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In Silico Mining and PCR-Based Approaches to Transcription
Factor Discovery in Non-model Plants: Gene Discovery
of the WRKY Transcription Factors in Conifers

Jun-Jun Liu and Yu Xiang

Abstract

WRKY transcription factors are key regulators of numerous biological processes in plant growth and
development, as well as plant responses to abiotic and biotic stresses. Research on biological functions
of plant WRKY genes has focused in the past on model plant species or species with largely charac-
terized transcriptomes. However, a variety of non-model plants, such as forest conifers, are essential as
feed, biofuel, and wood or for sustainable ecosystems. Identification of WRKY genes in these non-model
plants is equally important for understanding the evolutionary and function-adaptive processes of this
transcription factor family. Because of limited genomic information, the rarity of regulatory gene mRNAs
in transcriptomes, and the sequence divergence to model organism genes, identification of transcription
factors in non-model plants using methods similar to those generally used for model plants is difficult.
This chapter describes a gene family discovery strategy for identification of WRKY transcription factors in
conifers by a combination of in silico-based prediction and PCR-based experimental approaches. Com-
pared to traditional cDNA library screening or EST sequencing at transcriptome scales, this integrated
gene discovery strategy provides fast, simple, reliable, and specific methods to unveil the WRKY gene
family at both genome and transcriptome levels in non-model plants.

Key words: Conifer, gene discovery, in silico mining, non-model plant, PCR-based gene cloning,
WRKY transcription factor.

1. Introduction

WRKY proteins constitute a superfamily of plant transcription
factors involved in plant growth, development, and plant inter-
actions with environmental factors (1). These proteins contain
one or two copies of a DNA-binding domain, designated as a
WRKY domain, which is composed of about 50–60 amino acids
with the N-terminal conserved motif WRKYGXK and a zinc
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finger motif (C-X4-8-C-X22-28-H-X1-2-H/C) at the C-terminus
(1). WRKY proteins regulate transcript expression of down-
stream genes through their interaction with the cis-element W-
box, (C/T)TGAC(T/C), localized in the promoter regions of
the target genes (1–4). Large WRKY families have been iden-
tified in Arabidopsis thaliana and in rice (Oryza sativa) with
72 and 105 members, respectively (5, 6). Biological functions
of a few WRKY genes have been characterized in angiosperms
(1). Those co-expressed WRKY genes play their biological roles
through co-regulatory networks in Arabidopsis and rice (7). All
angiosperm plants analyzed to date have numerous WRKY genes,
and angiosperm WRKY genes are classified into three distinct
groups and five subgroups (I, IIa+b, IIc, IId+e, and III) based
on the copy number of the WRKY domain, intron positions and
phases, and the structural features of the zinc finger motif (1, 6).
As large-scale EST data became available from a limited number
of other plant species, several WRKY-homologous sequences have
also been reported in lower plants (alga, moss, and ferns) and in
conifers by searching DNA databases (1, 4–6, 8). This gives rise
to questions about how evolutionary expansion has occurred for
this gene superfamily in the plant kingdom and how WRKY pro-
teins have adapted to various biological functions by structural
differentiation.

In model plants, such as Arabidopsis and rice, identification
of transcription factor families usually involves cDNA library con-
struction, followed by DNA sequencing and gene annotation at
the transcriptome scale. These methods are expensive and time-
consuming and require a large amount of genomic information
of the target species. It is difficult to apply a similar approach in
non-model plants, such as conifers (which have the largest plant
genomes), because of very limited genomic information in these
species, scarcity of regulatory mRNAs in transcriptomes, and a
specific spatiotemporal pattern of the expressed target genes. We
recently demonstrated that a combination of an in silico-based
bioinformatic prediction strategy with PCR-based experimental
approaches could identify the WRKY family in western white pine
(Pinus monticola Dougl. ex D. Don) (8). This simple, efficient,
and inexpensive strategy provides a practical method for gene dis-
covery of the WRKY superfamily in other non-model plants.

A BLAST search (9) of EST databases of the Gene Index
Project, provided by the Computational Biology and Func-
tional Genomics Laboratory at the Dana-Farber Cancer Insti-
tute and Harvard School of Public Health (http://compbio.dfci.
harvard.edu/tgi/tgipage.html), identified 29 and 31 sequences
in Pinus taeda and Picea species, respectively, with similarity to
WRKY domains of the five subgroups from Arabidopsis and rice
(Table 2.1). The amino acid motifs conserved among angiosperm
and gymnosperm WRKY domains were determined by an align-
ment analysis and used to design a range of PCR primers
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(Table 2.2). Using these WRKY domain primers, reverse
transcription-polymerase chain reaction (RT-PCR) and rapid
amplification of cDNA ends (RACE) were then performed to
amplify expressed WRKY domain sequences and their respective
full-length coding regions in various tissues of white pine. The
primers were also used to amplify genomic DNA sequences of the
WRKY domains and to detect DNA polymorphism for genetic
mapping of the WRKY family in white pine populations. We iden-
tified 83 members of the P. monticola WRKY family (PmWRKY)
(8). Using the neighbor-joining (NJ) method in the MEGA4
software package (10), the identified conifer WRKY genes were
classified into groups I, IIa+b, IIc, IId+e, and III by a phy-
logenetic analysis at both nucleotide and amino acid sequence
levels.

The WRKY gene superfamily is highly complex and diver-
gent, suggesting its application for development of functional
gene markers in genetic mapping (11, 12). A genetic mapping
strategy modified from amplified fragment length polymorphism
(AFLP) was used for genetic mapping of analogs of disease resis-
tance genes (13–15) and transposable elements (16). We devel-
oped WRKY-AFLP markers by replacing a typical AFLP selec-
tive primer with one of the WRKY primers in the AFLP standard
protocol. This WRKY-AFLP approach revealed 17–35% polymor-
phic bands, similar to the 26–40% found using a regular AFLP
protocol in white pine populations (8). The identified WRKY-
AFLP markers will advance our understanding of gene organiza-
tion and evolution of the WRKY transcription factor family in
a conifer species. Our research approach demonstrates a com-
prehensive and high-quality census of the WRKY transcription
factors encoded within the white pine genome. The results pro-
vide a solid foundation for further systematic characterization of
PmWRKY transcription factors at the level of either single genes
or gene families.

2. Materials

2.1. Plant Tissue
Samples

1. Tissue for genomic DNA extraction. In this study white pine
seedlings were grown in the greenhouse and needle samples
were collected and stored at –20◦C.

2. Tissue for RNA extraction. In this study, samples of needles,
stems, and roots were collected from pine seedlings, frozen
in liquid nitrogen immediately, and stored at –80◦C.

2.2. Genomic DNA
Extraction

1. DNeasy Plant Mini Kit (Qiagen, Mississauga, ON, Canada).
2. NanoDrop 1000 UV-Vis Spectrophotometer (NanoDrop

Technologies, Wilmington, DE, USA).
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3. Agarose gel electrophoresis reagents and apparatus for DNA
analysis.

4. Gel Doc 2000 image analysis system (Bio-Rad, Philadelphia,
PA, USA).

2.3. Total RNA
Extraction

1. RNA extraction buffer: 0.1 M Tris–HCl, pH 7.4, 0.5 M
NaCl, 50 mM EDTA, 2% SDS, 2% PVP-40, 10 mM β-
mercaptoethanol (added freshly before use). Autoclaving is
not necessary.

2. Potassium acetate (KOAc) 3 M solution, pH 5.5, treated
with diethylpyrocarbonate (DEPC), then autoclaved.

3. Phenol/chloroform/isoamyl alcohol (IAA) (25:24:1).
4. Chloroform/IAA (24:1).
5. Lithium chloride (LiCl) 8 M and 2 M solutions, treated with

DEPC, then autoclaved.
6. Ethanol (70%), diluted from RNase-free ethanol with

DEPC-treated ddH2O.
7. TE buffer: 10 mM Tris–HCl, pH 7.5, 1 mM EDTA. Prepare

from RNase-free chemicals and ddH2O.
8. DEPC-treated ddH2O.
9. Agarose gel electrophoresis reagents and apparatus for RNA

analysis.

2.4. cDNA Synthesis 1. RQ1 RNase-free DNase (Promega, Madison, WI, USA).
2. Plant RNeasy extraction kit (Qiagen).
3. SMART cDNA library construction kit (Clontech, Palo

Alto, CA, USA).
4. RNase-free ddH2O.

2.5. WRKY
Polymorphism
by a Modified AFLP
Method

1. AFLP analysis system I kit (Invitrogen, Carlsbad, CA, USA).
2. Polyacrylamide gel electrophoresis (PAGE) apparatus:

adjustable nucleic acid sequencer (CBS Scientific Co., Del
Mar, CA, USA) and PowerPac HV power supply (Bio-Rad,
Hercules, CA, USA).

3. TBE buffer (5X): 0.445 M Tris, 0.445 M boric acid, 0.01 M
EDTA, pH 8.0. Dissolve 54 g Tris and 27.5 g boric acid and
add 20 mL of 0.5 M EDTA (pH 8.0) to a total volume of
1 L.

4. Formamide dye: 98% formamide, 10 mM EDTA, 0.025%
bromophenol blue, and 0.025% xylene cyanol.

5. 40% acrylamide–bisacrylamide solution (20:1) (take appro-
priate safety precautions with these neurotoxic chemicals).
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6. N,N,N ′,N ′-tetramethylethylenediamine (TEMED) (Bio-
Rad).

7. Ammonium persulfate (AP), 10% solution, freshly prepared
for daily use although it may be stable for 1 week in darkness
at 4◦C.

8. Gel fixing solution: 10% (v/v) acetic acid.
9. Gel staining solution: 200 μL of 37% formaldehyde in 200

mL of 0.1% AgNO3.
10. Gel developing solution: 200 μL of 37% formaldehyde and

20 μL of 2.0% (w/v) Na2S2O3·5H2O in 200 mL of 2.5%
(w/v) Na2CO3.

11. Gel preserving solution: 20% ethanol, 20% isopropanol, and
10% glycerol.

12. Gel diffusion buffer: 0.5 M ammonium acetate, 1 mM
EDTA, pH 8.0, 0.1% SDS.

13. QIAquick gel extraction kit (Qiagen).

2.6. PCR Cloning and
Sequencing of
Amplified DNA
Fragments

1. Perkin-Elmer Thermocycler (Perkin-Elmer Applied Biosys-
tems, Foster City, CA, USA).

2. Taq PCR Master Mix Kit (Qiagen).
3. Hot Start DNA Polymerase mix, dNTP solution (10 mM),

Hot Start polymerase buffer.
4. PCR primers (10 μM): WRKY domain primers (Table 2.2),

Clontech’s CDS III/3′ PCR primer, Clontech’s 5′ PCR
primers, and Invitrogen’s AFLP primers.

5. Reagents and apparatus for DNA electrophoresis.
6. MinElute PCR purification kit (Qiagen).
7. pGEM R©-T Easy Vector System (Promega).
8. LB medium for bacterium culture.
9. Escherichia coli competent cells.

10. Isopropyl-beta-thiogalactopyranoside (IPTG) (Sigma),
0.1 M solution. Dissolve 0.238 g IPTG in 10 mL of water
and sterilize by filtration. Store at –20◦C.

11. 5-Bromo-4-chloro-indoly-β-D-galactoside (X-gal) (Sigma),
20 mg/mL solution in dimethylsulfoxide (DMSO) or
dimethylformamide, but not in ddH2O. Sterilize by filtra-
tion and wrap in foil for protection from light. Store at
–20◦C.

12. Plasmid mini kit (Qiagen).
13. Restriction enzymes and buffers (Invitrogen).
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14. Reagents and apparatus for DNA sequencing.
15. Standard DNA ladders: 1 kb DNA ladder (Gibco BRL) and

25 bp DNA ladder (Invitrogen).

3. Methods

3.1. In Silico Data
Mining and Design
of PCR Primers

1. Select representatives of each WRKY subgroup (I, IIa+b, IIc,
IId+e, and III) from genomes of Arabidopsis and rice for
BLAST searches. Use a similar approach for other transcrip-
tion factor families of interest.

2. Search EST databases of the Gene Index Project as in sil-
ico resources, provided by the Computational Biology and
Functional Genomics Laboratory at the Dana-Farber Can-
cer Institute (DFCI) and Harvard School of Public Health
(http://compbio.dfci.harvard.edu/tgi/tgipage.html).

3. Perform a tBlastn search through the database of the DFCI
Gene Index Project online (http://compbio.dfci.harvard.
edu/tgi/cgi-bin/tgi/Blast/index.cgi). For this study the
DFCI Pine Gene Index (Release 6.0, July 19, 2005,
total 45,557 output sequences) or the DFCI Spruce Gene
Index (Release 3.0, July 11, 2008, total 80,494 output
sequences) was searched with the representative WRKY
domain sequences of the five subgroups from Arabidopsis
or rice.

4. Retrieve all WRKY-homologous sequences from the Gene
Index Project databases and store them in a local computer.

5. Perform alignment analysis of nucleotide or putative
amino acid sequences online with the Clustal W net-
work service at the European Bioinformatics Institute (EBI,
Cambridge, UK; http://www.ebi.ac.uk/Tools/clustalw2/
index.html) and identify those sequences with identities of
98% or more as the same gene. (The WRKY genes identified
by this in silico data mining method are listed in Table 2.1
with 29 WRKY family members in P. taeda and 31 members
in Picea species.)

6. Construct phylogenetic trees using the neighbor-joining
(NJ) method in the MEGA4 software package (10) based
on sequence alignment analysis of the WRKY domains from
a variety of plant taxa for classification of WRKY genes into
distinct clusters; here the reliability of each tree is established
by conducting 1,000 neighbor-joining bootstrap sampling
steps. The gene clusters in the phylogenetic tree correspond
to distinct WRKY gene groups (I, IIa+b, IIc, IId+e, and III)
(see Note 1).
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7. Search for conserved amino acid motifs in the WRKY
domains based on alignment analysis of WRKY domain
sequences from both angiosperms and gymnosperms; design
PCR primers according to the identified amino acid motifs
as listed in Table 2.2 (see Note 2).

3.2. Genomic DNA
PCR for WRKY Gene
Discovery

1. Extract genomic DNA from plant tissues (white pine needles
in this study) using a DNeasy plant mini kit following the
manufacturer’s instructions.

2. Determine the quality and concentration of extracted
genomic DNA using a NanoDrop 1000 UV-Vis Spec-
trophotometer and verify the spectrophotometric results by
0.8% agarose gel electrophoresis.

3. Adjust genomic DNA concentration to 10 ng/μL with
ddH2O or TE buffer and store the genomic DNA samples
at –20◦C until further analysis.

4. Perform genomic DNA PCR using a Taq PCR Master Mix
Kit (see Note 3) with one forward primer (FP1 or FP2) in
combination with each of seven reverse primers (RP1–RP7)
as listed in Table 2.2.

5. Prepare a PCR reaction in a total volume of 25 μL with 12.5
μL of Taq PCR Master Mix (2X), 1 μL of each primer (10
μM), 2 μL of genomic DNA (10 ng/μL), and 8.5 μL of
ddH2O (see Note 4).

6. Run the PCR on a Perkin-Elmer Thermocycler with an ini-
tial denaturation step at 94◦C for 3 min, followed by 35
cycles of denaturation at 94◦C for 40 s, primer annealing
at 42–60◦C for 1 min, and primer extension at 72◦C for
1.5 min, and a final 10-min extension at 72◦C (see Note 5).

7. Continue to Section 3.5 for genomic PCR product sepa-
ration and vector cloning. An example of genomic DNA
amplification from WRKY domain primers is shown in
Fig. 2.1a. Genomic PCR fragments (or smear regions)
larger than 160 bp are subjected to further PCR fragment
purification and vector cloning (see Note 6).

3.3. RT-PCR and
RACE for Expression
Profiling of WRKY
Genes

3.3.1. RNA Isolation

1. Grind the tissue sample (∼1.0 g of white pine tissue in this
study) into a fine powder in liquid nitrogen and transfer
the tissue powder into 10 mL of RNA extraction buffer
(see Note 7).

2. Shake the extraction mixture thoroughly and incubate it at
65◦C for 20–30 min.

3. Remove plant cellular debris by centrifugation at 12,000×g
for 15 min at room temperature.
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Fig. 2.1. Agarose gel electrophoresis of PCR products using WRKY domain primers. Marker standard 1 kb DNA ladder
(Gibco BRL) is included in each gel. (a) Genomic DNA amplification using primers WRKY-FP1 and RP1. Six amplified
fragments range from 0.25 to 1.15 kb and are shown by arrows. (b) cDNA fragments amplified by RT-PCR from total RNAs
pooled from vegetative organs (shoots, stems, needles, and roots) using primers WRKY-FP1 and RP1. Two fragments are
indicated by arrows with sizes about 0.16 and 0.70 kb. (c) PCR products from 5′RACE using WRKY-RP1 primer and
Clontech’s 5′ PCR primer and 3′RACE using WRKY-FP1 primer and Clontech’s CDS III/3′ PCR primer with an annealing
temperature of 45◦C. (d) PCR products from 3′RACE using WRKY-FP2 primer and Clontech’s CDS III/3′ PCR primer with
an annealing temperature of 60◦C.

4. Add 1/3 volume of 3 M KOAc, pH 5.5, to the supernatant
and mix well; then incubate on ice for 30 min.

5. Remove the pellet with centrifugation at 12,000×g at 4◦C
for 10 min (see Note 8).

6. Extract the supernatant once with an equal volume of
phenol/chloroform/IAA (25:24:1) and extract the super-
natant once again with an equal volume of chloro-
form/IAA (24:1).

7. Precipitate total RNA from the supernatant by adding 1/3
volume of 8 M LiCl and incubate overnight at 4◦C (see
Note 9).

8. Recover total RNA by centrifugation at 12,000×g at 4◦C
for 30 min.

9. Wash total RNA pellet once with 2 M LiCl and then wash
it once again with 70% ethanol.

10. Air-dry the RNA pellet and re-suspend it in 50 μL of TE
buffer or DEPC-treated ddH2O, then store RNA samples
at –80◦C until further analysis.

11. Measure RNA concentration by UV spectrophotometry
for each individual tissue sample, verify RNA integrity by
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agarose gel electrophoresis, and visualize the gel by ethid-
ium bromide staining.

3.3.2. cDNA Synthesis A common strategy for plant gene discovery is reverse transcrip-
tion of plant messenger RNA into cDNA, followed by construc-
tion of a plant cDNA library or PCR cloning of targeted cDNA
using gene-specific primers. A cap-switching approach is widely
used for generating cDNA with high potential for full-length
cDNA cloning from a small amount of mRNA or total RNA. The
first strand (ss) cDNA is synthesized using a modified oligo d(T)
primer. As the newly synthesized ss-cDNA extends to the 5′-cap
structure at the end of the mRNA templates, a short non-template
sequence, called a cap-switch oligonucleotide, is integrated to the
cDNA 3′-end by the terminal transferase activity of the MMLV
reverse transcriptase (17, 18). Therefore, additional sequences are
attached at both 3′- and 5′-ends of the synthesized ss-cDNA that
can be used for PCR primers and for the generation of double
strand (ds) cDNA by PCR amplification. This cap-switching tech-
nology is very useful for cDNA library construction as well as
for cDNA template production in targeted gene cloning by RT-
PCR or RACE and is utilized in a variety of commercial kits. The
SMARTTM (switching mechanism at 5′ end of RNA template)
cDNA library construction kit (Clontech) is the one we use here.

1. Treat total RNA samples with RQ1 RNase-Free DNase to
eliminate any contaminating genomic DNA, following the
manufacturer’s instructions.

2. Remove the enzyme from RNA samples by RNA re-
purification using a Plant RNeasy extraction kit, following
the manufacturer’s instructions.

3. Verify total RNA integrity by agarose gel electrophoresis and
measure RNA concentration using a NanoDrop 1000 UV-
Vis Spectrophotometer.

4. Reverse-transcribe total RNA templates into ss-cDNA and
synthesize ds-cDNA using the SMART cDNA library con-
struction kit, following the manufacturer’s instructions (see
Note 10).

5. Dilute both ss-cDNA and ds-cDNA reactions appropriately
and store them at –20◦C for use as templates in RT-PCR and
RACE.

3.3.3. RT-PCR for
Amplification of WRKY
Domain Sequences

The procedures are similar to genomic DNA PCR for WRKY dis-
covery described in steps 4–6 of Section 3.2, but the PCR tem-
plates are replaced with diluted ss-cDNA or ds-cDNA. An exam-
ple of RT-PCR amplification of two expressed WRKY domain
fragments is shown in Fig. 2.1b. Usually one (∼0.16 kb) or two
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cDNA fragments (∼0.16 and ∼0.70 kb) are amplified using each
of the 14 combinations of the WRKY domain primers listed in
Table 2.2. The two RT-PCR fragments, or smear regions with
similar sizes, are subjected to further PCR fragment purification
and vector cloning (see Note 11).

3.3.4. RACE for cDNA
Cloning of Full-Length
Coding Regions

1. Mix the following reagents in a sterile 0.2 mL tube: 5 μL of
Hot Start polymerase buffer (10X), 1 μL of dNTP solution
(each 10 mM), 2.5 μL of WRKY primer (FP1 or FP2 for
3′RACE or one of RP0–RP7 for 5′RACE), 1 μL of one of
Clontech’s primers (CDS III 3′ PCR primer for 3′RACE or
5′ PCR primer for 5′RACE), 2.5 units of Hot Start poly-
merase mix, 1 μL of diluted ss-cDNA or ds-cDNA (from
step 5 of Section 3.3.2), and ddH2O to a total volume of
50 μL (see Note 12).

2. Heat the mixture in a thermocycler at 95◦C for 3 min, then
run 30 cycles of RACE using a PCR program as follows:
template denaturation at 95◦C for 20 s, primer annealing at
45–68◦C for 1 min, and primer extension at 72◦C for 3 min
(see Note 13).

3. Continue to Section 3.5 for RACE product separation and
vector cloning. Examples of RACE using WRKY domain
primers are shown in Fig. 2.1c, d. The RACE products are
usually in a continuous size range, so at least a few hun-
dred recombinant plasmids are necessarily selected for DNA
sequencing. A sampling of recombinant clones from one
RACE experiment is shown in Fig. 2.2.

Fig. 2.2. Restriction enzyme analysis of the recombinant plasmids. 3′RACE products as
shown in Fig. 2.1d were ligated into the pGEM-T Easy Vector (Promega). Plasmids were
digested with EcoRI to show insert size variation.
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3.4. A Modified AFLP
for WRKY
Polymorphism
Detection

To detect DNA polymorphism and map WRKY genes, a modified
AFLP method was developed based on a method described previ-
ously (8, 13). In this method, the WRKY-AFLP markers are first
detected by PAGE followed by silver staining. The polymorphic
DNA fragments of interest are then extracted, re-amplified, and
sequenced to confirm their gene identities.

3.4.1. A Modified AFLP
Protocol

Genomic DNA digestion and adapter ligation are performed
using the AFLP analysis system I kit or another commercial AFLP
kit following the manufacturer’s instructions.

1. Add the genomic DNA (250 ng) with 5 μL of reaction
buffer (5X), 2 μL of EcoRI/MseI, and ddH2O to a final
volume of 25 μL.

2. Incubate at 37◦C for 4 h, then at 70◦C for 15 min to inac-
tivate restriction enzymes.

3. Add 24 μL of adapter ligation solution and 1 μL of T4
DNA ligase to the 25 μL of genomic DNA digestion mix-
ture for adapter ligation.

4. Incubate adapter ligation mixture at room temperature
(20–22◦C) for 2 h.

5. Dilute the ligation mix in a 1:10 ratio as follows: add 10
μL of ligation mix to 90 μL of TE buffer.

6. Store diluted and undiluted ligation mixes at –20◦C.
7. Prepare AFLP pre-amplification reactions in 0.2 mL PCR

tubes by adding the following: 5 μL of diluted template
genomic DNA, 5 μL of PCR buffer plus Mg++ (10X),
2.5 μL of EcoRI-AC primer (10 μM), 2.5 μL of MseI-CC
primer (10 μM), 5 μL of dNTPs (each 2 mM), 1 μL of Taq
DNA polymerase (5U/μL), and ddH2O to a total volume
of 50 μL (see Note 14).

8. Run AFLP pre-amplification with the following conditions:
pre-denaturation at 94◦C for 3 min, followed by 40 cycles
of denaturation at 94◦C for 30 s, annealing at 56◦C for
60 s, and primer extension at 72◦C for 60 s with a final
extension at 72◦C for 7 min.

9. Dilute pre-amplification PCR reactions to a ratio of 1:50
or 1:100 and store both diluted and undiluted reactions at
–20◦C until further analysis.

10. Perform WRKY-AFLP profiling by selective AFLP amplifi-
cation reactions: prepare the reaction mixtures in 0.2 mL
PCR tubes by adding 1 μL of the diluted pre-amplification
reaction, 12.5 μL of 2X Taq Master Mix, 1 μL of EcoRI-
ACNN or MseI-CCNN primer (10 μM), 1 μL of WRKY
primers (10 μM), and ddH2O to a total volume of 25 μL
(see Notes 14 and 15).
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11. Run AFLP selective amplification under the following PCR
conditions: pre-denaturation at 94◦C for 3 min, followed
by 30 cycles of denaturation at 94◦C for 30 s, annealing at
56◦C for 60 s, and primer extension at 72◦C for 60 s with
a final extension at 72◦C for 7 min (see Note 16).

3.4.2. PAGE Separation
of DNA Fragments

An adjustable nucleic acid sequencer (CBS Scientific) is used for
PAGE analysis here. Advanced DNA sequencer systems can be
used for high-throughput AFLP profiling.

1. Prepare a 6% polyacrylamide gel (0.75 mm thick, size 30
× 20 cm with 60 wells) with 60 mL of gel solution by
adding the following: 27 g urea, 9 mL of 40% acrylamide–
bisacrylamide stock solution, 6 mL of 5X TBE, 15 mL of
ddH2O, 0.5 mL of 10% APS, and 0.03 mL of TEMED.

2. Set up the adjustable nucleic acid sequencer apparatus and
add 800 mL of 0.5X TBE buffer to the upper and lower
chambers of the gel unit.

3. Run pre-electrophoresis for 20–30 min at 500–700 V for
stabilization of the gel temperature at 50◦C.

4. Prepare DNA samples while the gel is pre-running by adding
equal volumes (25 μL) of formamide dye to each selective
PCR reaction and mix well.

5. Denature DNA samples by incubation at 94◦C for 3 min
and keep the denatured DNA samples on ice until sample
loading on the gel.

6. Load 10 μL of the denatured DNA samples onto the gel
including one well at both sides with 50 ng of a 25 bp DNA
standard for estimation of the amplified DNA fragment sizes.

7. Run AFLP electrophoresis with 0.5X TBE buffer until the
xylene cyanol band is within 2–3 cm of the bottom edge of
the gel.

3.4.3. PAGE Silver
Staining

1. Fix the gel for 30 min by adding 200 mL of 10% acetic acid
(v/v) (gel fixing solution) for each gel.

2. Rinse the gel in ddH2O three times, each for 2 min; then
stain the gel with 200 mL of gel staining solution for
20–30 min.

3. Rinse the gel on both surfaces with ddH2O for 10–20 s.
4. Incubate the gel at room temperature in 200 mL of pre-

cooled (4◦C) gel developing solution until DNA bands are
clearly visible (2–10 min).

5. Stop the developing reaction by incubating the gel in 10%
acetic acid solution for 2–3 min, then rinse the gel with
ddH2O.
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6. Scan the AFLP profile and save the image into a com-
puter using the Quantity One software package (Bio-Rad).
An example of a resulting WRKY-AFLP profile is shown in
Fig. 2.3.

7. Incubate the gel in gel preserving solution overnight with
slight shaking; then dry the gel for long-term storage if
necessary.

3.4.4. Elution of DNA
Fragments from
Polyacrylamide Gel

Following treatment of a gel with gel diffusion buffer, a QIAquick
gel extraction kit is used to elute DNA fragments from the poly-
acrylamide gel, following the manufacturer’s instructions.

Individual Seedlings (no. 1 – no. 27)
(bp)

447

330
302
286

235

160

130

85

M

Fig. 2.3. An example of the white pine WRKY-AFLP polymorphic profiles. Marker stan-
dard 25 bp DNA ladder (M) is included in the left well. AFLP selective amplification was
performed using one WRKY primer (RP0) coupled with one AFLP selective primer (EcoRI-
ACTC). Eight WRKY-AFLP markers ranging from 85 to 447 bp are indicated by arrows.
Amplicons of 27 individual seedlings (no. 1–no. 27) from a seed family are shown here.
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1. Excise the gel slice containing the DNA band of interest
from the polyacrylamide gel.

2. Weigh the gel slice and add 1–2 volumes (v/w) of gel dif-
fusion buffer into the gel slice tube.

3. Incubate at 50◦C for 30 min and centrifuge the sample
tube at 12,000×g for 1 min.

4. Transfer the supernatant to a new tube and process it
immediately with a QIAquick gel extraction kit.

5. Add three volumes of QG buffer to the supernatant and
ensure the color of the mixture is yellow, which indicates
the correct pH.

6. Apply the sample mixture to a QIAquick spin column for
a quick spin (30–60 s). The DNA fragment is now bound
to the QIAquick spin column. Wash the column with 0.75
mL of PE buffer and remove the PE buffer trace by cen-
trifugation at 12,000×g for 2 min.

7. Add 50 μL of EB buffer to the column for a quick spin to
elute DNA.

8. Re-amplify the eluted DNA fragment using the same pair
of primers and the same PCR conditions used for WRKY-
AFLP profiling.

9. Verify the size of the re-amplified DNA fragment with
PAGE.

10. Continue to Section 3.5 for DNA fragment separation and
vector cloning.

3.5. Cloning,
Sequencing, and
Identity Confirmation
of DNA Fragments

Cloning of DNA fragments amplified from genomic DNA or
cDNA is necessary to confirm gene identity by DNA sequenc-
ing and sequence data analysis. There are a variety of commercial
kits available for DNA fragment purification from agarose gel,
PCR cloning, and subsequent DNA sequencing. Researchers can
choose their own preferred kits and methods. We use Qiagen’s
gel extraction kit for DNA fragment purification and the pGEM-
T Easy Vector for PCR cloning.

1. Perform agarose gel electrophoresis to separate PCR prod-
ucts from genomic DNA amplification, RT-PCR, RACE,
or WRKY-AFLP.

2. Visualize the electrophoresis profiles of PCR fragments by
ethidium bromide staining and record PCR profiles digi-
tally using a Gel Doc 2000 image analysis system.

3. Excise agarose gel slices containing the DNA fragments of
interest under UV light (see Note 17).

4. Extract each DNA fragment from the agarose gel slices
using a gel extraction kit, such as Qiagen’s QIAquick gel
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extraction kit or the MinElute PCR purification kit (see
Note 18), following the manufacturer’s instructions.

5. Ligate each purified DNA fragment (or smear region) into
Promega’s pGEM-T Easy Vector at room temperature or
4◦C (see Note 19), following the manufacturer’s instruc-
tions.

6. Transform the ligation mixture into appropriate E. coli
competent cells using white-blue selection with
β-galactosidase under X-gal and IPTG in the LB-agar
medium.

7. Select white E. coli colonies, grow overnight, and extract
plasmids using a Plasmid mini kit.

8. Digest plasmids with EcoRI to verify insert sizes of recom-
binant clones using agarose gel electrophoresis.

9. Sequence inserts of recombinant plasmids with vector
primers (T7 and SP6) and additional gene-specific primers
if long inserts are present in the recombinant plasmids (see
Fig. 2.2).

10. Analyze the DNA sequence data and annotate WRKY
genes as described in Section 3.1.

4. Notes

1. This gene classification based on phylogenetic analysis is
consistent with other group-specific features of the WRKY
family, such as intron positions and phases when genomic
sequences are available.

2. The PCR forward primers FP1 and FP2, targeted at the
N-terminal region of the WRKY domain, are universal
for both angiosperms and gymnosperms. In contrast, the
C-terminal regions of the WRKY domains are less con-
served, with group specificity or even gene specificity.
Numerous reverse primers are required to cover a range
of potential members of the WRKY family in a non-model
plant. Reverse primers RP0–RP7 in Table 2.2 are only
a few oligonucleotides used in white pine. Other reverse
primers with more diverse amino acid sequences may be
needed to target the C-terminal regions of the WRKY
domains in other non-model plants.

3. Researchers may wish to use another PCR kit or other ther-
mostable DNA polymerases for genomic DNA amplifica-
tion. For example, Hot Start DNA polymerase helps elimi-
nate non-specific DNA amplification. Pfu DNA polymerase
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is a better choice if nucleotide misincorporation is a con-
cern in PCR cloning. Tth DNA polymerase may improve
PCR results if there is a problem resulting from a high
degree of secondary structure in the templates.

4. Because white pine has one of the largest genomes
(∼28.25 pg/1C), we used 20–50 ng of genomic DNA for
WRKY gene amplification. The amount of genomic DNA
template is adjustable, depending on the genome sizes of
plant species, copy numbers of the targeted gene, and qual-
ity of the purified DNA samples.

5. Annealing temperature (Tm) could be adjusted from 42 to
60◦C in the case of white pine with related primer com-
binations. A higher Tm will not only decrease non-specific
amplification but also decrease the cloning coverage of the
gene family. The primer extension time may be longer if a
large intron (for example, 1 kb or longer) is predicted to
be in the WRKY domain sequence.

6. An intron is predicted in the genomic DNA sequences of
the WRKY domains. Because of the uncertainty regard-
ing the size of this WRKY domain intron in uncharac-
terized plant genomes, we suggest collecting all amplified
DNA fragments larger than 160 bp (a predicted size for
WRKY domain mRNA) for genomic DNA cloning of the
WRKY domains. For each genomic DNA fragment, mul-
tiple recombinant clones are needed for DNA sequencing
to check gene diversity within a specific fragment because
each DNA band probably contains PCR products amplified
from multiple genes with very similar sizes.

7. No commercial RNA extraction kit is suitable for extraction
of RNA from conifers. The method of conifer RNA extrac-
tion we describe here is adapted from a protocol reported
previously (19, 20) and is effective for total RNA extrac-
tion from various conifer tissues. At this step, a high tissue-
buffer ratio (w/v=1:10) helps eliminate polysaccharides in
subsequent steps.

8. Many types of plant samples are rich in polysaccharides and
polyphenols that are easily co-purified with RNA; this can
seriously reduce RNA quality. Before the final RNA precip-
itation with 8 M LiCl or ethanol, this step of using 1/3
volume of 3 M KOAc, pH 5.5, is crucial to precipitate the
sugars, although some RNA may be also lost. As an indica-
tor of the increased purity, the RNA sample should have a
higher ratio of A260/A280, which far outweighs the loss of
RNA to the polysaccharide plugs.

9. If RNA extraction must be finished in 1 day, total RNA
could be precipitated optionally by adding three volumes of
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95% ethanol. Contaminating genomic DNA in total RNA
usually is not a serious problem because each total RNA
sample will be treated by RNase-free DNase before reverse
transcription for cDNA synthesis. However, alcohol precip-
itation may result in co-purification of polysaccharides and
polyphenolics along with RNA and genomic DNA, espe-
cially for plant tissues rich in secondary metabolites.

10. Because only a few cDNA syntheses are available from this
kit, a mixture of total RNA pooled from multiple tissue
samples is preferably used as the reverse-transcription tem-
plate. In our study, total RNA was pooled equally from
different tissues (roots, stems, needles, and immature male
and female cones) or needle tissues with different treat-
ments (wounding, disease infection, etc.) for optimal dis-
covery of the expressed WRKY genes.

11. Even if an RT-PCR fragment is very sharp on an agarose
gel, it is necessary to select at least 10 recombinant clones
for DNA sequencing. If DNA sequencing reveals high
gene diversity in a particular DNA fragment, a larger num-
ber of recombinant clones from the fragment should be
sequenced in case it contains additional gene members (see
Note 6).

12. When a ds-cDNA mixture is used as a RACE template,
only 0.1–1.0 ng of ds-cDNA is added in an amplification
reaction. In addition, Hot Start DNA polymerase is pre-
ferred for RACE because there is non-specific amplification
in most cases (see Note 3). To increase the potential of
cloning multiple genes simultaneously, we used degenerate
WRKY domain primers (Table 2.2) to perform 3′RACE
PCR. Once the sequence of the 3′-untranslated region is
determined, a gene-specific primer could be designed for
5′RACE to clone a specific WRKY gene. A special com-
mercial RACE kit may be used for this work.

13. A higher annealing temperature is recommended, espe-
cially for 5′RACE using WRKY reverse primers with high
degeneracy, which easily cause non-specific amplification in
RACE (see Note 5).

14. There are two options to modify the standard AFLP pro-
cedure for WRKY-AFLP profiling. One option is to modify
AFLP at the step of AFLP selective amplification. Another
option is to modify AFLP at the step of AFLP pre-
amplification where one WRKY primer and one standard
AFLP primer (EcoRI-AC or MseI-CC) are used. Then, the
same WRKY primer and one of 32 standard AFLP primers
(EcoRI-ACNN or MseI-CCNN) should be used at the next
step for AFLP selective amplification.
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15. When a WRKY primer is considered for WRKY-AFLP pro-
filing, it will be designed to have an annealing temperature
consistent with that of regular AFLP primers. In addition,
for each of the 10 WRKY primers listed in Table 2.2, there
are 32 primer combinations from standard AFLP selec-
tive primers (16 EcoRI-ACNN and 16 MseI-CCNN). A
selection of 320 primer combinations provides the WRKY-
AFLP profiling with a high potential to discover WRKY
polymorphism in a population.

16. The number of cycles in the AFLP selective amplification
step may be adjusted according to the final dilution of pre-
amplified products and at which step (pre-amplification or
selective amplification) the WRKY primer is integrated into
the AFLP protocol.

17. Ensure exposure to ultraviolet (UV) light is as brief as pos-
sible when DNA fragments are cut out from an agarose gel.
The PCR product is preferably visualized only with a long-
wave UV source. Otherwise, the efficiency of DNA cloning
can decrease greatly because of UV-caused DNA damage.

18. There are various types of commercial kits for DNA frag-
ment purification from agarose gel. Qiagen’s MinElute
PCR purification kit uses a small volume (10 μL) to elute a
DNA fragment from a column at a relatively high concen-
tration, which potentially increases efficiency of subsequent
DNA ligation and cloning.

19. DNA ligation buffer (2X) contains ATP that might be
degraded during temperature fluctuations. To avoid this,
make single-use aliquots of the ligation buffer. Incubation
of DNA ligation reactions overnight at 4◦C often produces
the maximum number of transformants.
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