for purification of expressed soluble proteins to 
homogeneity from cleared lysates using a combination of 
Immobilized Metal-ion Affinity Chromatography (IMAC) and gel 
filtration. The latter technique also serves as a means of assessing 
the monodispersity and oligomeric state of the protein. Following 
purification, ultrafiltration devices are used to concentrate protein 
samples. Preliminary crystallization screens are purchased from 
suppliers and dispensed into crystallization plates using a liquid 
handling robot (multichannel pipettes can also be used). Nanoliter- 
scale crystallization experiments are set-up using a crystallization 
robot and these experiments are tracked for crystal formation using 
an imaging robot. Any crystals obtained in preliminary screens can 
be optimized (usually at the milliliter scale) or used directly for 
X-ray diffraction experiments.

In the sections below we detail the typical steps taken to obtain 
crystals of RXLR effector proteins in our laboratory. Much of the 
equipment and many of the consumables, or similar, would be 
available in most universities or research institutes.

2 Materials

 1. 37 °C incubator(s) with shaking capability and racks to accom-
modate deep-well blocks.

 2. Benchtop centrifuge capable of 3,800 × g with deep-well block 
holders.

 3. 24-Deep-well block (Starlab, E2824-1000).
 4. PCR machine, strips and caps.
 5. Petri dishes (90 mm).
 6. 96-Well PCR plate (non-skirted, Starlab E1403-0100) and 

plastic adhesive plate seal (Labtech Int., 4TI-0500).
 7. Heating block at 42 °C with 96-well block for PCR plates and 

strips.
 8. Agarose DNA gel electrophoresis equipment.
 9. Syringes and syringe filters (0.2 μm).

 1. Fully digested (KpnI/HindIII—pOPINF, S3C or M; NcoI/
PmeI—pOPINE) and gel purified pOPIN vectors (100 ng/μL).

 2. PCR components and proofreading polymerase.
 3. In-Fusion Cloning System Kit (Clontech, 50 reactions, 

639646). In 2013, this product will be replaced with In-Fusion 
HD Cloning Plus Kit (50 reactions, 638910).

2.1 Medium- 
Throughput Cloning 
into pOPIN Vectors

2.1.1 Equipment  
and Consumables

2.1.2 Reagents

X-Ray Crystallography of RXLR Effector Proteins
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 4. 12 PCR templates (ideally not ampicillin resistant) with cDNA 
encoding protein of interest.

 5. 24 Primer pairs (pOPINF and pOPINE) or 12 primer pairs 
(pOPINF and pOPINS3C or pOPINM).

Primers can be designed using the Opiner server at OPPF 
(http://www.oppf.rc-harwell.ac.uk).

 6. 24 PCR products (pOPINF and pOPINE) or 12 PCR prod-
ucts (pOPINF and pOPINS3C or pOPINM).

 7. Plasmid DNA miniprep and gel extraction kits.
 8. Nanodrop spectrophotometer (ThermoFisher).
 9. 1 % (w/v) agarose gels.
 10. 24 × 50 μL aliquots of chemically competent DH5α and 

BL21(DE3) cells.
 11. 100 mg/mL carbenicillin (water, filter sterilized).
 12. 20 % (w/v) X-gal (in dimethylformamide, Fluka 40250).
 13. 1 M IPTG (water, filter sterilized).
 14. LB-carbenicillin (100 μg/mL, Formedium) agar containing 

isopropylthio-β-D-galactopyranoside (IPTG, 1 mM, Formedium) 
and X-gal (5-bromo-4-chloroindolyl-β-D-galactopyranoside, 
0.02 % w/v, Melford).

 15. 50 % (v/v) glycerol (sterile).
 16. Ultrapure water (18 MΩ cm at 25 °C).
 17. DNA sequencing reagents (or use service provider); T7 pro-

moter (TAATACGACTCACTATAGGG) and pOPINRev 
(CACCACCTTCTGATAGGCAG) sequencing primers.

 1. 24-Deep-well blocks (Starlab, E2824-1000).
 2. 96-Deep-well blocks (Abgene, VWR, 732-4910).
 3. 96-Well PCR plate (non-skirted) for SDS-PAGE samples (and 

foil seal).
 4. 96-Well heating block at 42 and 95 °C for PCR plates and 

strips.
 5. Gas permeable seals (Fisher Scientific, TUL980060V).
 6. Expandable multichannel pipette (and 1.25 mL tips) (Matrix 

Science, ThermoFisher).
 7. Standard (8 tip) multichannel pipette (5–50 μL).
 8. Repeat pipetter (with 50 mL tip) and 100 mL beaker.
 9. Incubator(s) with shaking and chilling capability + rack to 

accommodate deep-well blocks.
 10. Bench top spectrophotometer and cuvettes for measuring 

absorbance at 600 nm.

2.2 Medium- 
Throughput Protein 
Expression Testing

2.2.1 Equipment  
and Consumables

Richard K. Hughes and Mark J. Banfield
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 11. Microtitre plate reader and 96-well clear microtitre plates 
(skirted, Qiagen 36985).

 12. Sonicator (Sonics, Vibracell: Model CV33) with 24 head probe 
(630-0579).

 13. Small ice box (to cool deep-well block during sonication).
 14. Shaker for 96-deep-well blocks.
 15. Liquid handling robot (e.g. Tecan, Freedom Evo) with 

optional microplate shaker (Inheco, Variomag Teleshaker, 
3800047).

 16. Benchtop centrifuge capable of 4,800 × g with deep-well block 
holders.

 17. Gel multicasting chambers (2) for 20 gels (Biorad, 165-4110) 
and 20 sets of glass plates: 1.0 mm spacer plates (Biorad, 165- 
3311) and small plates (Biorad, 165-3308).

 18. SDS-gel tanks for running 12× SDS-PAGE gels (4 gels/tank, 
3 tanks) (Mini Protean Tetra, Biorad).

 19. SDS-PAGE running buffer (5×): 940 g glycine, 151 g Tris, 
250 mL 20 % (w/v) SDS, water to 10-L.

 20. Gel staining dishes (12) (Slaughter, 109).

 1. Ultrapure water (18 MΩ cm at 25 °C).
 2. LB-carbenicillin (100 μg/mL) (300 mL).
 3. Lysis buffer: 50 mM Tris–HCl pH 8.0, 0.3 M NaCl, 20 mM 

imidazole (Fluka, 56748), 5 % (v/v) glycerol, 50 mM  
glycine containing 0.25 % (w/v) polyethyleneimine (PEI)  
(see Note 1) + “Complete EDTA-free” protease inhibitors 
 tablet (Roche, 1873580) (1 tablet per 50 mL lysis buffer).

 4. 12 × 5 μL aliquots marker proteins (Life Technologies, 
SeeBlue+2, LC5925).

 5. Instantblue (Expedeon, ISBIL).
 6. 4× SDS loading buffer (50 mL): To a 50 mL Falcon tube add 

20 mL glycerol, 10 mL 1 M Tris–HCl pH 6.8, 20 mL 20 % (w/v) 
SDS (Severn Biotech), 3.1 g dithiothreitol (Melford, MB1015) 
and 0.2 g bromophenol blue (Sigma, 114391). Shake gently for 
10 min. Centrifuge at 3,800 × g for 10 min and decant superna-
tant to remove undissolved bromophenol blue. Freeze in 0.5 mL 
aliquots at −80 °C. Store a few working aliquots at −20 °C.

 7. Optional: Benzonase (Merck, ≥25 U/μL, Cat. No. 
1.01694.0001); add 25 μL (625 U)/50 mL lysis buffer. For 
robotic platform: 25 % (v/v) ethanol (tip  washing); 70 % (v/v) 
ethanol (tip sterilization); 2 % (v/v) Hycolin (Coventry 
Chemicals) (disinfectant for waste pot).

2.2.2 Reagents
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 1. Incubator(s) with shaking (and chilling capability if necessary).
 2. Bench top spectrophotometer and cuvettes for measuring 

absorbance at 600 nm.
 3. 1-L centrifuge tubes (Fisher, CFT-980-G).
 4. Centrifuge and rotor for 1-L tubes (5,670 × g).
 5. 2-L conical flasks.
 6. Falcon tubes (50 mL).

 1. LB (2–6× 1-L in 2-L conical flasks and 1 or 2× 100 mL in 
250 mL conical flasks), autoclaved.

 2. 100 mg/mL carbenicillin (water, filter sterilized).
 3. 1 M IPTG (water, filter sterilized).

 1. AKTA Xpress system module(s) (GE Healthcare)—with sample 
loop extensions (15 mL max sample loading).

 2. Hi-Trap FF Ni-IMAC columns (5 mL) (GE Healthcare, 
17-5255-01).

 3. Superdex 75 26/60 gel filtration columns (GE Healthcare, 
17-5174-01).

 4. 24-Deep-well blocks (for collecting protein fractions) (Starlab, 
E2824-1000).

 5. Sonicator with single, large (10–12 mm) probe (suitable for 
lysis of 50 mL + volumes).

 6. Falcon tubes (50 mL) or plastic beaker.
 7. Centrifugal protein concentrators (Sartorius, Vivaspin 20, 

PES) and centrifuge (7,500 × g).
 8. Peristaltic pump (e.g. GE Healthcare, P1).
 9. Spectrophotometer (e.g. Nanodrop).

 1. Lysis buffer: 50 mM Tris–HCl (pH 8.0), 0.5 M NaCl, 20 mM 
imidazole (Fluka, 56748), 5 % (v/v) glycerol, 50 mM 
 glycine + 1 large “Complete EDTA-free” protease inhibitors 
tablet per 50 mL lysis buffer.

 2. IMAC equilibration/binding buffer (“A1”): as lysis buffer, 
without protease inhibitors.

 3. IMAC elution buffer (“B1”): as equilibration buffer with 
500 mM imidazole.

 4. Gel filtration buffer (“A4”): 20 mM HEPES pH 7.5, 0.15 M 
NaCl.

 5. Stripping buffer: 38 mL 0.5 M NaH2PO4, 162 mL 0.5 M 
Na2HPO4, 146.1 g NaCl, 500 mL 0.5 M EDTA (pH 8.0), 
water to 5-L.

2.3 Scale-Up 
Expression of Soluble 
Proteins
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 6. 0.1 M nickel chloride (Sigma, 223387).
 7. Ultrapure water (18 MΩ cm at 25 °C).
 8. 20 % (v/v) ethanol.
 9. Purified HIS-tagged 3C protease (expression and purification 

details are available from the authors on request).
 10. 1 M ß-mercaptoethanol (Sigma, M6250).

 1. Crystallization robot (Douglas Instruments, Oryx Nano).
 2. MRC 2 drop 96-well plates (Molecular Dimensions, MD11-00).
 3. Deep-well block seals (Molecular Dimensions, Sureseal, 

MD6-16).
 4. MRC plate seals (Molecular Dimensions, ClearVue, MD6-01S).
 5. Crystal imaging robot in room at 20 °C.
 6. Binocular microscope.

 1. Ultrapure degassed water (18 MΩ cm at 25 °C).
 2. Six different crystallization screens (1 mL dispensed from com-

mercial preparations into 96-deep-well blocks using liquid 
handling robot), choose from: PEG (Qiagen, 130704), JCSG-
plus (Molecular Dimensions, MDI-37), Ammonium sulfate 
(Qiagen, 130705), PACT (Molecular Dimensions, MDI-29), 
Structure Screen 1 (Molecular Dimensions, MDI-01) and 2 
(Molecular Dimensions, MDI-02)—combined into a single 
96-well block, Morpheus (Molecular Dimensions, MDI-46) 
and Midas (Molecular Dimensions, MDI-59).

 1. X-ray diffractometer (or synchrotron).
 2. Binocular microscope.
 3. Cover slips and silicone grease.
 4. Scalpel blade.
 5. Clear tape to reseal well.
 6. Crystal loops (various sizes: 0.1–1.0 mm).
 7. Liquid nitrogen and Dewar flask.

 1. Reservoir solution (from plate with protein crystal).
 2. Cryoprotectant solution(s). The exact composition of the 

cryoprotectant is dependent on the precipitant but can include 
organics, polyols, salts, sugars and polymers. Alternatively 
some oils, such as paratone, are suitable for cryoprotecting 
protein crystals.

2.5 Setting Up 
Protein Crystallization 
Screens and Crystal 
Screening
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and Consumables
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 1. Crystallization room at 20 °C (to store plates).
 2. Falcon tubes (15 mL) and 24 tube rack.
 3. 24-Well plates with lids (Molecular Dimensions, MD3-11).
 4. 22 mm cover “Crystalclene” slips (Molecular Dimensions, 

MD4-11).
 5. Silicone grease and dispenser.
 6. Fine forceps.
 7. Pipette (0.1–2 μL).

 1. Crystallization room at 20 °C (to store plates).
 2. 48-Well plates (Molecular Dimensions, MRC MAXI, MD11- 

004) and seals (Molecular Dimensions, ClearVue, MD6-01S).
 3. Standard multichannel (8 tips) pipette (50 μL).
 4. Crystallization robot (Douglas Instruments, Oryx Nano).

 1. Everything listed in Subheadings “Hanging Drop” and/or 
“Sitting Drop”.

 2. Cat’s whisker.
 3. Acupuncture needle.
 4. Super glue.

 1. Individual salts and solutions used in precipitant of interest 
from commercial 96-well screen.

 2. 24 Homemade precipitant solutions (1–10 mL) (see Note 3).

 1. Individual salts and solutions used in precipitant of interest 
from commercial 96-well screen.

 2. 48 Homemade precipitant solutions (1–10 mL) (see Note 3).

 1. Additive Screen HT Kit (Hampton Research, HR2-138).
 2. Seed Bead Kit (Hampton Research, HR2-320).

 1. Everything listed in Subheading 2.6.1.
 2. Timer.

2.7 Optimization  
of Protein Crystals  
for Improving Quality 
of X-Ray Diffraction

2.7.1 Equipment  
and Consumables
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Hanging Drop

Sitting Drop

Additive Screens and 
Seeding Experiments  
(See Note 2)
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For expression of selenomethionine-labeled protein, details are 
available on request from the authors.

 1. Everything listed in Subheadings 2.3.1 (except LB liquid 
media), 2.4.1 and 2.6.1.

 2. Sterile flasks (2-L).

 1. Everything listed in Subheading 2.6.1.
 2. Toxins cupboard.
 3. Fine balance with extraction hood.
 4. Face mask.
 5. Timer.

 1. Everything listed in Subheading 2.6.2.
 2. 1 M potassium (or sodium) iodide solution.

 1. Everything listed in Subheadings 2.3.2, 2.4.2, and 2.6.2.
 2. B834 (DE3) cells transformed with expression construct.
 3. Selenomethionine (Merck, 561505).
 4. Minimal media (M9).

 1. Everything listed in Subheading 2.6.2.
 2. Heavy metal derivatives. Database of compounds is available at 

http://www.sbg.bio.ic.ac.uk/had/.

3 Methods

This procedure is designed for cloning the sequences of 12 differ-
ent target proteins in two different pOPIN vectors (pOPINF and 
either pOPINS3C, pOPINM or pOPINE) giving a total of 24 
constructs for expression testing.

 1. Prepare double-digested pOPIN vectors and 12 or 24 PCR 
products and purify them from agarose gels using a gel extrac-
tion kit. Elute DNA from spin columns in sterile water and 
store at a concentration of about 100 ng/μL.

 2. Set up 24 In-Fusion reactions in 3 × 8 PCR strips on ice: 100 ng 
pOPIN vector, 100 ng PCR product, 1 μL 5× In-Fusion 
enzyme premix + sterile water to 5 μL. Incubate in PCR 
machine at 42 °C for 30 min. Store on ice or freeze at –20 °C.

 3. Transform 2 μL each In-Fusion reaction into 24 × 50 μL chem-
ically competent DH5a cells (in PCR tubes). Store remainder 
of In-Fusion reactions at –20 °C. Heat shock cells for 30 s at 

SAD Phasing Using 
Selenomethionine-Labeled 
Protein

Soaking of Native Crystals 
with Heavy Metal 
Derivatives (See Note 4)

2.8.2 Reagents

Iodide Soaking of Native 
Crystals
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Soaking of Native Crystals 
with Heavy Metal 
Derivatives (See Note 4)
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42 °C. Transfer cells to 24-deep-well block and add 450 μL 
LB. Add gas permeable seal. Recover cells by shaking at 
200 rpm at 37 °C for 1 h.

 4. Plate 100 μL cells on LB-carbenicillin (100 μg/mL) agar plates 
containing IPTG (1 mM) and X-gal (0.02 % w/v). Incubate 
overnight at 37 °C. Select a white colony from each of the 24 
transformations. Less than 10 % of colonies should be blue.

 5. Use repeat pipetter to transfer 4 mL LB-carbenicillin (100 μg/
mL) to each well of a 24-deep-well block and inoculate with 
white colonies. Add gas permeable seal and grow overnight at 
37 °C with shaking at 200 rpm.

 6. Add 400 μL sterile 50 % (v/v) glycerol to 24 × labeled 1.5 mL 
Eppendorf tubes. Use an expandable multichannel pipette and 
1.5 mL Eppendorf tubes in a suitably spaced tube rack. Add 
600 μL overnight culture to each tube, mix and flash-freeze 
samples in liquid nitrogen. Store at –80 °C.

 7. Harvest remainder of cells by centrifugation (3,800 × g, 
10 min). Discard supernatants and blot upside down on a blue 
towel. Store plate with cell pellets at –20 °C, or proceed imme-
diately to the next step.

 8. Prepare 24 plasmid DNA preps using DNA miniprep kit. Elute 
DNA from spin column with 30 μL sterile water. Submit all 
samples for DNA sequencing using T7 promoter primer (and 
pOPINRev primer, if necessary).

 9. Transform 24 × 50 μL aliquots of chemically competent 
BL21(DE3) as in step 3 with 5 μL of each DNA preparation 
prepared in step 8. Store 24-deep-well blocks at 4 °C, but 
 confirm sequences before proceeding to protein expression 
testing. Any E. coli expression strain can be used instead of 
BL21(DE3) as appropriate.

This procedure will test for protein expression from the 24 differ-
ent constructs prepared above. Expression is induced at 37 °C for 
4 h or at 18 °C overnight in a single host strain, in a single growth 
medium. The procedure will yield a total of 96 samples (48 whole 
cell and 48 soluble fractions) for analysis on 12× SDS-PAGE gels.

 1. Use repeat pipetter to transfer 4 mL LB-carbenicillin (100 μg/
mL) to a 24-deep-well block. Inoculate with single BL21(DE3) 
colonies on plates (Subheading 3.1, step 9). Add gas perme-
able seal and grow overnight at 37 °C with shaking at 200 rpm.

 2. Make glycerol stocks of the constructs in BL21(DE3) if not 
available (repeat Subheading 3.1, step 6).

 3. Use repeat pipetter to transfer 4 mL LB-carbenicillin (100 μg/
mL) to 2 × 24-well blocks. One plate will be induced at 37 °C, the 
other at 18 °C overnight. Inoculate each well with 200 μL over-
night culture from the 24-deep-well block in step 1 (see Note 5).

3.2 Medium- 
Throughput Protein 
Expression Testing
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 4. Grow cells with shaking at 200 rpm for 3 h (A600 0.2–1.0). 
Remove seals and transfer 100 μL from each well of both 
blocks to 2 × 96-well clear microtitre plates. Leave 24-deep- well 
blocks at room temperature while recording A600 values using 
a plate reader.

 5. At appropriate A600 add 40 μL 0.1 M IPTG to each well of 
both 24-deep-well blocks using an expandable multichannel 
pipette and replace with new gas permeable seals. Incubate one 
plate at 37 °C for 4 h (Fig. 2a) and the other at 18 °C over-
night (Fig. 2b), both with shaking at 200 rpm.

 6. Harvest cells as in Subheading 3.1, step 7. Cover blocks with 
plastic seals and store at –20 °C overnight or at –80 °C for >1 h.

 7. From this point a robotic procedure can be followed to guide 
the user through both stages of cell lysis (using a Teleshaker). 
Alternatively, cell lysis can be carried out separately and the 

Fig. 2 Deep-well blocks used for protein expression testing. Two deep-well 
blocks are shown, as an example, for testing protein expression of 24 different 
constructs at 37 °C for 4 h (Block 1) or at 18 °C overnight (Block 2). Alternative 
testing regimes for blocks 1 and 2 can easily be adopted. The description in each 
well refers to the destination location for each sample in the 96-deep-well block 
after sonication (see Fig. 3a)
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robot can be used for just the preparation of samples for 
 SDS- PAGE analysis. If a liquid handling robot is not available, 
the SDS-PAGE samples can be prepared manually using a 
 multichannel pipette, if special care is taken when removing 
the supernatants.

 8. Resuspend cells in lysis buffer (see Subheading 2.2.2, item 3 
and Note 6). If not using the Teleshaker, shake plate on a 
deep-well block shaker at room temperature for 10–15 min. 
With both shakers, additional pipetting up and down may be 
necessary to homogenize the cell suspensions.

 9. Sonicate the lysed extracts using a 24-well probe on ice (40 % 
amplitude max., 1 s on, 3 s off, 1–2 min). Transfer 0.5–1 mL 
of each extract to a 96-deep-well block (pre-cooled on ice) 
using an expandable multichannel pipette. The samples should 
be loaded in columns (four samples at a time) in the following 
order: A1-H1, A2-H2, A3-H3—Plate 1; A4-H4, A5-H5 and 
A6-H6—Plate 2 (Fig. 3a).

 10. Prepare 96-well PCR plate with 10 μL 4× SDS-PAGE loading 
buffer in every well.

 11. Either using an appropriate script on a liquid handling robot 
(e.g. Tecan, Freedom Evo) or multichannel pipettes, prepare a 
PCR plate containing 96 samples: 48 whole cell and 48 soluble 
(prepared before and after centrifugation of block at 4,800 × g 
for 40 min) (Fig. 3b). Store deep-well block containing centri-
fuged lysates at 4 °C. Cover plate containing SDS-PAGE 
 samples with foil seal and heat at 95 °C for 3 min using the 
block provided. Allow to cool. Test all whole cell samples for 
viscosity problems using a multichannel pipette prior to load-
ing SDS-PAGE gels (see Note 7).

 12. Prepare 20× SDS-PAGE gels using 2× multicasting chambers 
and multichannel compatible 9-well combs (see Note 8).

 13. Load 12 × 9-well SDS-PAGE gels with a standard (8 tip) 
 multichannel pipette (gels 1–6, whole cell fraction; gels 7–12, 
soluble fraction) (Fig. 3b).

 14. Stain gels with Instantblue. Inspect gels for expressed and sol-
uble protein by comparing: Gels 1 and 7; 2 and 8; 3 and 10; 4 
and 11; 5 and 12 (Fig. 4).

 1. Inoculate 50–100 mL LB-carbenicillin (100 μg/mL) in 
250 mL conical flasks using glycerol stock prepared  
in Subheading 3.2, step 2. Grow overnight at 200 rpm with 
shaking at 37 °C. Alternatively, inoculate a fresh transformant 
from an agar plate.

 2. Inoculate 2–6 × 1-L LB-carbenicillin (100 μg/mL) in 2-L con-
ical flasks with 20 mL overnight culture. Grow at 200 rpm 
with shaking at 37 °C until the A600 recorded in Subheading 3.2, 
step 4, or for a maximum of 3 h.

3.3 Scale-Up 
Expression of Soluble 
Proteins
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 3. For constructs that express soluble protein at 37 °C, induce 
cultures by adding 1 mL 1 M IPTG/flask and shake at 37 °C, 
200 rpm for 4 h. For constructs that require induction over-
night at 18 °C to express soluble protein, transfer the cultures 
to an incubator at 18 °C and allow them to cool for 15 min 
before inducing them (see Note 9).

 4. Harvest the cells at 5,670 × g for 7 min in 1-L centrifuge tubes. 
Store cells in centrifuge tubes at –20 °C or –80 °C, after 
 transferring cell paste into a 50 mL Falcon tube.

Fig. 3 Layout of 48 samples in 96-deep-well block for sonication and SDS- PAGE 
analysis. (a) The layout of the 96-deep-well block containing 48 sonicated samples 
derived from both 24-deep-well blocks is shown. (b) The layout of the 96-well PCR 
plate for loading 96 samples on 12 gels with a multichannel pipette for SDS-PAGE 
analysis. The description in each well refers to the location of each sample in the 
original 24-deep-well block before transfer to the 96-deep-well block after sonica-
tion (e.g., 1A1, refers to Block 1, position A1; 2D6, refers to Block 2, position D6)
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 1. Thaw frozen cell pellets (see Note 10) from Subheading 3.3, 
step 4. Hold on ice. Crude protein extracts from this point 
onwards should be kept on ice, or at 4 °C.

 2. Resuspend cells in lysis buffer (see Subheading 2.4.2, item 1 
and Note 11) until a homogeneous mixture is obtained.

 3. Lyse the cells by sonication (see Note 12) using a large 
 (10–12 mm) probe. Use 50 mL Falcon tubes or larger plastic 
beakers completely surrounded by ice.

 4. Centrifuge the cell lysate in Oakridge centrifuge tubes at 
40,910 × g for 15 min at 4 °C. Transfer supernatants to fresh 
Oakridge tubes and recentrifuge for 5 min. Decant and combine 
the supernatants in a 50 mL Falcon tube (or larger container). 
Dilute 3 μL sample with 27 μL A1 buffer and add 10 μL  
4× SDS-loading buffer. Store at –20 °C for SDS-PAGE analysis 
(Fig. 5). Purify rest of the sample using AKTA Xpress system.

 5. To use AKTA Xpress system: Insert sample inlet tubing (S1) 
into Falcon tube containing 40 mL IMAC equilibration buffer 
(A1, see Subheading 2.4.2, item 2); for multiple samples, 
repeat for inlets S2-S4. Attach 24-deep-well block for 
 collecting protein fractions. Run program designed for 2-step 
purification: Affinity chromatography on a 5 mL Hi-Trap FF 
Ni-IMAC column followed by gel filtration chromatography 
on, for example, a Superdex 75 26/60 column. Note checklist 
for  column positions and volumes of three purification buffers 
(A1, B1 [Subheading 2.4.2, item 3] and A4 [Subheading 2.4.2, 
item 4]) and any post-run solutions.

3.4 Extraction  
and Purification  
of Soluble Proteins  
for Crystallization

Fig. 4 SDS-PAGE analysis of protein expression. A typical example from a screen to compare the protein 
expression levels and solubility is shown. Gels 1 and 7 correspond to (a) whole cell and (b) soluble extracts of 
8 expression tests. Sample lanes 1 and 8 on each gel reveals that these constructs produce expressed and 
soluble protein; sample lanes 2, 3, 4 and 6 on each gel are representative of constructs expressing protein, but 
it is not soluble (or barely soluble, lane 3); lanes 5 and 7 on each gel show these constructs do not express any 
protein. Marker proteins were Seeblue+2. Gels were stained with Instantblue
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 6. Following the run, pool or analyze fractions (8 mL) on 
 SDS- PAGE gels and concentrate monodisperse fractions to 
2–3 mg/mL using ultrafiltration devices.

 7. Dilute the protein solution and measure the A280 using a 
Nanodrop or other suitable spectrophotometer. Calculate the 
concentration and total amount of protein purified using the 
extinction coefficient predicted by, for example, ProtParam 
http://web.expasy.org/protparam/.

 8. To a 30 μL sample (“−3C”) add 10 μL 4× SDS-loading buffer. 
Store at –20 °C for SDS-PAGE analysis (Fig. 5).

 9. N-terminally tagged pOPIN vectors contain a 3C protease site 
for tag removal. If this is required, add ß-mercaptoethanol to 
the protein solution to a final concentration of 5 mM from a 
freshly prepared 1 M stock (35 μL/0.5 mL A4 buffer).

 10. Digest the remaining protein with 3C protease (12 μg/mg fusion 
protein) overnight at 4 °C to remove the tags (see Note 13). 
Remove a sample (“+3C”) for SDS-PAGE analysis as above 
(Fig. 4).

Fig. 5 SDS-PAGE analysis of purified effector protein. A typical example of the 
purification of an effector protein is shown. The expressed protein was purified 
from the cleared lysate by IMAC and gel filtration to prepare the “−3C” sample. 
The fusion protein was then incubated with 3C protease (12 μg/mg protein) over-
night at 4 °C to remove the histidine tag (“+3C”). The final preparation was 
obtained after further purification by IMAC (collecting the flow-through) and gel 
filtration, to remove both the uncleaved effector protein and the HIS-tagged 3C 
protease, and concentrated to 10 mg/mL. Marker proteins were Seeblue+2. Gels 
were stained with Instantblue

X-Ray Crystallography of RXLR Effector Proteins



248

 11. On the bench, equilibrate a 5 mL FF Ni-IMAC column with 
A1 buffer (50 mL) using a peristaltic pump. With a syringe, 
apply the sample to the column and collect the unbound frac-
tion. Wash the column with a further 25 mL A1 buffer using 
the pump and combine with the unbound fraction. Concentrate 
the protein to 5–8 mL using an ultrafiltration device.

 12. Run the AKTA Xpress program for gel filtration with A4  
buffer. Pool fractions (8 mL) and concentrate protein to at 
least 10 mg/mL.

 13. Set up crystallization screens (see Note 14).

An initial strategy is to set up 6 × 96-well screens with 0.6 μL drops 
consisting of 50 % protein and 50 % precipitant. Ideally, set up 2 
drops at 1× and 0.5× the concentration at which the protein has 
been stored, e.g. 10 and 5 mg/mL. For a single drop you will 
require a total of 6 × 33 μL (approx. 200 μL) or 2 mg protein  
(at 10 mg/mL); for two drops you will require a total of 9 × 33 μL 
(approx. 300 μL) or 3 mg protein (at 10 mg/mL).

 1. Prepare appropriate amount of either protein stored in the 
fridge, or thawed frozen protein, for the intended screens.

 2. Spin protein at 17,000 × g in a microcentrifuge at 4 °C for 15 min. 
Transfer supernatant to fresh tube. Check protein concentration. 
For setting up a second drop at 0.5× protein concentration, dilute 
100 μL protein with an equal volume of A4 buffer.

 3. Using a liquid handling robot (or multichannel pipettes), 
transfer 50 μL precipitants from each well of a 96-deep-well 
block containing the crystallization precipitants from commer-
cial screens to the corresponding reservoirs of an MRC 2 drop 
96-well plate. Place new seal on 96-deep-well block.

 4. Transfer 33 μL protein to a PCR tube; for setting up two drops 
transfer 33 μL 0.5× diluted protein to a second PCR tube. Use 
the Oryx Nano robot, other crystallization robotics or multi-
channel pipettes to set up sitting drops.

 5. Seal MRC plate and transfer to a controlled environment 
room. Use a crystal imaging robot if available.

 6. Manually inspect crystallization trays (or images taken by the 
imaging robot) daily for 5 days and every week for 3 weeks. 
Record any conditions containing protein crystals.

 7. Look up details of the precipitant in any well of interest using 
the lists provided with commercial screens. If multiple crystals 
are obtained, look for crystals with different morphologies 
(e.g., plates versus cubes).

 8. Check if false positives have been seen before in this well.  
It may suggest the crystals are derived from salts in the precipi-
tant and are not protein.

3.5 Setting Up 
Protein Crystallization 
Screens and Crystal 
Screening
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 9. If possible, test any crystals to see if they diffract X-rays  
(see below) and assess diffraction quality. Confirm whether 
crystals obtained are salt or protein.

 10. If crystals are protein and diffract reasonably well, set up opti-
mization screens.

In-house X-ray diffractometer set-ups are ideal for screening initial 
crystals for diffraction quality. However, optimization screens are 
frequently required to obtain sufficient numbers of larger crystals 
required to determine the structure. Normally, the best crystals 
should be sent to a synchrotron radiation source for the collection 
of the very best X-ray dataset. Synchrotron radiation may also be 
required for solving the structure.

 1. Examine crystal and estimate size of loop required to pick it 
up. Place drop of cryoprotectant solution onto a cover slip on 
the stage of the binocular microscope.

 2. Working quickly, cut into the seal of 96- or 48-well plates 
 covering the well with the crystal using a scalpel blade (or 
remove and invert cover slip over 24-well hanging drop plate).

 3. Lift out crystal onto loop into cryoprotectant. Then loop-out 
the crystal and either flash-freeze it in liquid nitrogen or place 
it directly into position in a cryostream mounted on a 
diffractometer.

 4. Collect X-ray diffraction data.

A sensible strategy is to set up screens using 24-well plates  (hanging 
drop) or 48-well plates (sitting drop) using home-prepared pre-
cipitant solutions based on those that gave crystals (see Note 15). 
Ideally use larger 2–4 μL drops (typically 50 % protein and 50 % 
precipitant). For hanging drop experiments the entire process  
will most likely be carried out manually. For sitting drops in 48-well 
plates, the Oryx Nano robot (or equivalent, or multichannel 
pipettes) can be used to set up the drops. First, define a broad 
range of conditions that span either side of the condition that gave 
crystals in the 96-well screen. In a 24-well plate, try 4× different 
buffers from pH 4–9, and 6 different (increasing) precipitant 
 concentrations. Reduced increment steps can be used in 48-well 
format. For 24- and 48-well plates with single 2 μL drops (50 % 
precipitant) and protein at 10 mg/mL, you will need 0.24 or 
0.48 mg protein, respectively.

 1. Prepare 24 × 5–10 mL or 48 × 1 mL samples of each 
precipitant.

 2. Transfer 1 mL or 0.2 mL of each precipitant to the reservoir  
of a 24-well or 48-well plate, respectively. Store remainder of 
precipitant solutions.

3.6 Testing Protein 
Crystals for Diffraction 
Quality

3.7 Optimization  
of Protein Crystals  
for Improving Quality 
of X-Ray Diffraction

X-Ray Crystallography of RXLR Effector Proteins
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 3. For 48-well plate (sitting drop) experiments, robotics or 
 multichannel pipettes can be used to set up drops.

 4. For 24-well plate (hanging drop) experiments: Line the perim-
eter of each well with silicone grease using a syringe pump 
dispenser or manually with a syringe. Lay out 24× cover slips in 
plate (6 × 4) format and pipette 1–2 μL protein onto a single 
row of six cover slips. Then, with a fresh tip, add the same vol-
ume of precipitant from the reservoir to the protein drop on 
the cover slip and slowly pipette up and down to mix the drop. 
Repeat this procedure for the other five cover slips in the first 
row. Invert the cover slips over the corresponding row of wells 
in the 24-well plate and gently press the cover slips in place 
using fine forceps to seal the edges completely. Repeat this 
 procedure for the other three rows of the 24-well plate.

 5. Transfer plate to crystallization room at 20 °C and monitor 
growth of crystals daily.

 6. Review results frequently and test any crystals for diffraction.  
If necessary, set up other screens that have more finely tuned 
crystallization conditions.

 7. Identify crystals giving the best diffraction.

The phase-problem of crystallography refers to the fact that a 
 diffraction experiment only records the intensities of diffracted 
X-rays and not their phase. Both sets of information are required 
for re- construction of electron density maps. There are many 
methods that can be used to solve the phasing problem in crystal-
lography, which are outside the scope of this article (e.g., [21]). 
We have successfully used: a combined single anomalous dispersion 
(SAD)/single isomorphous replacement plus anomalous differ-
ences (SIRAS) approach using the anomalous signal from iodide 
soaking of native crystals; co-crystallization with ammonium bro-
mide and anomalous scattering from bound bromide ions; and 
producing crystals from selenomethionine-labeled protein for col-
lection of Se-SAD data, to solve crystal structures of bacterial and 
oomycete plant pathogen effectors [22–24]. Where an existing 
structure of a protein with similar sequence is available, molecular 
replacement is also an option. A range of well-developed computer 
programs, many with user-friendly interfaces, are available that will 
process X-ray data and, in straightforward cases, may solve the 
structure and produce an initial protein structure automatically.

A structure is considered “solved” when an interpretable elec-
tron density map is obtained, into which an initial protein model 
that satisfies the electron density can be placed. At this stage it is 
highly likely a structure determination can be completed in a 
 matter of days or weeks.

3.8 Solving the 
“Phase Problem”

Richard K. Hughes and Mark J. Banfield
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4 Notes

 1. This is prepared by dilution from a 12.5 % (w/v) PEI stock  
(1 in 4 dilution of a 50 % [w/v] PEI commercial stock, MW 
60,000, Acros 178572500) that has been readjusted to 
pH 8.0.

 2. If crystals grown in the optimization screens diffract poorly, 
then including additives or crystal “seeds” in the screen may 
improve the diffraction quality of crystals. Additives will 
manipulate sample–sample and sample–solvent interactions 
and alter sample solubility. Seeding experiments may encour-
age the growth of larger, single crystals.

 3. If crystals cannot be reproduced in optimization screens using 
homemade solutions, the precipitant used in the 96-well plate 
commercial screens can be obtained from the supplier in larger 
volumes.

 4. These compounds can be used in situations where attempts 
with iodide soaks have failed.

 5. For strains with the pLysS or pLysE plasmid, or other strains 
where there is an additional antibiotic load, or which grow 
more slowly (judge by colony size), inoculate with 500 μL 
overnight culture. The aim is to obtain growth to an A600 at 
least 0.2 after 3 h. Where growth is poor in BL21(DE3) due 
possibly to the leaky expression of toxic proteins, induction can 
be attempted after 3 h regardless of A600.

 6. The volume of lysis buffer used will depend on the size of  
the cell pellet and the A600 of the cells when you induced the 
cultures with IPTG. Aim for a “slightly cloudy” mixture and 
about the same level of cloudiness in each well. You will need 
at least 2 mL to sonicate in a 24-deep-well block. If ANY of the 
cell pellets in the 24-deep-well block is very small, resuspend 
these pellets in 0.5 mL, then transfer 0.5 mL of ALL the 
extracts in the 24-deep-well block to a 96-deep-well block 
using the expandable multichannel pipette BEFORE sonica-
tion using the 24-well probe.

 7. If this is a problem, then dilute difficult samples with 1× SDS- 
PAGE loading buffer until mobile. An alternative strategy 
would be to include Benzonase in the lysis buffer. This can 
almost always be avoided if the DNA has been sheared by 
effective sonication and the protein extracts were not too con-
centrated. If necessary, resuspend pellets in the centrifuged 
96-deep-well block (Subheading 3.2, step 11 above), then 
add 12.5 U/mL Benzonase for 10 min.

X-Ray Crystallography of RXLR Effector Proteins
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 8. Excess gels can be individually wrapped in cling film and 
 covered with wet blue towel in a sealed sandwich box at 4 °C.

 9. Before extraction and purification it is worthwhile ensuring 
that the protein has expressed after scale-up. For this, take a 
1–3 mL sample of the cells before and after induction. Spin the 
cultures at 2,400 × g in a microcentrifuge, discard the superna-
tants and store the cell pellets at –20 °C for expression testing. 
Resuspend the cell pellets in Bugbuster reagent (in 50 mM 
Tris–HCl, pH 8.0) containing Benzonase (0.5 μL/mL). Leave 
for 10 min at room temperature. Transfer 30 μL to a 1.5 mL 
Eppendorf tube and add 10 μL 4× SDS loading buffer—this  
is the whole cell fraction. Spin remainder of the extract at 
13,000 × g (or max speed) in a microcentrifuge for 5 min  
at 4 °C. Transfer 30 μL supernatant and treat as above—this is 
the soluble fraction. Run both samples on SDS-PAGE gels.

 10. If possible, prepare enough protein to set up 6 crystallization 
screens and have a few aliquots of protein leftover for setting 
up optimization screens (assuming crystals are obtained). This 
will reduce variation between batches of protein.

 11. The volume of lysis buffer used for resuspension will depend 
on cell mass. Cells from 2 to 4-L cultures induced at 37 °C  
for 4 h can typically be resuspended in a total volume of 50 mL 
or less. Cells left to grow to saturation overnight at 18 °C, or 
cultures over 4-L should be resuspended in a minimum of 
100 mL lysis buffer.

 12. The length of time for sonication is variable. Ensure that no 
small cell clumps remain at the bottom of the tube/beaker. 
The final lysate should be fairly mobile and of low viscosity. 
Dilute with A1 buffer, if necessary, before loading on the 
IMAC column.

 13. We routinely remove the histidine tag before setting up crys-
tallization screens. In smaller proteins (<10 kDa) the flexible, 
unstructured tag may prevent crystal formation or adversely 
affects the quality of crystals.

 14. The freshly purified protein can be used immediately for  setting 
up crystallization screens. However, it will likely be necessary 
to store the protein preparation. A good practice is to flash-
freeze the protein in 50 μL aliquots and store at –80 °C.  
If plenty is available, also store some protein at 4 °C. Depending 
on the project it may be appropriate to use the remaining 
 protein for other studies.

 15. Cover slips used in 24-well plates (hanging drop) can accom-
modate up to four drops. Two sitting drops can typically be set 
up in 48-well format.

Richard K. Hughes and Mark J. Banfield
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Chapter 19

The Do’s and Don’ts of Effectoromics

Juan Du and Vivianne G.A.A. Vleeshouwers

Abstract

Effectoromics, a high-throughput functional genomics approach that uses effectors to probe plant 
 germplasm to detect R genes, has proven a potent contribution to modern resistance breeding. Advantages 
of effectoromics are summarized in four aspects: (1) accelerating R gene identification; (2) distinguishing 
functional redundancy; (3) detecting recognition specificity and (4) assisting in R gene deployment. In 
this manuscript, we provide suggestions as well as some reminders for applying effectoromics in the breed-
ing process. The two routine functional assays that are widely used, agroinfiltration and agroinfection, are 
presented. We briefly explain their advantages and disadvantages and provide protocols for applying them 
in the model system Nicotiana benthamiana as well as in potato (Solanum tuberosum).

Key words Effectoromics, Effectors, Resistance breeding, Agroinfiltration, Agroinfection, Nicotiana 
benthamiana, Potato

1 Introduction

Effectoromics has recently emerged as a powerful tool to identify 
resistance (R) genes in crop plants and matching avirulence (Avr) 
genes of pathogens [1–4]. This high-throughput functional 
genomics approach uses effectors to probe plant germplasm for 
specific recognition of R proteins. The required inflow of predicted 
effectors from plant pathogen genome sequences is becoming 
increasingly easy with the rapid development of sequencing tech-
nology. Still, after analyzing the huge amount of sequences by bio-
informatics for putative functional genes, efficient biological assays 
are essential. Effectoromics perfectly bridges this gap, as we have 
shown for the late blight pathogen Phytophthora infestans and its 
interactions with wild potato species. Currently, researchers and 
breeders from various fields are adopting this approach for their 
own specific pathosystem.

For effectoromics in Solanaceous plants, two Agrobacterium- 
based functional assays, namely agroinfiltration and PVX (Potato 
Virus X) agroinfection, are routinely used to transiently express 
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effectors in plant cells [5–7]. Agroinfiltration is performed by 
 infiltrating a suspension of recombinant Agrobacterium into a 
plant leaf, which will transfer the desired gene into plant cells. PVX 
agroinfection is also based on Agrobacterium, in this case as a 
binary PVX expression system. Agroinfiltration and PVX agroin-
fection both have advantages and disadvantages (Table 1). Briefly, 
the agroinfiltration assay (Box 1) is very suitable for functional 
analysis of single genes, such as resistance (R) or avirulence (Avr) 
genes, as well as for reconstructing the R-AVR relationships by 
delivering two transgenes into the same cell. However, nonspecific 
defense to Agrobacterium is regularly observed, especially in some 
potato genotypes. PVX agroinfection (Box 2) is more sensitive, 
more high-throughput and less sensitive to nonspecific defense 
responses to Agrobacterium. However, in this case, nonspecific 
defense to PVX can occur and there is a risk to miss responses due 
to virus-induced extreme resistance (ER). Generally, agroinfiltra-
tion experiments are more laborious in preparing the inoculation 
culture of Agrobacterium, while PVX agroinfection experiments 
take longer until symptoms can be scored.

As indicated above, the main issue for agroinfiltration and PVX 
agroinfection is the chance that nonspecific defense responses are 
raised against the infection agents, Agrobacterium or PVX, respec-
tively, in diverse plant materials (Fig. 1a). To solve this issue, we 
usually search for related plant genotypes that carry the same resis-
tance gene but do not suffer from this unpractical response to the 
infection agents (Fig. 1b). One way to do this is to identify resistant 
offspring plants that are amenable to the expression assays, and sub-
ject those genotypes to subsequent effector studies (Fig. 1c, d).

Table 1 
Comparison of characteristics of agroinfiltration and PVX agroinfection

Agroinfiltration PVX agroinfection

Sensitivity Sensitive Very sensitive

Efficiency Medium throughput High throughput

Nonspecific  
responses

Sometimes suffers from plant  
responses to Agrobacterium

Sometimes suffers from plant 
responses to PVX

Reliability Reliable Sometimes risky to miss  
responses due to extreme 
resistance

Preparation of  
inoculation cultures

Relatively laborious Quick

Phenotyping results Short incubation time  
(3–5 days)

Long incubation time  
(up to 2 weeks)

Juan Du and Vivianne G.A.A. Vleeshouwers
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Box 1  
Agroinfiltration Protocol

1. Around 4–5-week-old seed-grown N. benthamiana or potato from in vitro 
tissue culture can be used for agroinfiltration. Choose young, healthy and 
fully developed leaves for infiltrations.

2. Inoculate 20 μl glycerol stock of the desired Agrobacterium strains into 
10 ml YEB medium supplemented with 1 μl acetosyringone (3′–5′ 
dimethoxy-4′-hydroxy acetophenone, 200 mM stock, 39.3 mg/ml 
DSMO), 100 μl MES buffer (2-(N-morpholino)-ethane sulfonic acid, 1 M 
stock, 195 g/L) and the appropriate antibiotics. Incubate cells for 1–2 days 
at 28 °C at 200 rpm to an OD600 of approximately 1.0.

3. Harvest cells by centrifugation at 3,400 × g for 10 min, pour off the 
supernatant and resuspend the pellet in freshly made MMA medium 
(20 g sucrose, 5 g MS salts, 1.95 g MES, pH adjusted to 5.6 with 
NaOH, and 1 ml acetosyringone/L) to an OD600 of 0.3. For co-infil-
tration, mix the culture in a 1:1 ratio. Then incubate cells at room 
temperature for 1–6 h.

4. Place Agrobacterium suspensions into a 1 ml needleless syringe. Carefully 
inject the suspension from the syringe to the leaf.

5. Responses can be macroscopically scored about 3 days after infiltra-
tions. Results can be quantified by assessing cell death percentages.

Box 2  
PVX agroinfection Protocol

1. Around 2–3-week-old seed-grown N. benthamiana or potato from in vitro 
tissue culture can be used for PVX agroinfection. For large-scale tests, 
slightly older (4–5 weeks) plants can be used.

2. Inoculate 20 μl glycerol stock of the desired Agrobacterium strains into 
3 ml YEB medium supplemented with the appropriate antibiotics. 
Incubate cells for 1–2 days at 28 °C and 200 rpm to an OD600 of 
approximately 1.0.

3. Pipet about 300 μl of each Agrobacterium strain and spread them onto LB 
solid agar medium plates supplemented with the appropriate antibiotics. 
Incubate cells at 28 °C for 1–2 days.

4. Dip a wooden toothpick in the culture of the recombinant Agrobacterium 
strain and pierce the leaves.

5. To make a quantitative scoring possible, make multiple inoculations sites 
for each strain. Use three leaves per plant to serve as triplicates. Inoculate 
at least three plants for each strain.

6. Symptoms can be scored about 2 weeks after inoculation. For high-
throughput screens, summarize the qualitative responses (yes/no) for 
each inoculation spot. Then calculate the percentage of responding sites 
and compare them with controls.

The Do’s and Don’ts of Effectoromics



Fig. 1 Identification of R and Avr genes by effectoromics. RXLR effectors are retrieved from the Phytophthora 
infestans genome sequences and cloned into expression vectors. Constructs are then introduced in 
Agrobacterium tumefaciens for functional screening by agroinfiltration or Potato Virus X (PVX) agroinfection. 
Plant genotypes that are suitable for effectoromics screens (III) show response to the positive control (P) but 
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So far, effectoromics has shown to contribute to resistance 
breeding in four aspects, i.e. accelerating R gene identification, 
distinguishing functional redundancy, detecting recognition speci-
ficity and assisting in R gene deployment [4]. Distributed over 
these four aspects, we list seven “Do’s” that may be helpful to 
design a resistance breeding program involving effectoromics in 
potato or other crops. In addition, we discuss three “Don’ts” that 
are important to consider when assessing the results of effecto-
romics experiments.

2 Do’s

During R gene cloning processes, various candidate genes are 
often obtained. Complementation studies are needed to select the 
true functional R gene. In a classic complementation test, e.g. for 
potato, it takes up to 6 months to generate stable transgenic plants 
that can be inoculated with P. infestans and assessed for resistance. 
By contrast, if the matching Avr gene is available, the test can be 
performed in several days; one needs simply to agro-co-infiltrate 
the candidate R gene with the matching Avr gene in leaves of 
Nicotiana benthamiana to test for R gene-specific cell death 
responses. In this way, the identification and characterization of R 
genes in potato can greatly be accelerated [1, 8–10].

Since most cloned R genes have been defeated by the fast evolving 
pathogen P. infestans, potato breeders explore wild Solanum 
germplasm for new R genes. However, genetic crossing barriers, 
together with linkage drag, remain a problem in potato resistance 
breeding and can drastically delay introgression of R genes. By 
effectoromics approaches, this problem can be solved. Functional 
allele mining with Avr genes in large collections of germplasm can 
quickly lead to identification of functional R gene homologs in 
various species. Sexually more compatible species with a particular 
resistance specificity can then be selected for introgression. A good 
example is the well-known broad-spectrum potato resistance gene 

2.1 Exploit Effectors 
to Accelerate R Gene 
Cloning

2.2 Distinguish 
Functional 
Redundancy

2.2.1 Exploit Effectors 
for Circumventing Genetic 
Crossing Barriers

Fig. 1 (continued) not the negative control (N), and response to effectors (E) can be studied (in red box). 
However, some potato genotypes (I) show nonspecific responses to negative controls, other genotypes (II) fail 
to show response to positive controls, and such genotypes are not suitable. (b) To generate more suitable 
genotypes, genetic crosses are made. Among the progeny, potato genotypes that show response to the effec-
tor as well as the positive control but not the negative control are selected (in red boxes). (c) Genetic studies 
for co-segregation of response to effectors with resistance to Phytophthora infestans. In (a), response to effec-
tor E1 does not co-segregate with resistance. In (b), response to one effector E2 co-segregates with resistance 
(in blue boxes), and E2 is a candidate Avr gene that matches the R gene in the tested plant. (d) Further valida-
tion by agro-co-infiltration of the candidate Avr gene with the matching R gene. Specific cell death occurs in 
leaf panels where R and Avr gene are simultaneously expressed

The Do’s and Don’ts of Effectoromics
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RB/Rpi-blb1 [11, 12], which originates from Solanum 
bulbocastanum that is not directly sexually compatible with 
cultivated potatoes. In the past, difficult somatic hybridisation 
experiments [11] and time-consuming bridge-crossing experiments 
[13] were used to introgress the Rpi-blb1/RB gene into  
S. tuberosum. Functional screens with Avrblb1 in Solanum 
germplasm quickly led to identification of specific cell death 
responses in Solanum stoloniferum, which is directly crossable with 
cultivated potatoes. Based on  Rpi- blb1 homology and functional 
equivalence, the two Rpi-blb1 homologues Rpi-sto1 and Rpi-pta1 
were rapidly cloned from S. stoloniferum [1]. In addition to trans- 
or cisgenic approaches, traditional breeding strategies can now be 
more quickly used to introgress the Rpi-blb1 specificity into potato.

In addition to identifying sexually compatible resistant species, 
breeders can avoid redundant breeding or cloning efforts by clas-
sifying germplasm or R genes based on their responses to effectors 
[1–3]. This is particularly important for R genes with broad- 
spectrum effects for which diagnostic pathogen races are not avail-
able. Therefore, effector-based resistance breeding also enables 
pyramiding of functionally complementary R genes.

Although most cloned R genes have been defeated by local  
P. infestans populations, some cultivars and wild species still retain a 
certain resistance and plants remain healthy. In many cases, the 
resistance of those plants is based on pyramided R genes. Compared 
to traditional inoculations with P. infestans isolates, the effectors can 
more easily and more accurately dissect the activities of otherwise 
indistinguishable R genes into discrete recognition specificities. For 
example, resistance specificities were dissected in a segregating 
population of potato cultivar “Sarpo Mira”, which has retained 
resistance in practice over many years. Responses to  
P. infestans RXLR effectors were matched with race-specific 
resistance responses to different P. infestans strains and “Sarpo Mira” 
was shown to contain at least three known R genes, R3a, R3b and 
R4, and two new genes, Rpi-Smira1 and Rpi-Smira2 [9]. In the 
same way, the two potato R gene differentials MaR8 and MaR9 
[14] were dissected to have at least four (R3a, R3b, R4 and R8) and 
seven (R1, Rpi-abpt1, R3a, R3b, R4, R8, R9) R genes, respectively 
[8]. Knowing which combinations of R genes are present in the 
resistant genotypes, breeders can introgress their favorite R genes 
into the current potato cultivars. The main prerequisite is obvious, 
namely that the matching Avr genes should be known.

For many years, potato breeding has been focussed on the 
introgression of field resistance, which has been claimed to be 
more durable in various studies. However, the genetic basis of field 
resistance has remained unclear for two reasons. One is that the 
weak phenotypes of field resistance are too difficult to follow in  
the genetically complex potato breeding. The other reason is that 

2.2.2 Exploit Effectors 
for Dissecting Resistance 
Specificities

2.3 Detect 
Specificity

2.3.1 Exploit Effectors 
for Detecting Weak 
Resistance Phenotypes
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the avirulence profiles of infecting P. infestans strains cannot always 
be accurately determined in routine detached leaf assays for R 
genes with weaker phenotypes [8]. In such cases, effectors can play 
an important role. For example, the so-called field resistance gene 
Rpi-Smira2 in potato cultivar “Sarpo Mira” could not be 
distinguished in detached leaf assays with P. infestans, but was 
detected by response to Avr-Smira2 [9]. Thus, field resistance 
phenotypes, which are often too weak to be reliably detected under 
laboratory conditions on detached leaves, can be accurately 
detected by effectors. It shows that effectors can act as functional 
markers and contribute to more efficient resistance breeding in 
potato.

Expanding the effector recognition specificity of a given R gene to 
new virulent alleles can further improve breeding for durable 
resistance. As described above, R genes that can target all allelic 
forms of Avr genes could provide a full-spectrum resistance to 
pathogen isolates. A potential tool to accomplish this goal is the 
artificial evolution by random mutagenesis, as previously 
demonstrated for the PVX resistance gene Rx [15, 16]. Whenever 
the original R gene is present in the crop species, one can implement 
targeted mutagenesis (genome editing) by new technologies, such 
as zinc finger nuclease-based approaches [17, 18] or transcription 
activator- like (TAL) effectors that can be fused to DNA nucleases 
to target a precise site in a genome to create genetic variation [19, 
20]. Genome editing could provide a non-transgenic resistant 
variety that does not carry extraneous pieces of DNA [21]. To 
design an efficient screening system to identify the mutated R gene 
candidates, basic knowledge of the pathogen effectors is a key 
requirement. Also, the right choice of the R-AVR pair will influence 
the new R gene durability in the field. For instance, as mentioned 
above, R3a but not R4 would be a good target to manipulate and 
an engineered R3a that also recognizes Avr3aEM could provide a 
broader spectrum resistance than the original R3a. Indeed, 
expanded recognition specificity by a new R gene variant could be 
due to a single aa change in the R protein, as recently discovered 
for R3a [22].

Essential effectors of P. infestans are expected to be useful targets 
for potato resistance breeding. The genome and expression analyses 
of three P. infestans strains show that only a small subset of 45 
RXLR genes is consistently induced in planta during the biotrophic 
infection stage [23]. Among those “core effectors”, most known 
Avr genes occur, for example the extensively studied Avr3a. In  
P. infestans populations, two alleles of Avr3a have been identified 
that encode secreted proteins AVR3aK80/I103 (AVR3aKI) and 
AVR3aE80/M103 (AVR3aEM), which differ in two amino acids (aa) in 
their effector domains [24]. Only AVR3aKI can induce potato 
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resistance to P. infestans by activating the resistance protein R3a. 
Interestingly, AVR3a was recently shown to be essential for full 
virulence of P. infestans [25]. These findings suggest that R3a can 
be an important target for durable resistance breeding when an 
R3a variant that targets both allelic forms of Avr3a can be identified 
from natural sources (see Subheading 2.2.1) or otherwise (see 
Subheading 2.3.2). In contrast, R genes such as R4 are not 
considered as useful targets for durable resistance breeding because 
the matching Avr4 gene encodes dispensable effectors [26].

In addition to breeding for resistance genes that recognize 
core RXLR effectors, another layer of resistance in the form of 
apoplastic receptors offers an alternative for durable resistance 
breeding. These apoplastic receptors can recognize apoplastic 
effectors that in some cases represent conserved pathogen- 
associated molecular patterns (PAMPs). Among the best- 
characterized oomycete PAMPs are elicitins, a conserved family of 
extracellular proteins that share a 98-amino-acid elicitin domain 
[27–30]. For oomycete species that cannot synthesize sterols, elici-
tins fulfill an important function as sterol scavengers. Therefore, 
we argue that receptors of PAMPs like elicitins can be good targets 
for breeding durable resistant potato.

Monitoring effector allelic diversity in pathogen populations can 
improve the spatio-temporal deployment of R gene-based disease 
resistance. Functional profiling of Avr genes in local P. infestans 
populations can inform about the distribution of virulence alleles. 
This information can help breeders evaluate the potential of a given 
R gene. Moreover, it will help breeders to detect the emerging 
virulent races of P. infestans before they reach epidemic proportions. 
Normally, primary inoculum will increase during the following 
season along with genetic adaptation and selection and thus 
accelerate the emergence of highly aggressive clones. Once 
detected, breeders can choose appropriate cultivars to buffer the 
occurrence of the clone to manage the epidemics, or apply instant 
chemical control measures. With P. infestans genome sequences, 
next-generation sequencing technologies and sensitive tools based 
on, e.g., real-time PCR, it is now possible to rapidly profile the 
effector repertoires of emerging P. infestans genotypes. This 
effector profiling can assist in decision making for R gene 
deployment and chemical control measures in current and 
subsequent potato growing seasons.

3 Don’ts

As described above, some plant genotypes can give nonspecific 
responses to agents like Agrobacterium, which is in fact also a 
pathogen on a wide range of plants (Fig. 1a). Also, some germplasm 
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may not be amenable to Agrobacterium-mediated transient 
transformation. Especially in plant breeding, when working with a 
wide diversity of plant germplasm, such issues can occur at a certain 
frequency. Don’t give up. One can easily generate alternative plant 
genotypes that do not suffer from these matters and respond to 
controls as they should. This procedure to generate and select 
suitable plant genotypes is presented in Fig. 1b.

Proteins that show cell death in transient assays do not necessarily 
have avirulence activity in the natural potato–P. infestans 
interaction. Other characteristics, such as level and timing of 
expression or localization to different sites in the host, also 
influence whether the proteins act as avirulence determinants [31]. 
For example, effector gene PEX147-3 is a close relative of Avr3a 
that induces cell death with R3a by agro-co-infiltration [32], but 
is not expressed during infection [24] and not likely to represent a 
true Avr gene. Also, for example, some crinklers (necrosis-inducing 
proteins) induce cell death in a broad range of plants (and Crn2 is 
therefore often used as a positive control) [33]. Some of these 
proteins target the host nucleus where the outcome of the plant–
microbe interaction is determined, but avirulence activity has not 
been detected [31, 33, 34]. To draw conclusions about presumed 
AVR activity, one should perform follow-up experiments with 
independent assays. We often use genetic studies for co- segregation 
of response to the effector with resistance to P. infestans in a 
segregating population (Fig. 1c). In addition, co-infiltration of R 
genes and candidate Avr genes can provide complementary 
information (Fig. 1d). Complementation studies in P. infestans 
will provide the ultimate answer on avirulence activity [35].

Once specific responses to an AVR protein are detected (Fig. 1a) 
and have been confirmed with independent assays (Fig. 1c, d), we 
can carefully conclude that the tested plant contains an R gene 
that matches the inoculated Avr gene. In functional allele mining 
studies, when an Avr gene is screened on diverse plant germplasm 
(see Subheading 2.2.1), identified specific resistance responses are 
most likely due to homologues of the known R gene [1]. However, 
it cannot be excluded that one effector interacts with different 
families of R genes, similarly as one R gene can interact with 
different effectors [36–38]. Therefore, independent experiments 
are required to  confirm the identity of detected R genes.

4 Conclusions

Effectoromics provides innovative advantages that contribute to 
resistance breeding and R gene deployment. We summarize seven 
advantages in the Do’s, and basically we classify them in four 
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themes, i.e. acceleration, distinguishing functional redundancy, 
detecting specificity and deployment. Don’ts are less frequent than 
Do’s. Apart from the prerequisite that sequence libraries should be 
available to apply effectoromics, the three presented Don’ts are just 
some practical notes to draw scientifically sound conclusions from 
phenotyping exercises. Ironically, these Don’ts mainly advocate 
patience during the experiments, whereas the effectoromics strat-
egy in general focusses on enhancing the speed of R and AVR gene 
identity.
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Chapter 20

Protoplast Cell Death Assay to Study  
Magnaporthe oryzae AVR Gene Function in Rice

Hiroyuki Kanzaki, Kentaro Yoshida, Hiromasa Saitoh,  
Muluneh Tamiru, and Ryohei Terauchi

Abstract

We describe a protocol for transient gene expression in rice protoplasts and its application to the study of 
Magnaporthe oryzae avirulence (AVR) gene function. In this assay the gene encoding the firefly luciferase 
protein is transfected into rice protoplasts by electroporation together with the candidate AVR genes. The 
luminescence can then be used to assess the viability of rice protoplasts. The hypersensitive response (HR) 
caused by the interaction between M. oryzae AVR and rice R genes can subsequently be monitored by 
recording the decrease in luminescence from the transfected cells.

Key words Protoplast, Electroporation, Hypersensitive response (HR), Luciferase, Rice blast, Rice, 
Monocotyledons

1 Introduction

Monocotyledonous plants include economically important grain 
crops such as wheat, maize and rice. These crops are attacked by 
various pathogens whose control is crucial for food security world-
wide. One of the most important pathogens of rice is rice blast, 
caused by the fungal pathogen Magnaporthe oryzae. Identification 
of new resistance sources is an important strategy for control of M. 
oryzae and other pathogens, and identification of AVR genes  
recognized by resistance genes provides an effective tool for resis-
tance gene identification and characterization. In order to facilitate 
AVR gene identification, a tool for rapid characterization of pathogen 
effectors by transiently expressing them in their respective host 
plant cells is required. Agroinfiltration has been successfully used in 
dicotyledonous plant species for transient overexpression of trans-
genes, including pathogen effector genes. However, this approach 
is not suitable for monocots. As an alternative, assays using 
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transient expression in protoplasts have frequently been employed 
in monocots, including rice (e.g. [1, 2]).

Here, we describe a protocol for transient expression in rice 
protoplasts [3] as specifically applied to the study of the interac-
tions between M. oryzae AVR genes and their cognate rice (Oryza 
sativa) R-genes. We have previously cloned three AVR genes, 
AVR-Pia, AVR-Pik and AVR-Pii from M. oryzae [3] and the Pia 
R gene from rice [4]. In these studies, the interactions between the 
M. oryzae AVR and rice R genes were first tested using the proto-
plast transient expression assays described here (Fig. 1). Subsequent 
studies on a smaller number of functionally characterized 
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Fig. 1 Protoplast transient expression assay to study AVR-R interactions. (a) An illustration of the principle of 
the assay. A plasmid construct containing the firefly luciferase gene (LUC ) driven by a strong maize ubiquitin 
promoter (pUbi) is transfected into rice protoplast cells to monitor the cell viability (top ). If the LUC plasmid is 
co-transfected with a plasmid containing an AVR-gene driven by the same promoter, the resulting interaction 
between the AVR gene and a cognate rice R-gene triggers a hypersensitive response (HR), resulting in reduc-
tion in luciferase activity of the cells due to cell death (bottom ). By measuring the reduction in luciferase 
luminescence, we can monitor the HR. (b) Examples showing application of the assay in rice. Protoplasts of a 
rice cultivar Sasanishiki lacking the Pik R-gene were transfected with either empty vector or AVR-Pik vector 
and luminescence from rice cells was measured at the given time (hours) after transfection. There is no differ-
ence in luminescence between empty- and AVR-Pik-transfected cells (left ). By contrast, when protoplasts of 
Himenomochi cultivar, harboring the Pik R-gene, were transfected with the AVR-Pik plasmid, a significant 
reduction in luminescence was observed as compared to the cells transfected with the empty plasmid (right  )

Hiroyuki Kanzaki et al.



271

candidates were performed by making stable transgenic fungi or 
plants. We have recently applied the protoplast assay to address the 
allele-specific recognition of AVR-Pik alleles by Pik alleles [5]. The 
protocol given here could potentially be useful for studying AVR-
R interactions in other monocotyledonous species including 
wheat, barley and maize.

2 Materials

 1. Buffer A: 0.6 M Mannitol, 1.5 % Cellulase RS (Yakult),  
0.3 % Macerozyme R10 (Yakult), 10 mM MES, 1 mM CaCl2, 
5 mM β-Mercaptoethanol, 0.1 % BSA, 100 ppm Ampicillin 
(see Note 1), pH 5.7.

 2. Buffer B: 0.6 M Mannitol, 20 mM KCl, 4 mM MES, adjusted 
to pH 5.7 with KOH.

 3. Buffer C [Gamborg’s B5 1 l]:
2,500 mg KNO3, 134 mg (NH4)2SO4, 150 mg CaCl2⋅2H2O.
250 mg MgSO4⋅7H2O, 150 mg NaH2PO4⋅2H2O, 3 mg H3BO3.
10 mg MnSO4⋅4H2O, 2 mg ZnSO4⋅7H2O, 0.75 mg KI, 

0.25 mg Na2MoO4.
2H2O, 0.025 mg CuSO4⋅5H2O, 0.025 mg CoCl2⋅6H2O.
40 mg Fe-EDTA, 10 mg Thiamine⋅HCl, 1 mg Pyridoxine⋅HCl.
1 mg Nicotinic acid, 100 mg Myo-inositol, 20 g Sucrose, 50 g 

Glucose.
2 mg/L 2,4-D, pH 5.7, 100 ppm Ampicillin (see Note 1).

3 Methods

Grow seedlings on MS medium at 26 °C for 2 weeks in the dark 
(see Note 2). 40–50 seedlings will give ~1 × 107 protoplasts, enough 
for making more than 40 samples for transfection.

All steps should be performed on a clean bench in a laminar 
flow hood.

 1. Cut leaves and leaf sheaths of etiolated plants into 0.5 mm 
strips using a razor blade (see Note 3).

 2. Place the cut leaves (strips) in Buffer A (25 plants/12.5 ml).
 3. Apply vacuum infiltration for 10 min (see Note 4).
 4. Gently shake samples at 0.02 × g at 26 °C for 4 h or less. 

Confirm the release of protoplasts under a microscope  
(see Note 5).

3.1 Plant Growth 
(Fig. 2)

3.2 Protoplast 
Isolation (Fig. 2)

Protoplast Cell Death Assay
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 5. Shake at 0.07 × g for 5 min (see Note 6).
 6. Transfer the cell suspension gently using a 10 ml pipette and 

filter using a 37 μm-pore nylon mesh (see Note 7). Cells will 
be transferred more easily if the top of the pipette tip is 
removed.

 7. Centrifuge at 100 × g for 10 min at room temperature (RT) 
(see Note 8).

 8. Resuspend cell pellets in 2 ml of Buffer B by gentle mixing 
using a pasteur pipette (see Note 9).

 9. Gently put 2 ml of protoplast cell suspension onto a Percoll- 
gradient. The gradient is formed by mixing 2.25 ml of Percoll 
with 5.25 ml of Buffer B. Mix this solution (30 % percoll solu-
tion) well by vortexing.

 10. Centrifuge at 1,300 × g for 10 min. No brake should be applied 
at the end of this centrifuging step.

Protoplast quantification

Soaking of leaf strips 
into enzyme solution 

Purification of protoplasts by percoll
gradient centrifugation

Two weeks-old seedlings

Seeds

Seedlings  (a)

Protoplasts

Purifi-  (c)
cation

Electroporation

LUC assay

Quantifi-  (d)
cation

Culture

a

c d

Enzyme  (b)
treatment

40 hr

5 hr

2 weeks

b

∑

∑

∑

∑

Fig. 2 Preparation of rice protoplasts for transfection assay. (a) Two-week-old seedlings of rice grown in dark-
ness are used for protoplast extraction. Seedlings normally grown in soil (left) as well as seedlings grown in 
vitro (right) can be used for the assay. (b) Leaf blades together with leaf sheath are cut into 5 mm strips with 
a razor and treated with cell wall degrading enzymes. (c) Protoplasts are purified from other cell debris by 
Percoll-gradient centrifugation, and (d) intact protoplasts are quantified and used for the transfection assay by 
electroporation
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 11. Collect the protoplast layer (an yellow-colored band) into a 
new tube using a pasteur pipette (see Note 10).

 12. Wash the protoplast suspension with 10 ml of Buffer B (see 
Note 11).

 13. Centrifuge at 100 × g for 10 min.
 14. Remove the supernatant and discard.
 15. Resuspend the cell pellet in Buffer B at a concentration of 

1–2.5 × 106 cells/ml. Cell concentration is measured using a 
hemocytometer (see Note 12).

 1. Use 200 μl of protoplast suspension (1–2.5 × 106 cells/ml) for 
each transfection with a total of 10 μg plasmids (comprising, 
e.g., 5 μg LUC plasmid and 5 μg AVR plasmid) (see Note 13).

 2. Perform electroporation at 250 μFD, 300 V/0.4 cm, 100 Ω 
(see Note 14).

 3. Place the electroporated cell suspension on ice for 10 min.
 4. Add 300 μl of Buffer C containing Ampicillin (Final concen-

tration 100 μg/ml) to each well of a 24-well plate (Costar® 
24-Well Clear Flat Bottom Ultra Low Attachment Multiple 
Well Plates, Individually Wrapped, Sterile) and keep the plate 
at room temperature for 10 min.

 5. Transfer 200 μl of electroporated cells to each well containing 
Buffer C (see Note 15).

 1. Incubate the electroporated cells at 26 °C in total darkness for 
a predetermined time period (4–48 h, depending on the 
experiment).

 2. Centrifuge at 14,000 × g for 6 s (twice) at 4 °C to collect the 
cells and remove the supernatant.

 3. Add 100 μl 1× CCLR lysis buffer (Promega) to the cells and 
mix for 20 min by vortexing at 4 °C (see Note 16).

 4. Put 100 μl of the lysate into a 96-well titer plate (black color) 
(e.g. PerkinElmer Black Opaque 96-well Microplate).

 5. Add 100 μl of LUC substrate solution containing luciferin and 
ATP and mix with a pipette.

 6. Measure luminescence with a luminometer (see Note 17).

4 Notes

 1. Ampicillin is required to suppress growth of bacteria.
 2. Culturing under full light conditions is likely to enhance leaf 

browning. Growing plants for more than 3 weeks leads to a 
decrease in protoplast yield.

3.3 Transfection  
by Electroporation

3.4 Protoplast 
Culture and Reporter 
Assay

Protoplast Cell Death Assay
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 3. Leaves and leaf sheaths should be cut into the smallest possible 
pieces. A larger surface area of samples increases protoplast 
yield. It is recommended to use sharp razor blades for prepar-
ing leaf samples in order to avoid crushing of the cells.

 4. Vacuum treatment is required to infiltrate enzyme solution 
into the samples.

 5. Following enzyme treatment, an yellow-colored haze should 
be visible at the bottom of the petri dishes as protoplasts are 
released from the tissues. If this is not visible, the enzyme 
soaking step should be performed for a longer time. Clear, 
round-shaped protoplasts should be visible when the sample is 
viewed under a microscope.

 6. Stronger shaking for a short time enhances the release of pro-
toplasts from tissues. If the release of protoplasts cannot be 
confirmed using a microscope, repeat this shaking step one 
more time.

 7. Glass tubes 30 mm in diameter with the open ends covered 
with nylon mesh are used for the filtration of protoplasts. 
Gentle shaking of nylon mesh-attached tube in a petri dish 
enhances filtration of protoplasts. If it is difficult to filtrate, 
nylon mesh with larger pore sizes (e.g. 72 μm) should be used 
before using the 37 μm pore nylon mesh.

 8. When transferring the protoplast suspension into a tube, gen-
tly place it onto the side of the tube held at an angle.

 9. Use a pasteur pipette with short taper tube (3–4 cm tip) for 
transferring protoplast-containing solution.

 10. Yellow-colored bands contain the intact protoplasts. Degraded 
protoplasts or tissue residues are left as pellets following 
centrifugation.

 11. This step is performed to remove the remains of the Percoll 
solution. Small residual quantities of Percoll do not affect the 
electroporation and transient expression assay.

 12. Lower or higher concentrations of protoplast suspension may 
affect the transfection efficiency.

 13. Make the total amount of the plasmid to be used for the elec-
troporation uniform (e.g. 10 μg) using empty plasmids. 
Unequal amounts of plasmids affect the number of plasmid 
DNA molecules delivered into plant cells, thereby introducing 
a bias in the activity of luciferase detected.

 14. Pulse time for electroporation should be normally 19–24 ms.
 15. To enhance the luciferase activity, nurse culturing of proto-

plasts is recommended. For this, put 1 ml of electroporated 
protoplasts suspension in a Millicell (e.g. Millicell®-CM 
0.4 μm, 30 mm diameter, individually wrapped, sterile, 

Hiroyuki Kanzaki et al.
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Millipore), which is then put inside a 60 mm diameter petri 
dish containing 4 ml of Buffer C and 100 mg of suspension 
cells (nurse cells) in log growth phase.

 16. Instead of vortexing for 20 min, sonication on ice may acceler-
ate the rupture of the plant cells and enhance the 
luminescence.

 17. Downloaded from the Promega website: (http://www.promega.
j p/ r e sou r c e s/p r o toco l s/ t e chn i c a l -bu l l e t i n s/0/
luciferase-assay-system-protocol/).
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Chapter 21

A Bacterial Type III Secretion-Based Delivery System  
for Functional Assays of Fungal Effectors in Cereals

Narayana M. Upadhyaya, Jeffery G. Ellis, and Peter N. Dodds

Abstract

Large numbers of candidate effectors are being identified by genome sequencing of fungal pathogens and 
in planta expression studies. These effectors are both a boon and a curse for pathogens as they modulate 
the host cellular environment or suppress defense response to allow fungal growth as well as become tar-
gets of plant resistance (R) proteins. Recognition of a fungal effector by a plant R protein triggers a hyper-
sensitive reaction (HR) leading to death of plant cells in and around the infection site, thus preventing 
further proliferation of the pathogen. Such HR induction has been used as an indicator of effector activity 
in functional assays of candidate effectors in dicots based on Agrobacterium-mediated transient expression. 
However, the Agrobacterium assay is not functional in cereal leaves. We therefore have adapted an alterna-
tive assay based on effector protein delivery using the type III secretion system (T3SS) of a non-pathogenic 
Pseudomonas spp. for use in wheat and other cereals. Here, we describe protocols for delivery of effector 
proteins into wheat and barley cells using the AvrRpm1 T3SS signal in the engineered non-pathogenic 
Pseudomonas fluorescens strain Effector-to-Host Analyzer (EtHAn). For ease of making expression clones 
we have generated the GATEWAY cloning compatible vectors. A calmodulin-dependent adenylate cyclase 
(Cya) reporter protein can be used as an effective marker for fusion protein delivery into wheat and barley 
by this system.

Key words Type-III secretion system, Pseudomonas fluorescens, Wheat, Barley, Wheat stem rust

1 Introduction

During infection, fungal pathogens deliver effector proteins into 
host cells which are important for establishing disease, but may 
also be recognized by host immune receptors [1]. Thus under-
standing the roles of these proteins in both infection and host resis-
tance is critical for managing plant diseases. Recent advances in 
whole genome sequencing of plant fungal pathogens and concur-
rent advances in bioinformatic tools have enabled identification of 
large numbers of candidate effectors from diverse fungal and 
fungus- like pathogens, mostly detected as small secreted proteins 
expressed specifically in infection structures [2–4]. These include 
many important cereal pathogens such as the wheat stem rust  
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fungus Puccinia graminis f. sp. tritici [5]. However, there is a lack 
of high-throughput functional assay in cereals that can be used to 
investigate the role and, in particular, the avirulence function of 
these effectors. Agrobacterium-mediated transient expression has 
been a powerful tool for effector analysis in dicot plant hosts, 
including those of rust pathogens [6, 7], but it is not applicable to 
cereals, although there is a recent report of successful transient 
expression in rice leaves [8]. An alternative approach to over- 
express effectors involves transient expression via biolistic transfor-
mation [9], which has been employed in rice with AvrPi-ta/Pi-ta 
[10] and barley [11]. In this case Avr function and corresponding 
induction of the HR can be detected by an indirect output, i.e. loss 
of detection of a reporter protein (GUS or GFP) whose expression 
is eclipsed by the induction of cell death. However, this is a labor- 
intensive method that is not easily adapted to high-throughput 
screening. A promising approach for high-throughput screening is 
to deliver effector proteins into host cells using the type III secre-
tion system (T3SS) from a bacterial pathogen. For instance, Sohn 
et al. [12] showed that several oomycete effector proteins could be 
delivered into Arabidopsis cells by Pseudomonas syringae pv tomato 
(DC3000) when fused to the N-terminal secretion-translocation 
signals of the well-characterized bacterial effectors AvrRpm1 or 
AvrRps4. Similar systems have been used successfully for functional 
studies of oomycete effectors delivered as fusions [3, 13, 14]. Also, 
Sharma and co-workers [15] showed that Burkholderia glumae 
could deliver effectors from the fungal pathogen Magnaporthe ory-
zae into rice cells. A calmodulin-dependent adenylate cyclase assay 
has previously been used to demonstrate the T3SS-dependent 
translocation of effector proteins in different dicot pathosystems—
Xanthomonas AvrBs2 in pepper [16], Pseudomonas AvrPto in 
tomato and tobacco [17], and Erwinia DspA/E in tobacco [18]. 
The principle of this reporter system is that Cya is inactive in pro-
karyotes but becomes active in the presence of calmodulin, which 
is exclusively present in plants and other eukaryotes. This Cya 
activity results in the production of cAMP which can be quantified 
by an enzyme immunometric assay (EIA).

Here we describe an efficient effector delivery system for wheat 
and barley based on T3SS delivery by an engineered non- 
pathogenic Pseudomonas fluorescens Pf0-1 strain Effector-to-Host 
Analyzer (EtHAn) [19]. This strain has the P. syringae pv. syringae 
61 hrp/hrc cluster stably integrated into the chromosome, thereby 
making this non-pathogenic bacterium T3SS competent. We have 
used this reporter system to demonstrate protein delivery to wheat 
and barley by leaf infiltration [20]. In this system we use the 
AvrRpm1 T3SS secretion signal, which we have modified to 
remove the N-terminal myristoylation/palmitoylation sites to 
allow delivery of soluble cytosolic proteins.

Narayana M. Upadhyaya et al.
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2 Materials

 1. Wheat and barley seedlings. Plant seedlings (wheat, barley) 
raised in small (5 cm) pots with vermiculite/perlite (50/50 v/v) 
mixture containing 2 g/L osmocote (see Note 1).

 2. P. fluorescens Pf0-1 strain EtHAn [19].
 3. Destination vectors pNR526 (or pEDV-AvrRpm1-Des1N) 

and its derivatives pNR526-G2AC3A (Fig. 1a).
 4. Topo entry clones of Cya and candidate effectors produced 

using pENTR/D Topo vector (Invitrogen).
 5. LB liquid/solid media and SOC liquid media (use established 

recipes to prepare these media).

2.1 General

AvrRPM1

Cya Domain

HA
attB2

M13 FP

M13 RP

P

attB1

TTSSgmR

AscIHindIII

b

AvrRPM1

Candidate effector without SP

HA
attB2

M13 FP

M13 RP

P

attB1

TTSSgmR

AscIHindIII

c

gmR ccdBcmR

attR1 attR2
HA

M13 RP

M13 FP

AvrRPM1

HindIII

T3SS

a
P

Fig. 1 Schematic diagram of GATEWAY destination vector, Cya Reporter expression vector, and candidate 
effector expression vector for T3SS-based delivery by Pseudomonas fluorescence. (a) Destination vector 
pNR526 (or pEDV-AvrRpm1-Des1N) has a Pseudomonas syringae T3SS delivery signal (promoter and part of 
the coding region of AvrRpm1) and an HA tag flanking the Reading frame A attR1-ccdB-cmR-attR2 cassette. 
We have made a derivative of pNR526 with the myristoylation and/or palmitoylation sites at the N-terminal of 
AvrRpm1 [17] mutated (G2 to A and C3 to A) to abolish plasma membrane targeting of the delivered protein. 
This is designated pNR526_G2AC3A (pEDV-AvrRpm1_G2AC3A-Des). (b) Expression vectors pNR527 (pEDV-
AvrRpm1::Cya) and pNR594 (pEDV-AvrRpm1-G2AC3A::Cya). (c) Candidate effector expression vectors. Entry 
clones used in making these expression vectors have the coding region without the predicted signal peptide. 
GmR gentamicin resistance gene; M13 FP M13 forward primer binding site; M13 RP M13 Reverse primer 
binding site; P Promoter; T3SS secretion signals; CmR chloramphenicol resistance gene; ccdB E. coli killer 
gene; HA single HA epitope tag; attR1,attR2,attB1,attB2 bacteriophage lambda-specific recombination sites 
(GATEWAY Technology); HindIII, AscI restriction enzyme sites

T3SS Based Fungal Effector Delivery to Cereals
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 6. Sucrose peptone (or tryptone) agar, PSA/TSA: sucrose 
20 g/L, peptone/tryptone 5 g/L, K2HPO4 0.5 g/L, 
MgSO4⋅7H2O 0.25 g/L, Agar 15 g/L, pH 7.3.

 7. Minimal T3SS induction medium : 50 mM potassium phos-
phate buffer, 7.6 mM (NH4)2SO4, 1.7 mM MgCl2, 1.7 mM 
NaCl, 10 mM fructose, pH 5.7–5.8 (see Note 2).

 8. Antibiotic stocks (×1,000)—gentamicin 20 mg/mL, chloram-
phenicol 30 mg/mL.

 9. 10 mM MgCl2, 10 mM MgSO4, 0.1 M CaCl2, DMSO.
 10. 50 mL Falcon tubes, 50 mL Corex tubes, 1.5 and 2 mL 

Eppendorf tubes, 250 mL conical flasks.
 11. Refrigerated bench top centrifuge.
 12. Aquasol.
 13. Glasshouse (18–22 °C) and growth room (24 °C constant 

temperature and 16 h light) facility.
 14. Incubators (33, 29 and 20 °C) with shaking facility and water 

bath (42 °C).
 15. 3,3′-Diaminobenzidine tetrahydrochloride hydrate (DAB) 

powder (Sigma-Aldrich, St. Louis, MO).
 16. 1 mL syringes.
 17. Liquid Nitrogen, ice bath, −80 °C storage facility.

 1. Cya expression clones produced with GATEWAY cloning sys-
tem by LR Clonase reaction of entry clones and destination 
vector pNR526 or its derivatives (Fig. 1b).

 2. 1.1 M HClO4 (dilute 157 μL of 70 % stock with 843 μL water).
 3. 6 M K2CO3 (824 mg/mL in water).
 4. 10 mM MgCl2.
 5. Liquid Nitrogen.
 6. Stirafoam cooler box.
 7. Paper freezer box.
 8. Eppi-grinder setup.
 9. Cyclic AMP EIA Kit. Cat No 581001 (Ace™, Cayman 

Chemical MI USA).
 10. Quick Start™ Bradford Dye Reagent Cat No. 500-0205 

(Bio-Rad).
 11. 1.5 M Tris–HCl, pH 8.8.
 12. Flat bottom micro-titer plate.
 13. Spectrophotometer (plate reader).
 14. BSA 10 mg/mL stock.

2.2 Cya Reporter 
Assay

Narayana M. Upadhyaya et al.
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3 Methods

 1. PCR amplify candidate effectors according to the method 
described in the pENTR™ Directional TOPO® cloning Kit 
(Invitrogen) (see Note 3).

 2. Construct all GATEWAY entry vectors of candidate effectors 
and reporters (e.g. Cya) in pENTR™/D-TOPO® according to 
manufacturer’s (Invitrogen) instructions (see Note 4).

 3. Generate expression vectors of Cya reporter (Fig. 1b) or candi-
date effectors (Fig. 1c) by performing LR Clonase reactions 
(according to manufacturer’s instructions) with respective entry 
clones and the AvrRpm1 T3SS destination vector (see Note 5).

 4. Analyze resulting expression clones by gene/destination 
vector- specific PCR and/or restriction analyses (see Note 6) 
and sequencing to confirm correct integration (see Note 7).

 5. Introduce expression vectors into the engineered P. fluores-
cence strain EtHAn by heat-shock transformation 
(Subheading 3.2) or tri-parental mating with helper plasmid 
strain (pRK2013/HB101) (see Note 8).

Heat-shock competent P. fluorescence cells can be prepared by a 
method modified from the standard protocol described for E. coli 
[21]. Following modifications are adopted from a laboratory protocol 
developed by Stephan Heeb, The University of Nottingham.

 1. Dilute 300 μL of a fresh overnight culture (in LB) into 30 mL 
LB and incubate with shaking at 33 °C until OD600 = 1.8–2.0.

 2. Centrifuge at 4,500 × g for 6 min at 4 °C in a Corex tube and 
resuspend cells in 7.5 ml of chilled 0.1 M calcium chloride 
gently. Leave on ice for 30 min.

 3. Centrifuge at 4,500 × g for 6 min at 4 °C and resuspend cells in 
1.5 ml of chilled 0.1 M calcium chloride.

 4. Add 50 μL of DMSO, mix gently by swirling, and store the 
suspension on ice for 15 min.

 5. Add an additional 50 μL of DMSO to the suspension. Mix 
gently by swirling, and then return the suspension to an ice 
bath.

 6. Dispense 100 μL aliquots of the suspensions into chilled, ster-
ile Eppendorf tubes. Snap-freeze in liquid nitrogen and store 
the tubes at −70 °C.

 7. When needed thaw the cells in an ice bath and leave for 10 min.
 8. Mix 500 ng of plasmid DNA with 100 μL of competent cells 

and leave on ice for 30 min (see Note 9).
 9. Heat pulse at 42–43 °C for 2 min and quench on ice.

3.1 Production of 
Expression Vectors  
by GATEWAY System

3.2 Heat-Shock 
Transformation  
of Pf EtHAn

T3SS Based Fungal Effector Delivery to Cereals
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 10. Add 250 μL of pre-warmed SOC and incubate shaking at 
33 °C for 3–4 h.

 11. Plate on selective (gentamicin and chloramphenicol) media.
 12. Analyze transformants by PCR and/or plasmid restriction 

analysis.

 1. Streak Pf EtHAn containing effector/reporter expression vec-
tors from glycerol stock to an LB plate with antibiotic (genta-
micin and chloramphenicol) selection and grow 36 h at 29 °C 
(see Note 11).

 2. Inoculate one loopful of culture into 50 mL LB with selection 
(gentamicin and chloramphenicol) in a 250 mL flask and incu-
bate at 29 °C shaking (200 rpm) for 24 h.

 3. Cool the culture on ice, transfer to a 50 mL Falcon tube and 
harvest cells by centrifugation 5,000 × g at 4 °C for 10 min.

 4. Remove all the supernatant and resuspend in 10 mM MgCl2 to 
OD600 = 0.4 (~4 × 108 cfu/mL) or 2.0 as required (see Note 12).

 1. Plate glycerol stock cultures onto the LB media with antibiotic 
selection (chloramphenicol and gentamicin) and grow at 29 °C 
for 36 h.

 2. Inoculate a loopful of the cultures to 5 mL LB (with antibiot-
ics) and grow O/N at 29 °C with shaking (200 rpm).

 3. Add this O/N culture to 50 mL LB (with antibiotics) and 
further incubate at 29 °C for 4–6 h (200 rpm) to OD600 > 0.8.

 4. Cool on ice, transfer to a 50 mL Falcon tubes and harvest cells 
by centrifugation (5,000 × g, 4 °C, 10 min).

 5. Resuspend culture pellets in 25 mL of cold 10 mM MgSO4 
and centrifuge to harvest cells.

 6. Repeat step 5 once.
 7. Resuspend in a minimal medium with antibiotic (gentamicin 

15 mg/L) and fructose (10 mM) to a OD600 0.8 (see Note 14).
 8. Incubate shaking (200 rpm) at 20 °C O/N.
 9. Chill and harvest cells by centrifugation (5,000 × g at 4 °C for 

10 min).
 10. Resuspend pellets in 10 mM MgCl2 to the required OD and 

use for infiltration (see Note 12).

 1. Prepare the EtHAn (carrying the expression constructs) cul-
tures as described in Subheading 3.3 (non-induced) or as 
described in Subheading 3.4 (T3SS-induced culture) and 
adjust the cell density to required OD (see Note 15).

 2. Transfer wheat seedlings from the glasshouse to the growth 
room and label the treatments.

3.3 Preparation  
of Pf EtHAn Cells 
Under Non- inducing 
(T3SS) Conditions  
(See Note 10)

3.4 Preparation  
of Pf EtHAn Cells 
Under T3SS Inducing 
Conditions  
(See Note 13)

3.5 Wheat 
Infiltration Assay

Narayana M. Upadhyaya et al.
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 3. Pre-warm the culture to growth room temperature.
 4. Infiltrate first and second leaf blades in 2–3 spots (depending on 

the length of the leaf) using a needleless syringe (see Note 16).
 5. Transfer the pots (in a tray with water) to a transparent box 

and cover with the lid and keep O/N before placing outside in 
the growth room.

 6. Check for the induction of HR-like symptoms after 24–48 h 
(see Note 17) and up to 7 days.

 7. Perform DAB staining (if required) as described in 
Subheading 3.6.

An early sign of the hypersensitive response is the production of 
reactive oxygen species including hydrogen peroxide (H2O2). This 
can be detected by staining with Diaminobenzidine (DAB) as 
described previously [22].

 1. Dissolve 0.1 g of 3,3′-Diaminobenzidine tetrahydrochloride 
hydrate (DAB) powder (Sigma-Aldrich, St. Louis, MO) 100 mL 
of water and adjust pH to ~5.00 (see Note 18) with NaOH.

 2. Immerse very fresh wheat leaf cuttings (harvested 24–48 h 
post infiltration in DAB solution in 2 mL Eppendorf tubes).

 3. Incubate under light at 24 ºC in a growth room for 8–12 h.
 4. Transfer the samples to 10 mL screw-cap Falcon tubes with 

5–6 mL of 96 % EtOH, close (loosely) with the screw cap and 
place in boiling water bath for 10 min.

 5. Cool the tubes and replace the 96 % EtOH with 70 % EtOH, 
keep shaking O/N to clear the tissue of chlorophyll and then 
preserve for photography.

 1. Infiltrate Pf EtHAn containing the Cya expression construct 
(pNR527) into leaf blades (first and second fully expanded 
leaf, three spots per leaf) of 3–4 leaf stage wheat (or other) 
seedlings using needleless syringe.

 2. Sample leaf blades in and around the infiltration area as ~1 cm 
leaf segments at 0 h (for the treatment with Cya reporter strain 
only), 8 h and 18 or 24 h in triplicates (each with two leaf seg-
ments), snap-freeze in liquid nitrogen and store at −80 °C 
until use.

 3. Set up an Styrofoam freezer box with liquid N2, place a card-
board freezer box and fill with liquid N2 up to the top of the 
tube divider for sample processing.

 4. Pre-cool Eppi-grinder tip in liquid N2 freezer box.
 5. Process one sample at a time quickly by pulverizing sample to 

a compact pellet and remove the grinder and return the tube 
to liquid N2 freezer box.

3.6 DAB (3,3′-Dia- 
minobenzidine) Assay  
for Hydrogen Peroxide  
Accumulation

3.7 Cya 
Reporter Assay

T3SS Based Fungal Effector Delivery to Cereals
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 6. After pulverizing all samples add (one at a time) 325 μL of 
1.1 M HClO4 (1.1 M) and grind at room temperature until 
liquid and then placed on ice.

 7. Process the rest of the samples one at a time.
 8. Centrifuge samples (10 min, max speed at room temperature) 

and collect supernatant (~300 μl) in a 2.0 mL tube.
 9. Save the pellets for protein quantification by Bradford assay 

(steps 12–17) and store at −20 °C until use.
 10. Neutralize the supernatant (300 μl) with 40 μL K2CO3 (6 M) 

(adding slowly, this generates lots of foam) then mix well  
(see Note 19).

 11. Centrifuge samples for 8 min at max speed and transfer 200 μL 
of supernatant into a 1.5 mL tube.

 12. Use 10 μL of this supernatant for Cayman Cya assay and store 
rest at −80 °C for further use if required (see Note 20).

 13. Measure the cAMP levels in the extracted samples using a 
cAMP enzyme immunoassay kit (Cayman Chemical Company) 
according to manufacturer’s instructions (see Note 21).

 14. Resuspend the pellet from step 7 in 500 μL of 1.5 M Tris–
HCl, pH 8.8 by mild sonication.

 15. Transfer 5 μL in duplicates to a flat bottom micro-titer plate.
 16. Also prepare BSA standards of 0, 10, 20, 40, 80, 160, 320, 

640 and 1,280 μg/mL from a 10.0 mg/mL stock and transfer 
5 μL in duplicates to the micro-titer plate.

 17. Add 150 μL of Quick Start Bradford Dye Reagent to each 
sample and standards.

 18. Read OD750 after 15 min using a spectrophotometer  
(plate reader).

 19. Calculate protein concentration from the standard curve  
(see Note 22).

 20. Express cAMP in pmol/mg protein.

4 Notes

 1. Fertilize once a week with Aquasol solution (0.2 %).
 2. Prepare a 2× stock of minimal media and store at 4 °C. Add 

fructose and antibiotic just before use while making the 1× 
minimal media.

 3. A high-fidelity DNA polymerase such as Phusion (Thermo 
Scientific) should be used for initial PCR amplification from 
cDNA of the pathogen of interest (we have used RNA isolated 
from either purified haustoria of wheat stem rust, or from 
infected wheat tissue).

Narayana M. Upadhyaya et al.



285

 4. The candidate effector entry clones should include the coding 
sequence of the predicted mature protein without the signal 
peptide region.

 5. The destination vector pNR526 (or pEDV-AvrRpm1-Des1N) 
contains the promoter (189 nt) plus first 267 nt of the coding 
region (aa 1–89) of the Pseudomonas syringae AvrRpm1gene 
and an HA tag flanking the Reading frame A attR1-ccdB-cmR- 
attR2 cassette (Invitrogen) (Fig. 1a). The backbone of this 
construct is the broad host-range vector pBBR 1MCS-5 [12, 
23]. This vector is compatible with Topo entry clones pro-
duced using pENTR-D-Topo (Invitrogen). Although this vec-
tor includes a 3′ region encoding an HA tag for antibody 
detection of the encoded protein, we have opted to generate 
clones with their native stop codon in case the HA tag could 
interfere with function.

 6. We do the diagnostic PCR using the gene-specific forward 
primer (the ones used in the initial amplification step of effec-
tor candidates for Topo entry clone production) and a 
Destination vector sequence-specific primer binding (in anti-
sense) to the region downstream of the HA tag 
(5′-TCACGACGTTGTAAAACGACGGCCAG-3′). We do a 
double RE digestion of the isolated plasmid DNA with HindIII 
and Asc1 (see Fig. 1) for further confirmation.

 7. We have also generated a derivative of pNR526 (pNR526- 
G2AC3A) with the myristoylation and palmitoylation sites at 
the N-terminal of AvrRpm1 [24] mutated (Gly at position 2 to 
Ala and Cys at position 3 to Ala) to abolish plasma membrane 
targeting of the delivered protein, which could interfere with 
function or recognition of pathogen effectors. Although this 
version showed reduced Cya activity in wheat infiltration 
assays, this is likely because the calmodulins required for Cya 
activity are plasma-membrane associated. Delivery of the flax 
rust AvrM protein into transgenic tobacco with the corre-
sponding M resistance protein using this vector system resulted 
in cell death [20]. Furthermore, the candidate Pgt effector 
PGTAUSPE10-1 triggered a strong cell death only when this 
protein was expressed using this vector system in wheat [20].

 8. If using tri-parental mating, the preferred media for plating the 
mating mix (for transconjugant selection) is peptone (or tryp-
tone) sucrose agar (PSA or TSA). In PSA or TSA EtHAn 
exhibits a characteristic colony color (yellowish) and it glows 
under UV light because of siderophore and levan productions, 
thus can easily be distinguished from E. coli. Cultures need to 
be grown at 33 °C to avoid interference from the restriction 
modification system of EtHAn.

T3SS Based Fungal Effector Delivery to Cereals
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 9. Transformation efficiency is often very low and so we tend to 
use at least 500 ng of the expression vector for EtHAn 
transformation.

 10. Pf EtHAn cultures can be prepared after growth in Luria 
Broth. The bacterial T3SS system is inactive during growth in 
rich media cultures such as LB and is only induced after infil-
tration into plants [25].

 11. Viability of glycerol stocks (LB with 25 % glycerol) of EtHAn 
is relatively poor. Take out a good amount of the frozen cul-
ture for plating on an LB (with selection) plate just taken out 
from the 4 °C store room and let it thaw slowly.

 12. For Cya assays we have used OD600 = 0.4, but for screening 
effector candidates we use OD600 = 2.0.

 13. The Pf EtHAn TT3S can be pre-induced by growth in mini-
mal media (osmolarity below 50 mM and pH 5.5–6.00) with 
certain carbon sources such as fructose [25, 26], which may 
mimic conditions in the plant apoplast. Although we found 
that EtHAn could effectively deliver the Cya reporter protein 
into wheat and barley cells after growth in LB (Fig. 2), we 
found that pre-induction increased delivered Cya activity in 
wheat by about twofold and also induced a faster cell death 
response in the tobacco AvrM/M assay [20]. Furthermore, 
we observed HR induction with a Pgt effector candidate on 
wheat line W3534 only after infiltration of a pre-induced cul-
ture (Fig. 3).

 14. It is better not to add the second antibiotic chloramphenicol at 
this stage but just add gentamicin. We have found a reduction 
in cell density with the addition of chloramphenicol.
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Fig. 2 cAMP production after infiltration of wheat (cv BW56) and barley (cv Golden 
Promise) seedling leaves with the engineered Pseudomonas fluorescens Pf0-1 
strain EtHAn carrying the Cya expression vector pNR527 (pEDV-AvrRpm1::Cya)
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Fig. 3 A candidate Pgt effector PGTAUSPE-10-1 delivered by the Pseudomonas 
fluorescence EtHAn/AvrRpm1 T3SS triggers a hypersensitive response (HR) in 
wheat cultivar WS3534 harboring resistance gene Sr22. (a) First (L1) and the 
second (L2) leaves of cultivars BW56 (no Sr22) and W3534 (Sr22) 24 h after 
infiltration of Pf EtHAn (OD600 = 2.0) harboring the candidate effector expression 
clone pNR587 (pNR526-G2AC3A::PGTAUSPE-10-1). At 24 h (left panel) the initial 
signs of HR are visible in W3534 while 9 days after infiltration the infiltrated tis-
sue is fully necrotic in W3534 but not in BW56. (b) DAB staining of wheat leaves 
infiltrated with EtHAn expressing PGTAUSPE-10-1 (candidate AvrSr22). Tissues 
were sampled 24 h after infiltration and DAB stained for 8 h. Heavy DAB staining, 
indicating H2O2 accumulation, was observed in cv. W3534 compared to BW56 
and mock infiltrated (10 mM MgCl2) W3534

T3SS Based Fungal Effector Delivery to Cereals
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 15. We are now routinely using the optimized EtHAn T3SS  system 
(pEDV-AvrRpm1_G2AC3A derived expression vectors 
(Fig. 1), induced cultures with OD600 2.00 and 3 leaf stage 
seedlings) for obtaining most consistent results.

 16. Different wheat cultivars vary a great deal in leaf blade lengths 
and one has to adjust the number of spots of infiltration per 
leaf based on the length of the leaf blade. Normally any HR is 
much more robust in the first leaf but usually the first leaf is 
very brittle and prone to damage during infiltration and so care 
should be taken not to damage the leaves. Cultivars do vary 
with efficacy with which infiltration can be achieved. Make sure 
that the culture spreads at least one cm on either side of point 
of contact of the syringe head.

 17. Initial sign is collapse and darkening of the tissue around infil-
tration zone and can be observed in 24–48 h. After 5–9 days 
necrotic tissue is dried out.

 18. Diaminobenzidine tetrahydrochloride hydrate is water soluble 
and pH of the 0.1 % solution is ~2. To increase the sensitivity 
of staining raise the pH to 5–6 with NaOH. Please note that 
increasing the pH reduces the specificity of staining. Therefore 
determine the optimum pH for the specific plant material 
beforehand.

 19. K2CO3 needs to be added very slowly as it forms lots of froth.
 20. For samples expected to have high cAMP concentration a 1 in 

10 dilution is required for accuracy of measurement.
 21. Employ “no acetylation” method and prepare standard curves 

accordingly (range 0.3–750 pmol/mL) as described in manu-
facturer’s (cAMP EIA Kit) booklet. Calculate the %B/B0 value 
for each sample using the equation obtained from the standard 
curve plot. Remember to account for any concentration or 
dilution of the sample (dilution factor) prior to the addition to 
the well. Samples with %B/B0 values >80 % or less than 20 % 
need to be re-assayed for accuracy. Please note: GENSTAT and 
the MS Excel plug-in XLSTAT both have the modules for fit-
ting the data to a four-parameter logistic equation.

 22. Determine the protein concentration from the fitted linear 
regression (y = ax + b).
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Chapter 22

Genomic DNA Library Preparation for Resistance Gene 
Enrichment and Sequencing (RenSeq) in Plants

Florian Jupe, Xinwei Chen, Walter Verweij, Kamel Witek,  
Jonathan D.G. Jones, and Ingo Hein

Abstract

Enrichment of genomic DNA for genes of interest prior to high-throughput sequencing offers an efficient 
and cost-effective approach to reduce genome complexity. Target enrichment typically yields higher read- 
depth for selected genes and is therefore suitable for determination of sequence polymorphisms and enables 
multiplexing of samples. Target enrichment also provides a means to annotate specific gene families within 
the sequenced organisms without the requirements for gene models. Here we describe enrichment proce-
dures for NB-LRR-type plant resistance genes that can, for example, be used to establish the NB-LRR gene 
complements of individual plants and to map resistances more rapidly using a bulked segregant analysis.

Key words Agilent SureSelect, Target enrichment, High-throughput sequencing, NB-LRR genes

1 Introduction

Recent advances in genome sequencing technologies have led to a 
dramatic reduction in the associated costs, facilitating rapid analysis 
of entire crop genomes. These genomes provide a blueprint to 
identify new genes for important traits, including disease resis-
tance. In all plants, disease resistance can be mediated by resistance 
(R) proteins that contain nucleotide binding (NB) and leucine- 
rich repeat (LRR) domains and are collectively known as NB-LRRs 
[1]. Their presence, absence or allelic identity is decisive for host 
disease resistance and, in addition, they are thought to be impor-
tant contributors to non-host resistance [2].

A recent study in potato identified 438 NB-LRR genes in the 
sequenced Solanum tuberosum group Phureja clone DM1-3 516 
R44 (DM) and described their phylogenetic relationship as well 
as their physical locations on the 12 potato chromosomes [3, 4]. 
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This study formed the basis of a novel R gene enrichment and 
sequencing platform (RenSeq) [5]. The sequences of the  
re- annotated potato and tomato NB-LRRs [6], alongside func-
tionally validated pepper resistance genes, were used to design over 
48,500 NB-LRR gene-specific biotinylated RNA probes, which 
were subsequently ordered as a customized Agilent SureSelect® 
target enrichment kit [7]. The enrichment for NB-LRR genes was 
used to significantly reduce the genome complexity of wild Solanum 
species and within the segregating populations prior to Illumina 
GAII 76 bp paired-end sequencing. When applied to the sequenced 
clone DM, over 300 additional NB-LRR containing regions were 
found [5]. This approach might thus be used to re-annotate the 
NB-LRR gene complements from at least partially available genomes 
without reference gene models. A comparison between the newly 
identified NB-LRRs and the corresponding baits with the highest 
sequence similarity demonstrated that approximately 80 % identity is 
sufficient for enrichment. In the same study, RenSeq was also success-
fully utilized to determine the genetic map position for novel resis-
tances using bulked resistant (BR) and bulked susceptible (BS) 
samples from segregating populations.

As high-throughput sequencing technologies produce longer 
and more accurate reads, the assembly of entire NB-LRR genes, and 
thus a way to discriminate between highly similar allelic and paralo-
gous sequences, is becoming feasible. RenSeq can be used to estab-
lish the smallest number of high-quality contigs, based on long 
sequencing reads, that best describe the NB-LRRs in plants with 
contrasting disease resistance phenotypes. This can then be followed 
by an NB-LRR-specific bulked segregant analysis (BSA) to identify 
R gene candidates that are specific to the resistant parent and bulk, 
and not present in the susceptible parent and corresponding bulk.

Here we describe a protocol that is largely based on the Agilent 
SureSelect procedure and is suitable for the generation of target- 
enriched genomic DNA libraries with an average insert length of 
400 bp. The method can be adapted to enable enrichment of frag-
ments that are larger than 1 kb and which are, for example, appro-
priate for PacBio sequencing technology. PacBio in combination 
with other platforms such as paired-end MiSeq sequencing can 
yield error corrected, long and accurate sequencing reads for 
downstream analysis [8].

2 Materials

 1. Customized RNA bait library (see Subheading 3.1 for bait 
design; Agilent SureSelect Technologies).

 2. AMPure® XP Beads (Beckman Coulter, Inc. #A63881).
 3. NEBNext Ultra DNA library Prep Kit (New England BioLabs, 

E7370S).

2.1 Reagents

Florian Jupe et al.
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 4. NEBNext Singleplex or Multiplex Oligos for Illumina (E7350, 
E7335 or E7500).

 5. Nuclease-free water (Ambion Cat #AM9930).
 6. PCE—plant capture enhancer (http://www.nimblegen.com/

products/lit/06703526001_SeqCapEZ_SoybeanTechNote_ 
0512.pdf).

 7. Dynabeads magnetic beads (Invitrogen Cat #11205D).
 8. Quant-iT PicoGreen Reagent (Invitrogen Cat # P11496).

 1. Equipment for DNA shearing: Covaris.
 2. Equipment for electrophoresis and gel viewing.
 3. PCR and qPCR machine.
 4. Vacuum concentration device.
 5. Magnetic tube rack.
 6. Thermomixer.
 7. Fluorometer.

3 Methods

Target enrichment-specific, biotinylated RNA-based probes 
(“baits”) with a length of 120 nt that correspond to previously 
established NB-LRRs [3–6] can be designed using the freely avail-
able software eArray (https://earray.chem.agilent.com) from 
Agilent Technologies. Overlapping baits are typically designed 
over the sequence of interest (e.g. exons or a whole genomic 
region) allowing for a 60 nt overlap to neighboring baits to facili-
tate 2× coverage. Regions with ambiguous nucleotides will be dis-
carded by eArray, alongside repeat-rich regions. As a precaution we 
routinely conduct a Blast search [9] of the designed baits against 
the entire genome and remove baits that yield an aberrantly high 
number of potential target sites.

We typically extract >3 μg of high quality genomic DNA (gDNA), 
which is sufficient to yield 250–500 ng of size selected, PCR  amplified 
library material for the enrichment procedure (Subheading 3.5). Any 
protocol resulting in high quality DNA can be used for the DNA 
extraction. We routinely use the Qiagen DNeasy Plant Mini Kit for 
extraction of DNA from 100 mg of young and newly emerging leaf 
tissue. Extracted DNA is eluted from the columns in not more than 
100 μl of elution buffer AE. The DNA quantity and quality is 
checked on a Nanodrop and by running 2 μl of the eluted sample on 
a 1 % agarose gel. High quality gDNA samples should have an 
A260/A280 ratio of 1.8–2.0 indicating the absence of contaminating 
proteins, and an A260/A230 ratio of >2.0, indicating the absence of 
other organic compounds. High molecular weight genomic DNA 
viewed on a gel should appear as a single band.

2.2 Equipment 
Required

3.1 Design  
of a Customized Bait 
Library for NB-LRR 
Gene Enrichment

3.2 DNA Extraction 
and Preparation
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We have successfully used a Covaris sonicator for fragmentation 
and sizing of genomic DNA. The protocol is detailed below:

 1. Prepare the Covaris sonicator as detailed in the corresponding 
user manual. Degas and cool the water to a temperature of 4 °C.

 2. Open the SonoLab Single Software and use the recommended 
settings based on the desired target size range for shearing 
the DNA.

 3. Adjust the volume of the >3 μg of extracted gDNA to a total 
volume of 100 μl with water.

 4. Mix and transfer the 100 μl of the gDNA to an opened Covaris 
microTube.

 5. Secure the microTube in the tube holder.
 6. Hit “Start” to shear the DNA with the settings detailed in Table 1 

to obtain an average fragment size of approximately 400 bp.
 7. While keeping the snap-cap on, insert a pipette tip through 

the pre-split septa, and then slowly transfer the sheared DNA 
into a fresh 1.5 ml LoBind tube. Transfer the tube onto ice 
and restart the cycle for the next sample.

 8. Take a 5 μl aliquot of the sheared gDNA and separate on a 1 % 
agarose gel to check the size range.

 9. If the appropriate size range has not been achieved, repeat 
steps 1–8.

The generation of gDNA libraries prior to enrichment comprises 
purification of sheared gDNA, end repair, and adapter ligation. 
The adapters are specific to the chosen sequencing platform and 
can be used to incorporate barcodes if multiplexing is desired. 
A subsequent second purification step allows for further size selec-
tion. During a PCR-step the Illumina y-shaped adapters are 
brought into the right conformation. Finally, the library can be 
further size selected on an agarose gel, followed by purification and 
adjustment of the concentration.

3.3 DNA 
Fragmentation

3.4 Library 
Preparation

Table 1 
Covaris shearing parameters for 400 bp insert libraries

Fragment size 400 bp

Duty cycle  20

Intensity   5

Cycle/burst 200

Time (s)  30

Temperature of bath   4 °C
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 1. Bring the AMPure® XP beads to room temperature and 
homogenize by vortexing.

 2. Add an equal volume (95 μl) of AMPure® XP beads (1×) to 
the 95 μl of sheared gDNA (Subheading 3.3), mix by vortex-
ing and incubate at room temperature for 5 min.

Briefly centrifuge the tube to collect solution from the 
sides of the tube. Be careful not to pellet the magnetic beads. 
Place the tube in a magnetic stand to separate the beads from 
the supernatant. Wait for 5 min for the solution to become 
clear. Carefully transfer the supernatant to a fresh tube with-
out disturbing the beads (see Note 1).

 3. Add 200 μl of freshly prepared 80 % ethanol to the tube with 
the beads whilst positioned in the magnetic stand. Incubate at 
room temperature for 30 s to let the beads settle down and 
then carefully remove and discard the supernatant. Repeat the 
wash with freshly prepared 80 % ethanol a further two times.

 4. Carefully remove the residual ethanol using a small-volume 
(10 μl) pipette after the third wash. Air dry the beads for 10 min 
while the tube remains in the magnetic stand with the lid open.

 5. Elute the DNA from the beads by adding 60 μl 0.1× TE. Mix 
by vortexing, briefly centrifuge the tube to collect the solution 
from the sides and lid of the tube. Place tube in the magnetic 
stand for 5 min to collect the beads and wait until the solution 
becomes clear.

 6. Transfer 56 μl of the supernatant which contains the eluted 
DNA to a fresh 1.5 ml tube.

 1. Set up the end repair reaction using the NEBNext Ultra DNA 
library Prep Kit (New England BioLabs, E7370S), by mixing 
the following components in a sterile, nuclease-free PCR tube:

End Prep Enzyme Mix 3.0 μl

10× End Repair Reaction Buffer 6.5 μl

Sheared DNA 55.5 μl

Total volume 65 μl

 2. Mix the components by pipetting, followed by a brief centrifu-
gation step to collect all liquid from the sides of the tube.

 3. Transfer the tube to a thermocycler, with the “heated lid” 
option engaged and run the following program:
20 °C for 30 min.
60 °C for 30 min.
Hold at 4 °C.

3.4.1 Purification  
of Sheared gDNA Using 
AMPure® XP Beads

3.4.2 End Repair  
of the Sheared gDNA

Resistance Gene Enrichment and Sequencing
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 1. Add the following components from the NEBNext Ultra 
DNA library Prep Kit (New England BioLabs, E7370S) 
directly to the 65 μl of the end repair reaction and mix well by 
pipetting. For adapter sequence, see Note 2:

Blunt/TA ligase Master Mix 15 μl

NEBNext Adapter for Illumina 2.5 μl

Ligation Enhancer 1.0 μl

Total volume 83.5 μl

 2. Briefly centrifuge the sample to collect liquid from the sides of 
the tube before incubating the reaction mixture at 20 °C for 
15 min in a thermal cycler with the “heated lid” option 
enabled.

 3. Add 3 μl of USER™ enzyme to the ligation mixture, mix well 
by pipetting followed by a brief centrifugation to collect liquid 
from the sides of the tube.

 4. Place the reaction in a thermal cycler and incubate at 37 °C for 
15 min, with the “heated lid” option enabled.

 1. Transfer the 86.5 μl ligation reaction into a fresh 1.5 ml tube 
and adjust the volume to 100 μl dH2O.

 2. The recovered, size selected and adapter-ligated products are 
purified using 1× (100 μl) AMPure® XP beads as described in 
Subheading 3.4.1. DNA should be eluted in 28 μl of 0.1× TE.

 3. Transfer 22 μl to a fresh PCR tube for amplification without 
disturbing the beads.

For primer sequences, see Note 2:

 1. Mix the following components of the NEBNext Singleplex or 
Multiplex Oligos for Illumina (E7350, E7335 or E7500) in 
the PCR tube:

Adapter-ligated DNA fragments 22 μl

NEBNext high Fidelity 2× PCR Master Mix 25 μl

Index primer  1 μl

Universal PCR primer  2 μl

Total volume 50 μl

 2. Run the PCR using the cycling conditions detailed in Table 2 
(see Note 3).

 3. Run 4 μl of the PCR product on a 1.5 % agarose gel to ensure 
that sufficient DNA has been amplified.

3.4.3 Adapter Ligation

3.4.4 Purification of 
Adapter-Ligated gDNA 
Using AMPure® XP Beads 
with Size Selection

3.4.5 PCR Amplification 
of the Purified  
Adapter-Ligated DNA  
to get the Adapters into  
the Right Conformation
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 1. Prepare a 1.5 % agarose gel with 1× TAE and with wells large 
enough to enable loading of the remaining PCR mix.

 2. Load a standard molecular weight DNA ladder and the entire 
PCR samples leaving at least a gap of one empty well between 
samples to avoid cross contamination. Optimize electrophore-
sis parameters according to the size of the gel. Run the gel 
for long enough to sufficiently separate the ladder (usually 
30 min at 100 V).

 3. Visualize the DNA under UV light and identify the region of 
the gel that contains the DNA fragments of the required size 
(initial gDNA fragment size + the adapters). Use a clean scalpel 
or razor blade to excise the appropriate region for DNA 
recovery.

 4. Recover DNA from the excised gel using a Qiagen Gel 
Extraction kit and elute DNA in 50 μl elution buffer.

The recovered, size selected PCR products are purified using 1× 
(50 μl) AMPure® XP beads as described in Subheading 3.4.1. DNA 
is eluted in 10 μl of 0.1× TE.

Concentrations of the purified and size selected libraries are estab-
lished using a NanoDrop. Typically, a yield of 250–300 ng (25–
30 ng/μl) per sample is obtained from 1 μg of gDNA 
(Subheading 3.2). If required, independently created libraries from 
identical plants or, for pooling strategies, distinct libraries with 
individual indexes (barcodes) can be pooled in equimolar amounts. 
For full target enrichment reactions (Subheading 3.5), 500 ng of 
the prepared DNA library is required whereas 250 ng is sufficient 
for half reactions. At this stage, the volume of the sample is not 
critical (see Note 4).

3.4.6 Size Selection  
of Fragments on a 1.5 % 
Agarose Gel

3.4.7 Purification  
and Concentration of PCR 
Amplified and Size-
Selected Libraries Using 
AMPure® XP Beads

3.4.8 Measurement and 
Adjustment of the Sample 
Concentrations

Table 2 
PCR amplification of the purified adapter-ligated DNA  
to get the adapters into the right conformation

Conditions according to amplicon size 400 bp

98 °C 30 s

98 °C 10 s

65 °C 6–15 cycles 30 s

72 °C 30 s

72 °C 5 min

 4 °C ∞
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The enrichment of target DNA fragments is achieved through 
hybridisation of the PCR amplified genomic libraries generated in 
Subheading 3.4 with complementary RNA (cRNA) baits designed 
in Subheading 3.1. These reactions can be carried out in a “full” 
reaction volume as suggested by the manufacturer for 500 ng 
library DNA, or in a “half” reaction volume for 250 ng of DNA 
(see Note 5). The following protocol describes “half” reaction 
 volumes. All reagents, unless stated otherwise, are part of the 
Agilent SureSelect kit.

Add the following components in a 1.5 ml tube (see Note 6):

Prepped library (Subheading 3.4) 250 ng

PCE (Roche; Note 7) 5 μl

Hyb-Block #3 0.6 μl

Mix by vortexing and then place in any vacuum concentrator 
device, set to 40 °C to dry the mixture to a final volume of 4.5 μl.

Add the following components at room temperature in a 1.5 ml 
tube. The following volumes are required for each enrichment:

SureSelect Hyb # 1 25 μl

SureSelect Hyb # 2  1 μl

SureSelect Hyb # 3 10 μl

SureSelect Hyb # 4 13 μl

Mix the components by vortexing the samples followed by 
a quick centrifugation step to collect the liquid at the bottom of 
the tube.

Do NOT place on ice.

 1. Prepare a dilution of the RNase Block by adding an equal vol-
ume of nuclease-free water (0.25 μl RNase Block + 0.25 μl 
water per reaction).

 2. Add 0.5 μl of diluted RNase block to 2.5 μl of the SureSelect 
bait library and keep on ice.

 1. Incubate the size selected, blocked gDNA library in a thermo-
cycler at 95 °C for 5 min then hold at 65 °C, with the “heated 
lid” option enabled.

 2. Incubate both the RNase blocked SureSelect bait library 
(Subheading 3.5.4) at 65 °C for 2 min and the hybridization 
buffers prepared in Subheading 3.5.3 at 65 °C for 5 min.

3.5 Target 
Enrichment Using the 
Agilent SureSelect Kit

3.5.1 Set Up a 
SureSelect Blocking Mix

3.5.2 Adjust the Volume 
for the Hybridisation 
Reaction

3.5.3 Prepare 
Hybridization Buffer

3.5.4 Prepare the 
SureSelect RNA Bait 
Library Mix for Target 
Enrichment

3.5.5 Prepare the 
Hybridization Mix
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 3. Whilst keeping the samples at 65 °C, add 6.5 μl hybridization 
buffer to the blocked SureSelect bait library and mix by pipet-
ting carefully up and down.

 4. Add the 9.5 μl of this mix to the 4.5 μl of prepped genomic 
DNA library (Subheading 3.5.2) to obtain a final volume of 
14 μl. Do NOT remove the mixture from the thermocycler.

 5. Incubate the hybridisation mixture at 62–65 °C for 24–36 h 
(see Note 8).

 1. Pre-warm SureSelect Wash Buffer #2 to 65 °C.
 2. Vigorously re-suspend Dynabeads (Invitrogen Cat #11205D) 

and bring to room temperature.
 3. For each hybridization add 50 μl Dynabeads to a 1.5 ml tube, 

and wash the beads in total three times following steps (a–d):
 (a) Add 200 μl SureSelect Binding Buffer.
 (b) Mix the beads on a vortex mixer for 5 s.
 (c) Separate beads on a magnetic rack.
 (d) Remove and discard supernatant

Re-suspend the beads in 200 μl SureSelect Binding Buffer.
 4. Whilst keeping the hybridisation mix at 62–65 °C, add 14 μl 

Hybridization Buffer from Subheading 3.5.3 (also incubated 
at 62–65 °C in Subheading 3.5.5) to the hybridization 
mixture.

 5. Add the hybridization mixture from the thermocycler directly 
to the 200 μl Dynabeads suspension. Invert tubes 3–5 times.

 6. Incubate for 30 min at room temperature (21 °C) on a ther-
momixer, moving vigorously.

 7. Separate the Dynabeads and supernatants for 5 min in a mag-
netic rack. Remove and discard the supernatant. The magnetic 
beads contain the captured library.

 8. Re-suspend magnetic beads with 500 μl SureSelect Wash 
Buffer #1 and mix by vortexing. Incubate at room tempera-
ture (21 °C) for 15 min in a shaking thermomixer or vortex at 
regular intervals.

 9. Separate the beads from the buffer in a magnetic rack. Remove 
and discard the supernatant.

 10. Re-suspend magnetic beads in 500 μl of the pre-warmed 
SureSelect Wash Buffer #2 and wash the beads a total of three 
times following steps (a–c):
 (a) Mix the beads in 500 μl of the pre-warmed SureSelect 

Wash Buffer #2 by vortexing.
 (b) Incubate at 65 °C for 10 min on a shaker block.
 (c) Separate beads and buffer in a magnetic rack. Remove and 

discard the supernatant.

3.5.6 Selection for RNA 
Baits-Target Genomic DNA 
Hybrids
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 11. Elute the captured and washed library by adding 50 μl of 
SureSelect elution buffer. Mix by vortexing.

 12. Incubate at room temperature for 10 min.
 13. Briefly centrifuge the sample to collect liquid from the sides of 

the tube and then place in a magnetic stand for 5 min to sepa-
rate the beads and buffer. The buffer now contains the cap-
tured and eluted DNA library.

 14. Carefully move the supernatant to a fresh 1.5 ml tube without 
disturbing the beads.

 15. Add 50 μl of SureSelect Neutralization Buffer and mix by 
vortexing.

 1. Desalting the capture solution is performed by adding 1× 
AMPure® XP beads (100 μl) to the captured library followed 
by standard AMPure® XP beads purification as described in 
Subheading 3.4.1. The desalted and enriched library is eluted 
in 30–50 μl nuclease-free water.

 2. Concentrate the eluted library to a volume of 10–20 μl using 
the previously applied vacuum protocol (Subheading 3.5.2).

To run the sample in one lane of an Illumina GAII flowcell, a total 
of 6 pM NaOH denatured library is required as input. Amplifying 
the captured library to a total of 20–50 ng therefore provides suf-
ficient input material not only for the sequencing reaction but also 
for a qPCR-based quality control (Subheading 3.8).

 1. Set up a test PCR amplification using 5 μl of enriched library 
by mixing the following components:

5× Q5 buffer  5 μl

10 mM dNTP  0.5 μl

Corresponding primers (see Note 2)  2.5 μl

Q5 high-fidelity DNA polymerase  0.25 μl

Enriched library DNA  5 μl

H2O 11.75 μl

Total volume 25 μl

 2. Run a PCR program described earlier in Subheading 3.4 using 
different numbers of PCR cycles* (see Note 3).

 3. Amplify the remaining library using the optimal number of 
PCR cycles established in step 2 above.

 4. Purification of the amplified enriched library is conducted by 
using 1× AMPure® XP Beads as described earlier in 
Subheading 3.4.1.

3.5.7 Desalt the 
Captured Solution Using 
AMPure® XP Beads

3.6 Post-capture 
Amplification
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To precisely measure the concentration of the captured and ampli-
fied DNA libraries, we use the Quant-iT PicoGreen Reagent from 
Invitrogen (Cat. No. P11496), but other fluorometric techniques 
are also suitable. Measurements should be performed in duplicate 
to ensure precise results, using black 96-well plates.

 1. Dilute concentrated (200×) PicoGreen in 1× TE to a 2× 
concentration

 2. Prepare a standard curve in 100 μl of 1× TE using DNA of 
known concentration provided with the PicoGreen Reagents. 
The standard curve should encompass 0, 1, 2.5, 5, 10, 25, 50 
and 100 ng of DNA standard.

 3. Prepare your samples by mixing 2 μl of amplified library from 
Subheading 3.6 and 98 μl of 1× TE

 4. Add 100 μl of diluted (2×) PicoGreen Reagent to reach the 
final concentration of 1× in 200 μl.

 5. Measure in Fluorescence Microplate Reader with the follow-
ing program:
Shake 20 s, 600 rpm, diameter 1 mm.
Pause 3 min.
Fluorescence reading: Exc. 485 nm; Emit. 535 nm.

 6. Draw a standard curve of the dilution series and calculate the 
concentration of your samples based on this reference.

To assess the target enrichment efficiency, in our case captured 
NB-LRR gene sequences, we perform a qPCR based on the ampli-
fication of conserved NB-LRR domains such as the NB-ARC 
domains. In this example, three conserved NB-LRR gene frag-
ments were amplified (see Table 3 for sequences). We normalize 
results to the amount of input DNA, rather than 18S, as during the 
enrichment the relative amount of 18S changes. We usually use 

3.7 Quantification  
of Enriched Libraries

3.8 Enrichment 
Estimate Using qPCR

Table 3 
Primers used for qPCR

Target Sequence 5′–3′

NB-ARC forward ACGAATTCGTTGTTGGTAGAGACAAAGATG

NB-ARC reverse ACGGATCCGCTCTTAGTTTCTGACATTTCAGG

R3a NB-ARC forward ACGAATTCAGAGCAGTCTTGAAGGTTGGAGC

R3a NB-ARC reverse ACGGATCCATCTCCTTTCCGATTGCCACAAGG

R2 NB-ARC forward ACGAATTCCAGCAGAGTCATTATTACCACG

R2 NB-ARC reverse ACGGATCCAAGTAGTCCGCTCAATACAACAATTGC
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SYBR Green JumpStart Taq ReadyMix from Sigma (Cat. No. 
S4438-500RXN) to setup reactions.

 1. Use 1 ng of DNA before and after enrichment as input for the 
qPCR and perform three replicates per sample to ensure accu-
rate quantification.

 2. Set up a qPCR amplification by mixing the following 
components:

2× SYBR buffer 10 μl

5 μM primer forward  1 μl

5 μM primer reverse  1 μl

1 ng of DNA  1 μl

H2O  7 μl

Total volume 20 μl

 3. Run the program detailed in Table 4 and calculate ΔCt 
between enriched and non-enriched samples. Typically, we 
observe a difference between 7 and 10 ΔCt (128–1,024 fold 
enrichment for NB-LRR sequences).

4 Notes

 1. Store the supernatant on ice until successful DNA recovery 
has been confirmed.

 2. Sequences for Adapters and primers used with the NEBNext 
Ultra DNA Library Prep Kit and the NEBNext Multiplex 
Oligos for Illumina can be found under NEB catalog number 
E7335S.

 3. It is recommended to start with a lower amplification cycle 
number, to assess the quantity on an agarose gel and, if 

Table 4 
qPCR cycling conditions

95 °C 30 s

95 °C 10 s

55 °C 40 cycles 30 s

72 °C 30 s

72 °C  5 min

Melting curve
65–95 °C, increment 0.5 °C

 5 s
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required, conduct additional cycles. The enriched library 
should not be over-amplified at this step.

 4. The volume will be adjusted after the blocking agents have 
been added by using a vacuum concentrator.

 5. We routinely use half reactions for enrichment procedures.
 6. When handling small volumes for multiple samples, prepare a 

master mix to minimize pipetting errors.
 7. The Roche proprietary plant capture enhancer (PCE) reagent 

increases enrichment specificity during the hybridization pro-
cess and is used as a substitute to species specific Cot-1 DNA, 
which represents the repetitive fraction of a genome [10, 11]. 
The PCE material is equivalent to the Roche SeqCap EZ 
Developer Reagent.

 8. We have used the lower temperature for hybridisations between 
baits and prepped gDNA from more distantly related plants.
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