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2.1 Introduction

There are increasing evidences that root architecture is a fundamental aspect of

plant growth. The role of root system includes acquisition of water and nutrients,

anchorage of the plant in the soil, synthesis of hormones, and also storage functions.

It was generally considered that root characteristics could be important for breed-

ing, to obtain genotypes of a higher adaptability to unstable soil and climatic

conditions (Gorny 1992; De Dorlodot et al. 2007) and higher productivity (Lynch

1995). Despite their importance, little is known about genetic basis of root system

formation and architecture in major crop species. A great progress in understanding

the molecular processes underlying root development has been achieved only in

Arabidopsis thaliana (Scheres et al. 2002; Casimiro et al. 2003; Casson and
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Lindsey 2003; Ueda et al. 2005; Zhang et al. 2007; Busov et al. 2008). This progress
was accomplished through detailed analysis of root mutants with the use of

advanced molecular, genomic, and bioinformatic tools available for Arabidopsis.
Recently, several root mutants have been reported in three cereal species, rice (Ma

et al. 2001; Zimmer et al. 2003; Liu et al. 2005; Inukai et al. 2005; Jiang et al. 2005;

Li et al. 2006a; Kim et al. 2007), maize (Lim et al. 2005; Woll et al. 2005; Wen et al.

2005; Hochholdinger et al. 2008), and wheat (Wang et al. 2006). Some of them

have become the subject of studies similar to Arabidopsis that have led to the

identification of homologous and novel genes controlling root system formation in

monocotyledons (Morita and Kyozuka 2007). There is, however, a lack of similar

knowledge in barley. These differences in progress of knowledge between mono-

cotyledonous and dicotyledonous species could be considered as a result of the

more extensive size of adult cereal root systems and lack of such efficient screening

strategies like those developed for Arabidopsis. Based on this, we will focus on root
development in monocotyledons, especially in barley, which is the fourth most

important crop in the world after maize, wheat, and rice. Recently, it is becoming a

novel cereal model plant because of its true diploidy (Sreenivasulu et al. 2008).

Root system of monocotyledonous plants is generally composed of two funda-

mental parts: seminal root system, which develops from initials present in embryo,

and nodal (often called adventitious or shoot-borne) root system, which originates

from shoot (Hackett 1968). The dicotyledonous species develop a taproot system

with one primary root and lateral branches, which remain active during the whole life

cycle. However, dicotyledonous plants can also form roots called “adventitious”

under unusual circumstances such as wounding or hormone application, etc., at

uncharacteristic sites on a plant. Following Hochholdinger and coworkers (2004),

we also suggest not calling monocotyledonous stem-derived crown and brace roots

“adventitious” because they belong to the normal developmental program of cereals.

Despite having to fulfill the same fundamental functions, the root systems of mono-

cotyledons and dicotyledons differ both in morphology and anatomy. In monocoty-

ledons, the secondary root growth do not occur, and root vessels are relatively

uniform cylinders (in the absence of environmental stimuli) (Gorny 1992). The

adult crop plant exhibits an extensive shoot-born root system, which plays a major

role in the postembryonic root architecture (Hochholdinger et al. 2004; Hochholdin-

ger and Zimmermann 2008). Nevertheless, it has been reported that maize seminal

roots have relatively high water uptake capacity compared to other root types, which

makes them important throughout whole plant life (Osmont et al. 2007).

2.2 Root Mutants of Arabidopsis Published in Pubmed

Both forward and reverse genetic approaches have been used to increase knowledge

about root architecture. As there are many mutagenesis methods, the use of

chemical mutagenesis mostly by EMS and insertional mutagenesis using T-DNA

insertion, followed by mutant screening, apparently dominates. Using EMS, 147

gene alleles were obtained, 140 alleles by insertional mutagenesis (e.g., 19 by

12 B. Orman et al.



transposable elements, 118 by T-DNA, 2 by promoter trap and 1 by activation

tagging), whereas 22 alleles were obtained by physical approach (nine by fast

neutrons, six by X-ray, seven by gamma rays). Reverse approach (e.g., RNAi,

overexpression) were also commonly used to study influence of a gene of interest

on root traits.

Using these strategies, it was possible to build the model pattern of root devel-

opment in dicotyledons, based on data from reference Arabidopsis. Up to now,

many genes have been shown to be involved in various aspects of Arabidopsis root
development (Tables 2.1 and 2.2). Many of them have a pleiotropic effect not only

on various stages of root development but also on whole plant per se. Nevertheless,
we divided Arabidopisis genes controlling root system into formation of radial and

longitudinal pattern, keeping in mind that assigning genes to only one chosen

category could be misleading. The Arabidopsis radial pattern consists of a number

of defined cell types organized in concentric layers, with the epidermis, ground

tissue composed of cortex and endodermis, and the last main part called stele, which

includes pericycle surrounding the central vascular cylinder (Scheres et al. 2002;

Casson and Lindsey 2003). Based on this, we secondly divided genes responsible

for root radial pattern into three groups, which assemble genes involved in epidermis,

ground tissue, and stele development.

The first one (Table 2.1) includes genes involved in root hair development as a

specific product of root epidermis. Both monocotyledonous and dicotyledonous

root systems increase absorptive surface through the formation of root hairs. In

Arabidopsis, root hairs always form on epidermal cells positioned over the radial

cell wall between cortical cells (Dolan and Costa 2001). However, it is difficult to

predict root hair-forming epidermal cells in cereals (Hochholdinger et al. 2004). In

Arabidopsis, epidermis is composed of trichoblasts, which develop into root hair

cells, and atrichoblasts, which remain hairless. The identity of these cells is

regulated by positional information – hair-forming cells are located above two

underlying cortical cells. The genetic analysis of root hair development has identi-

fied at least 39 genes that are required for the initiation and growth of the root hair.

Some of them, such as TRANSPARENT TESTA GLABRA1 (TTG1), GLABRA3
(GL3), ENHANCER OF GLABRA3 (EGL3), and GLABRA2 (GL2), have been

well described (Galway et al. 1994; Walker et al. 1999; Bernhardt et al. 2003).

Both TTG1 and GL2 mutants have root hairs at nearly all root epidermal cells

(Walker et al. 1999; Ohashi et al. 2003), whereas GL3 and EGL3 mutants have

reduced numbers of atrichoblasts (Bernhardt et al. 2003). TTG1 encodes a protein

with WD40 repeats (Mendoza and Alvarez-Buylla 2000), which is localized in the

nuclei of trichomes at all developmental stages (Zhao et al. 2008). It seems thatGL2
is a direct target of GL3 and EGL3, whereas TTG1 is directly regulated by GL1
(Zhao et al. 2008).

The second group includes genes responsible for ground tissue pattering, com-

posed of one cortex and one endodermis layer (Table 2.1), which originate from the

common initial cell adjacent to the quiescent center (QC) (Scheres et al. 2002).

Outside the endodermis, there are 4–6 layers in barley (Jackson 1922) and 8–15 in

rice and corn (Hochholdinger et al. 2004) of bigger and thin-walled loosely packed

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 13
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cortical cells (Briggs 1978), whereas in Arabidopsis, root comprises only one

endodermis and one cortical layer (Scheres et al. 2002). The one layer of endoder-

mis is exceptionally thick-walled, just like that reported earlier in rice, maize, and

onion (Jackson 1922) with a “Caspian strip” in the walls (Karas and McCully

1973). Many mutations that disrupt patterning of the ground tissue have been

identified. For example, both the SCARECROW (SCR) and SHORT ROOT (SHR)
mutants have a single layer instead of cortex and endodermis. These genes encode

putative transcription factors of the GRAS family responsible for specifying QC

and for controlling the periclinal cell division of the daughter cell of their common

initial cell, which leads to two adjacent layers (Ueda et al. 2005). However, SCR
mutant layer has differentiated attributes of both cortex and endodermis, whereas

SHR layer attribute only to cortex (Scheres et al. 2002). SCR was previously shown

to act downstream of SHR (Ueda et al. 2005), whereas Levesque and coworkers

(2006) suggested that SHR not only directly regulates the transcription of SCR
through binding to the chromatin upstream of the gene but also functions in

development of the vascular tissue.

In the middle of the young barley root is a duct bordered by thin-walled cells,

which becomes thickened during aging. The continuity of one layer of pericycle

cells is broken by the xylem groups, which contain large vessels. The number of

xylem groups in barley root is from 6 to 8 alternating with groups of phloem

(Jackson 1922). Protoxylem elements abut directly to the single layer of endoder-

mis, the walls of which thicken with age (Briggs 1978). Fully developed monocot-

yledonous root consists of much more thickened cell walls in stele, and

sclerenchyma develops in the outer cortex (Briggs 1978). In contrast to monocoty-

ledonous root radial pattern, the primary vascular pattern in Arabidopsis roots

involves a xylem axis and two phloem poles, surrounded by one pericycle layer

(Scheres et al. 2002). Only few Arabidopsis genes, which are responsible for stele

pattern, have been described (Table 2.1). In the WOODEN-LEG (WOL) mutant,

protoxylem is the only tissue in the vascular cylinder (Sieberer et al. 2003). It has

been shown that this gene encodes a cytokinin receptor (Franco-Zorrilla et al.

2005), which is required for asymmetric cell divisions of phloem and procambium

initial cells (Scheres et al. 2002). Defects in vascular tissue could be also observed

in ALTERED PHLOEMDEVELOPMENT (APL)mutant. This gene, which encodes

a MYB transcription factor, has a dual role both in promoting phloem differentia-

tion and in repressing xylem differentiation during vascular development (Bonke

et al. 2003).

Root meristem tissues are organized in longitudinal cell files. From the root tip to

the plant base, three main regions could be distinguished: the division, elongation,

and the differentiation zone (Table 2.2). During both monocotyledons and dicoty-

ledons embryogenesis, first the primary or embryonic radicle and few seminal roots

are formed, respectively, whereas lateral roots (LRs) originate from existing roots

postembryonically. LRs originate from the group of pericycle cells in Arabidopsis
(Malamy and Benfey 1997; Scheres et al. 2002), whereas in monocotyledons,

endodermis is also involved (Hochholdinger et al. 2004; Karas and McCully

1975). In Arabidopsis, lateral roots emerge from the pericycle cells adjacent to

22 B. Orman et al.



T
a
b
le

2
.2

M
u
ta
te
d
g
en
es

re
sp
o
n
si
b
le

fo
r
A
ra
b
id
op

si
s
ro
o
t
lo
n
g
it
u
d
in
al

p
at
te
rn

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

M
er
is
te
m
a
ti
c
zo
n
e

R
O
O
T
P
R
IM

O
R
D
IU

M
D
E
F
E
C
T
IV
E
1

(R
P
D
1
)

A
T
4
G
3
3
4
9
5

rp
d1

-1
/E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e
m
u
ta
n
t
w
it
h
d
ef
ec
ts
at

th
e

in
it
ia
l
st
ag
e
o
f
ro
o
t
p
ri
m
o
rd
iu
m

d
ev
el
o
p
m
en
t.

E
m
b
ry
o
g
en
es
is
ar
re
st
ed

at
th
e
g
lo
b
u
la
r
st
ag
e

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
6
)

H
A
L
T
E
D

R
O
O
T
(H

L
R
)

A
T
4
G
2
9
0
4
0

hl
r-
1,

hl
r-
2/
T
-D

N
A

in
se
rt
io
n

In
p
o
st
em

b
ry
o
n
ic

m
er
is
te
m
s
th
e
ce
ll
u
la
r

o
rg
an
iz
at
io
n
is
d
is
ru
p
te
d
,
th
e
ac
ti
v
it
y
o
f

p
ro
te
as
o
m
es

is
re
d
u
ce
d

U
ed
a
et

al
.
(2
0
0
4
)

R
U
B
1
C
O
N
JU

G
A
T
IN
G

E
N
Z
Y
M
E
1

(R
C
E
1)

A
T
4
G
3
6
8
0
0

T
-D

N
A
in
se
rt
io
n

D
w
ar
f
p
h
en
o
ty
p
e.
R
ed
u
ce
d
re
sp
o
n
se

to
th
e
ch
an
g
e
in

th
e
g
ra
v
it
y
v
ec
to
r
d
efi
ci
en
t
in

au
x
in

an
d

ja
sm

o
n
at
e
re
sp
o
n
se
,
fe
w
er

la
te
ra
l
ro
o
ts
in

re
sp
o
n
se

to
au
x
in

D
h
ar
m
as
ir
i
et

al
.
(2
0
0
3
)

P
L
E
T
H
O
R
A
1
(P
L
T
1
)

A
T
3
G
2
0
8
4
0

pl
t1
-1
,
1-
2,

1-
3,

1-
4,

1-
5
/T
-D

N
A

in
se
rt
io
n

M
u
ta
n
t
sh
o
w
s
an

ab
n
o
rm

al
ce
ll
u
la
r
o
rg
an
iz
at
io
n
o
f

th
e
h
y
p
o
p
h
y
se
al

d
er
iv
at
iv
es

A
id
a
et

al
.
(2
0
0
4
)

P
L
E
T
H
O
R
A
2
(P
L
T
2
)

A
T
1
G
5
1
1
9
0

pl
t2
-2
/
T
-D

N
A

in
se
rt
io
n

M
u
ta
n
t
sh
o
w
s
an

ab
n
o
rm

al
ce
ll
u
la
r
o
rg
an
iz
at
io
n
o
f

th
e
h
y
p
o
p
h
y
se
al

d
er
iv
at
iv
es

A
id
a
et

al
.
(2
0
0
4
)

G
N
O
M
/E
M
B
30

(G
N
)

A
T
1
G
1
3
9
8
0

em
b3

0-
1,

em
b3

0-
2,

gn
/E
M
S

F
ai
lu
re

in
m
ai
n
te
n
an
ce

o
f
p
ri
m
ar
y
ro
o
t
m
er
is
te
m

ac
ti
v
it
y
;
re
d
u
ce
d
L
R
n
u
m
b
er

S
h
ev
el
l
et

al
.
(2
0
0
0
),

G
el
d
n
er

et
al
.
(2
0
0
3
)

ST
E
R
O
L
M
E
T
H
Y
L
T
R
A
N
S
F
E
R
A
SE

1
(S
M
T
1
)

A
T
5
G
1
3
7
1
0

E
M
S

M
u
ta
n
ts
d
is
p
la
y
s
se
v
er
al

co
n
sp
ic
u
o
u
s
ce
ll
p
o
la
ri
ty

d
ef
ec
ts
,
p
ri
m
ar
y
an
d
la
te
ra
l
ro
o
ts
ar
e
sh
o
rt
er

W
il
le
m
se
n
et

al
.
(2
0
0
3
)

F
A
S
S
(F
S)

A
T
5
G
1
8
5
8
0

E
M
S

D
ra
st
ic
al
ly
ch
an
g
ed

th
e
sh
ap
e
o
f
th
e
se
ed
li
n
g
w
it
h
o
u
t

al
te
ri
n
g
b
o
d
y
p
at
te
rn

an
d
af
fe
ct
ed

ce
ll
el
o
n
g
at
io
n

an
d
o
ri
en
ta
ti
o
n
o
f
ce
ll
w
al
ls

T
o
rr
es
-R
u
iz

an
d
J€ u
rg
en
s

(1
9
9
4
)

H
O
B
B
IT

(H
B
T
)

A
T
2
G
2
0
0
0
0

E
M
S

P
o
st
em

b
ry
o
n
ic

m
er
is
te
m

ac
ti
v
it
y
is
ab
se
n
t
an
d
th
e

d
is
ta
l
ce
ll
ty
p
es

(Q
C
,
co
lu
m
el
la
-
an
d
la
te
ra
l
ro
o
t

ca
p
)
d
o
n
o
t
d
if
fe
re
n
ti
at
e.
T
h
e
ea
rl
ie
st
d
ef
ec
t

fo
u
n
d
in

m
u
ta
n
ts
is
d
is
tu
rb
an
ce

o
f
ce
ll
d
iv
is
io
n

p
la
n
es

in
th
e
h
y
p
o
p
h
y
si
s,
th
e
p
ro
g
en
it
o
r
ce
ll
fo
r

th
e
Q
C
an
d
co
lu
m
el
la

B
li
lo
u
et

al
.
(2
0
0
2
),

S
ch
er
es

et
al
.
(2
0
0
2
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 23



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

B
O
D
E
N
L
O
S
(B
D
L
)

A
T
1
G
0
4
5
5
0

E
M
S

M
u
ta
n
t
fa
il
u
re

to
es
ta
b
li
sh

th
e
h
y
p
o
p
h
y
si
s
w
h
ic
h

ca
u
se
d
se
v
er
e
p
ri
m
ar
y
ro
o
t
d
ef
ec
ts

H
am

an
n
et

al
.
(1
9
9
9
,

2
0
0
2
),
S
ch
er
es

et
al
.

(2
0
0
2
)

M
O
N
O
P
T
E
R
O
S
(M

P
)

A
T
1
G
1
9
8
5
0

E
M
S

M
u
ta
n
t
fa
il
u
re

to
es
ta
b
li
sh

th
e
h
y
p
o
p
h
y
si
s
w
h
ic
h

ca
u
se
d
se
v
er
e
p
ri
m
ar
y
ro
o
t
d
ef
ec
ts
(l
o
ss
-o
f-

fu
n
ct
io
n
)

H
am

an
n
et

al
.
(2
0
0
2
)

A
C
ID

-I
N
D
U
C
E
D

P
R
O
T
E
IN

13
(I
A
A
13

)
A
T
2
G
3
3
3
1
0

E
M
S

L
ac
k
o
f
ro
o
t
ca
u
se
d
b
y
fa
il
u
re

in
th
e
sp
ec
ifi
ca
ti
o
n

o
f
th
e
h
y
p
o
p
h
y
si
s
an
d
su
b
se
q
u
en
t
ab
n
o
rm

al
ce
ll

d
iv
is
io
n
p
at
te
rn
s

W
ei
je
rs
et

al
.
(2
0
0
5
)

R
O
O
T
M
E
R
IS
T
E
M
L
E
SS

1
(R
M
L
1)

A
T
4
G
2
3
1
0
0

E
M
S

E
x
tr
em

el
y
sh
o
rt
m
at
u
re

ro
o
t
(1
–
2
m
m
)
co
m
p
o
se
d
o
f

th
e
sa
m
e
n
u
m
b
er

o
f
ce
ll
s
an
d
ce
ll
fi
le
s
as

th
e

em
b
ry
o
n
ic

ro
o
t,
u
n
ab
le

to
es
ta
b
li
sh

an
d
m
ai
n
ta
in

an
ac
ti
v
e,
u
n
d
if
fe
re
n
ti
at
ed

m
er
is
te
m
at
ic

zo
n
e

(m
u
ta
ti
o
n
d
o
es

n
o
t
af
fe
ct
ax
ia
l
an
d
ra
d
ia
l
p
at
te
rn
s

o
f
ro
o
t
ce
ll
o
rg
an
iz
at
io
n
).
M
u
ta
n
t
p
ro
d
u
ce
s
la
te
ra
l

ro
o
ts
re
ad
il
y

V
er
n
o
u
x
et

al
.
(2
0
0
0
)

R
O
O
T
M
E
R
IS
T
E
M
L
E
SS

2
(R
M
L
2)

?
E
M
S

E
x
tr
em

el
y
sh
o
rt
m
at
u
re

ro
o
t
(1
–
2
m
m
).
M
u
ta
n
t

p
ro
d
u
ce
s
n
o
d
u
le
-l
ik
e
st
ru
ct
u
re
s
b
u
t
n
o
t
la
te
ra
l

ro
o
ts
.
L
im

it
ed

n
u
m
b
er

o
f
ce
ll
d
iv
is
io
n
s

C
h
en
g
et

al
.
(1
9
9
5
)

H
IS
T
ID

IN
O
L
-P
H
O
SP

H
A
T
E

A
M
IN
O
T
R
A
N
SF

E
R
A
S
E
(H

P
A
)

A
T
1
G
7
1
9
2
0

em
b-
21

96
/
T
-D

N
A

in
se
rt
io
n
hp

a1
/

E
M
S

V
er
y
sh
o
rt
ro
o
t
sy
st
em

,
u
n
ab
le

to
su
st
ai
n
p
ri
m
ar
y

ro
o
t
g
ro
w
th

2
d
ay
s
af
te
r
g
er
m
in
at
io
n

M
o
et

al
.
(2
0
0
6
)

IN
C
U
R
V
A
T
A
4
(I
C
U
4
)

A
T
1
G
5
2
1
5
0

ic
u4

-1
,
ic
u4

-2
/E
n
-

2
tr
an
sp
o
si
ti
o
n

ic
u4

-3
,
ic
u4

-4
/

T
-D

N
A

in
se
rt
io
n

L
o
n
g
er

ro
o
t
h
ai
rs
,
h
ig
h
er

n
u
m
b
er

o
f
se
co
n
d
ar
y
ro
o
ts
,

re
d
u
ce
d
ro
o
t
le
n
g
th

an
d
an

ab
er
ra
n
t
ce
ll
p
at
te
rn

in

th
e
ro
o
t
ap
ic
al

m
er
is
te
m

O
ch
an
d
o
et

al
.
(2
0
0
6
)

T
E
B
IC
H
I
(T
E
B
)

A
B
1
9
2
2
9
5

te
b-
1/
T
-D

N
A

in
se
rt
io
n

S
h
o
rt
ro
o
t,
sp
li
t
ro
o
t
ti
p
an
d
an

ab
er
ra
n
t
p
at
te
rn

o
f

ce
ll
d
iv
is
io
n
in

p
o
st
em

b
ry
o
n
ic

d
ev
el
o
p
m
en
t

In
ag
ak
i
et

al
.
(2
0
0
6
)

T
O
N
S
O
K
U

(T
S
K
)

A
T
3
G
1
8
7
3
0

T
-D

N
A
in
se
rt
io
n

S
h
o
rt
ro
o
ts
an
d
al
te
re
d
re
sp
o
n
se
s
to

D
N
A

d
am

ag
e

In
ag
ak
i
et

al
.
(2
0
0
6
)

24 B. Orman et al.



R
E
T
IN
O
B
L
A
ST

O
M
A
-R
E
L
A
T
E
D

(R
B
R
)

A
T
3
G
1
2
2
8
0

rb
r1
-3
/
T
-D

N
A

in
se
rt
io
n

S
u
p
er
n
u
m
er
ar
y
st
em

ce
ll
s

W
il
d
w
at
er

et
al
.
(2
0
0
5
)

A
U
X
IN

IN
F
L
U
X
1
(A
U
X
1
)

A
T
2
G
3
8
1
2
0

au
x1
11

0
,
au

x1
2
,

au
x1
10

6
,
au

x1
7,

au
x1
22

/E
M
S
,

au
x1
21

/X
-r
ay

5
0
%

re
d
u
ct
io
n
in

n
u
m
b
er

o
f
L
R
p
ri
m
o
rd
ia
,
re
d
u
ce
d

au
x
in
-s
en
si
ti
v
e
ro
o
t
el
o
n
g
at
io
n
,
p
er
tu
rb
ed

in

g
ra
v
it
ro
p
is
m

C
as
im

ir
o
et

al
.
(2
0
0
3
)

P
IN
-F
O
R
M
E
D

1
(P
IN
1)

A
T
1
G
7
3
5
9
0

E
n
-1

tr
an
sp
o
si
ti
o
n

D
ef
ec
ts
in

au
x
in

tr
an
sp
o
rt
.
R
ed
u
ct
io
n
o
f
ro
o
t
le
n
g
th
,

m
er
is
te
m

si
ze

an
d
ro
o
t
el
o
n
g
at
io
n
zo
n
e
si
ze

F
ri
m
l
et

al
.
(2
0
0
3
)

P
IN
-F
O
R
M
E
D

2
(P
IN
2)

A
T
5
G
5
7
0
9
0

E
n
-1

tr
an
sp
o
si
ti
o
n

D
ef
ec
ts
in

au
x
in

tr
an
sp
o
rt
.
R
ed
u
ct
io
n
o
f
ro
o
t
le
n
g
th
,

m
er
is
te
m

si
ze

an
d
ro
o
t
el
o
n
g
at
io
n
zo
n
e
si
ze

M
u
ll
er

et
al
.
(1
9
9
8
)

P
IN
-F
O
R
M
E
D

3
(P
IN
3)

A
T
1
G
7
0
9
4
0

pi
n3

-5
/
T
-D

N
A

in
se
rt
io
n

D
ef
ec
ts
in

au
x
in

tr
an
sp
o
rt
.
R
ed
u
ct
io
n
o
f
ro
o
t
le
n
g
th
,

m
er
is
te
m

si
ze

an
d
ro
o
t
el
o
n
g
at
io
n
zo
n
e
si
ze
.

S
u
b
tl
e
ce
ll
d
iv
is
io
n
d
ef
ec
ts
in

th
e
Q
C
an
d

co
lu
m
el
la

ro
o
t
ca
p

F
ri
m
l
et

al
.
(2
0
0
3
)

P
IN
-F
O
R
M
E
D

4
(P
IN
4
)

A
T
2
G
0
1
4
2
0

pi
n4

-3
/t
ra
n
sp
o
so
n

in
se
rt
io
n

D
ef
ec
ts
in

au
x
in

tr
an
sp
o
rt
.
R
ed
u
ct
io
n
o
f
ro
o
t
le
n
g
th
,

m
er
is
te
m

si
ze

an
d
ro
o
t
el
o
n
g
at
io
n
zo
n
e
si
ze
.

S
u
b
tl
e
ce
ll
d
iv
is
io
n
d
ef
ec
ts
in

th
e
Q
C
an
d

co
lu
m
el
la

ro
o
t
ca
p

F
ri
m
l
et

al
.
(2
0
0
3
)

P
IN
-F
O
R
M
E
D

7
(P
IN
7)

A
T
1
G
2
3
0
8
0

pi
n7

-1
,
pi
n7

-3
/

tr
an
sp
o
so
n

in
se
rt
io
n

D
ef
ec
ts
in

au
x
in

tr
an
sp
o
rt
.
R
ed
u
ct
io
n
o
f
ro
o
t
le
n
g
th
,

m
er
is
te
m

si
ze

an
d
ro
o
t
el
o
n
g
at
io
n
zo
n
e
si
ze
.

S
u
b
tl
e
ce
ll
d
iv
is
io
n
d
ef
ec
ts
in

th
e
Q
C
an
d

co
lu
m
el
la

ro
o
t
ca
p

F
ri
m
l
et

al
.
(2
0
0
3
)

pi
n7

-2
/T
-D

N
A

in
se
rt
io
n

P
IN
O
ID

(P
ID

)
A
T
2
G
3
4
6
5
0

pi
d-
1,

pi
d-
2
/E
M
S

M
u
ta
n
ts
d
o
n
o
t
d
is
p
la
y
a
ro
o
t
p
h
en
o
ty
p
e.

C
o
n
st
it
u
ti
v
e
o
v
er
ex
p
re
ss
io
n
re
su
lt
s
in

a

co
n
su
m
p
ti
o
n
o
f
th
e
p
ri
m
ar
y
ro
o
t
m
er
is
te
m

w
it
h
in

a
fe
w

d
ay
s
af
te
r
g
er
m
in
at
io
n
:
al
l
ce
ll
s
at

th
e
ro
o
t

ti
p
b
ec
o
m
e
el
o
n
g
at
ed

an
d
ro
o
t
h
ai
rs

co
v
er

th
e

p
ri
m
ar
y
ro
o
t
ti
p

S
h
is
h
k
o
v
a
et

al
.
(2
0
0
8
)

IS
O
P
E
N
T
E
N
Y
L
T
R
A
N
SF

E
R
A
S
E
3

(I
P
T
3)

A
T
3
G
6
3
1
1
0

at
ip
t
3
/
T
-D

N
A

in
se
rt
io
n

T
ri
p
le

cy
to
k
in
in

b
io
sy
n
th
et
ic

m
u
ta
n
t
w
it
h
se
v
er
el
y

re
d
u
ce
d
cy
to
k
in
in
le
v
el
.E

n
la
rg
ed

R
A
M

sh
o
w
s
an

in
cr
ea
se
d
n
u
m
b
er

o
f
m
er
is
te
m
at
ic

ce
ll
s

D
el
lo
-I
o
io

et
al
.
(2
0
0
7
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 25



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

IS
O
P
E
N
T
E
N
Y
L
T
R
A
N
S
F
E
R
A
SE

(I
P
T
5
)

A
T
5
G
1
9
0
4
0

at
ip
t
5
/T
-D

N
A

in
se
rt
io
n

T
ri
p
le

cy
to
k
in
in

b
io
sy
n
th
et
ic

m
u
ta
n
t
w
it
h
se
v
er
el
y

re
d
u
ce
d
cy
to
k
in
in
le
v
el
.E

n
la
rg
ed

R
A
M

sh
o
w
s
an

in
cr
ea
se
d
n
u
m
b
er

o
f
m
er
is
te
m
at
ic

ce
ll
s

D
el
lo
-I
o
io

et
al
.
(2
0
0
7
)

IS
O
P
E
N
T
E
N
Y
L
T
R
A
N
SF

E
R
A
S
E

(I
P
T
7)

A
T
3
G
2
3
6
3
0

at
ip
t
7
/T
-D

N
A

in
se
rt
io
n

T
ri
p
le

cy
to
k
in
in

b
io
sy
n
th
et
ic

m
u
ta
n
t
w
it
h
se
v
er
el
y

re
d
u
ce
d
cy
to
k
in
in
le
v
el
.E

n
la
rg
ed

R
A
M

sh
o
w
s
an

in
cr
ea
se
d
n
u
m
b
er

o
f
m
er
is
te
m
at
ic

ce
ll
s

D
el
lo
-I
o
io

et
al
.
(2
0
0
7
)

E
N
D
O
-B
E
T
A
-1
,4
-G

L
U
C
A
N
A
SE

(C
E
L
5)

?
T
-D

N
A
in
se
rt
io
n

M
u
ta
n
t
fo
rm

s
th
e
ro
o
t
ca
p
an
d
sh
ed
s
ro
o
t
ca
p
ce
ll
s

b
u
t
sl
o
u
g
h
in
g
is
le
ss

ef
fi
ci
en
t
co
m
p
ar
ed

to
w
il
d

ty
p
e

C
am

p
il
lo

et
al
.
(2
0
0
4
)

N
O

H
Y
D
R
O
T
R
O
P
IC

R
E
SP

O
N
SE

(N
H
R
)

?
E
M
S

N
o
p
o
si
ti
v
e
h
y
d
ro
tr
o
p
ic
re
sp
o
n
se
.A

b
n
o
rm

al
ro
o
t
ca
p

m
o
rp
h
o
g
en
es
is
an
d
re
d
u
ce
d
ro
o
t
g
ro
w
th

se
n
si
ti
v
it
y
to

ab
sc
is
ic

ac
id

(A
B
A
)
an
d
th
e
p
o
la
r

au
x
in

tr
an
sp
o
rt
in
h
ib
it
o
r
N
-(
1
n
ap
h
ty
l)
p
h
ta
la
m
ic

ac
id

(N
P
A
).
H
o
m
o
zy
g
o
u
s
co
n
d
it
io
n
re
su
lt
s
in

a

le
th
al

p
h
en
o
ty
p
e

E
ap
en

et
al
.
(2
0
0
3
)

M
IZ
U
-K
U
SS

E
I
1
(M

IZ
1)

?
E
M
S

M
u
ta
n
t
im

p
ai
re
d
in

h
y
d
ro
tr
o
p
is
m

b
u
t
sh
o
w
s
n
o
rm

al

g
ra
v
it
ro
p
is
m

an
d
el
o
n
g
at
io
n
g
ro
w
th

K
o
b
ay
as
h
i
et

al
.
(2
0
0
7
)

S
K
U

5
A
T
4
G
1
2
4
2
0

T
-D

N
A
in
se
rt
io
n

R
o
o
ts
sk
ew

ed
an
d
lo
o
p
ed

aw
ay

fr
o
m

th
e
n
o
rm

al

d
o
w
n
w
ar
d
d
ir
ec
ti
o
n
o
f
g
ro
w
th

S
ed
b
ro
o
k
et

al
.
(2
0
0
2
)

S
P
IR
A
L
1
(S
P
R
1)

A
T
2
G
0
3
6
8
0

sp
r1
-1
/E
M
S

R
ig
h
t-
h
an
d
ed

h
el
ic
al

ro
o
t
g
ro
w
th

N
ak
aj
im

a
et

al
.
(2
0
0
4
)

sp
r1
-5
/T
-D

N
A

in
se
rt
io
n

L
E
F
T
Y
1

?
E
M
S

L
ef
t-
h
an
d
ed

h
el
ic
al

g
ro
w
th
:
ep
id
er
m
al

ce
ll
fi
le
s
o
f

le
ft
y
ro
o
ts
b
eg
in

to
sk
ew

at
th
e
re
g
io
n
w
h
er
e
fi
rs
t

ro
o
t
h
ai
r
is
em

er
g
in
g

T
h
it
am

ad
ee

et
al
.
(2
0
0
2
)

L
E
F
T
Y
2

?
E
M
S

L
ef
t-
h
an
d
ed

h
el
ic
al

g
ro
w
th
:
ep
id
er
m
al

ce
ll
fi
le
s
o
f

le
ft
y
ro
o
ts
b
eg
in

to
sk
ew

at
th
e
re
g
io
n
w
h
er
e
fi
rs
t

ro
o
t
h
ai
r
is
em

er
g
in
g

T
h
it
am

ad
ee

et
al
.
(2
0
0
2
)

26 B. Orman et al.



W
A
V
Y
G
R
O
W
T
H
2
(W

A
V
2
)

A
T
5
G
2
0
5
2
0

w
av
2-
1,

w
av
2-
2/

T
-D

N
A

in
se
rt
io
n

E
n
h
an
ce
d
w
av
y
ro
o
t
g
ro
w
th

M
o
ch
iz
u
k
i
et

al
.
(2
0
0
5
)

W
A
G
1

A
T
1
G
5
3
7
0
0

w
ag

1-
1,

w
ag

1-
2
/

T
-D

N
A

in
se
rt
io
n

W
av
y
ro
o
t
p
h
en
o
ty
p
e

S
an
tn
er

an
d
W
at
so
n

(2
0
0
6
)

W
A
G
2

A
T
3
G
1
4
3
7
0

w
ag

2-
1
/
T
-D

N
A

in
se
rt
io
n

W
av
y
ro
o
t
p
h
en
o
ty
p
e

S
an
tn
er

an
d
W
at
so
n

(2
0
0
6
)

A
U
X
IN

R
E
SP

O
N
S
E
F
A
C
T
O
R
10

(A
R
F
1
0)

A
T
2
G
2
8
3
5
0

ar
f1
0-
2
/
T
-D

N
A

in
se
rt
io
n

ar
f1
0
ar
f1
6
d
o
u
b
le
m
u
ta
n
t
d
is
p
la
y
s
u
n
co
n
tr
o
ll
ed

ce
ll

d
iv
is
io
n
an
d
b
lo
ck
ed

ce
ll
d
if
fe
re
n
ti
at
io
n
in

th
e

ro
o
t
d
is
ta
l
re
g
io
n
an
d
sh
o
w
s
a
tu
m
o
r-
li
k
e
ro
o
t

ap
ex

an
d
lo
ss

o
f
g
ra
v
it
y
-s
en
si
n
g

W
an
g
et

al
.
(2
0
0
6
)

A
U
X
IN

R
E
S
P
O
N
S
E
F
A
C
T
O
R
16

(A
R
F
1
6
)

A
T
4
G
3
0
0
8
0

ar
f1
6-
2
/
T
-D

N
A

in
se
rt
io
n

U
n
co
n
tr
o
ll
ed

ce
ll
d
iv
is
io
n
an
d
b
lo
ck
ed

ce
ll

d
if
fe
re
n
ti
at
io
n
in

th
e
ro
o
t
d
is
ta
l
re
g
io
n
.
M
u
ta
n
t

sh
o
w
s
a
tu
m
o
r-
li
k
e
ro
o
t
ap
ex

an
d
lo
ss

o
f
g
ra
v
it
y
-

se
n
si
n
g

W
an
g
et

al
.
(2
0
0
6
)

A
D
E
N
Y
L
A
T
E
K
IN
A
SE

2
(A
K
2)

?
T
-D

N
A
in
se
rt
io
n

M
u
ta
n
t
ex
h
ib
it
s
si
g
n
ifi
ca
n
tl
y
el
ev
at
ed

ro
o
t
g
ro
w
th
,

ca
p
m
o
rp
h
o
g
en
es
is
d
ef
ec
ts
,a
lo
n
g
w
it
h
al
te
ra
ti
o
n
s

in
ro
o
t
se
n
si
ti
v
it
y
to

g
ra
v
is
ti
m
u
la
ti
o
n
an
d
sl
o
w
er

k
in
et
ic
s
o
f
ro
o
t
g
ra
v
it
ro
p
ic

cu
rv
at
u
re

C
ar
ra
ri
et

al
.
(2
0
0
5
),

Y
o
u
n
g
et

al
.
(2
0
0
6
)

A
D
E
N
Y
L
A
T
E
K
IN
A
SE

3
(A
K
3)

?
T
-D

N
A
in
se
rt
io
n

M
u
ta
n
t
ex
h
ib
it
s
si
g
n
ifi
ca
n
tl
y
el
ev
at
ed

ro
o
t
g
ro
w
th
,

ca
p
m
o
rp
h
o
g
en
es
is
d
ef
ec
ts
,a
lo
n
g
w
it
h
al
te
ra
ti
o
n
s

in
ro
o
t
se
n
si
ti
v
it
y
to

g
ra
v
is
ti
m
u
la
ti
o
n
an
d
sl
o
w
er

k
in
et
ic
s
o
f
ro
o
t
g
ra
v
it
ro
p
ic

cu
rv
at
u
re

C
ar
ra
ri
et

al
.
(2
0
0
5
),

Y
o
u
n
g
et

al
.
(2
0
0
6
)

E
lo
n
g
a
ti
o
n
zo
n
e

Q
U
A
S
IM

O
D
O

1
(Q

U
A
)

A
T
3
G
2
5
1
4
0

qu
a1

-1
,
qu

a1
-2
/

T
-D

N
A

in
se
rt
io
n

R
ed
u
ce
d
ce
ll
ad
h
es
io
n
.
D
w
ar
f
p
h
en
o
ty
p
e
an
d
ro
u
g
h

as
p
ec
t
re
su
lt
in
g
fr
o
m

n
u
m
er
o
u
s
ce
ll
s
p
ro
tr
u
d
in
g

fr
o
m

th
ei
r
co
ty
le
d
o
n
s,
le
av
es
,
an
d
h
y
p
o
co
ty
ls

B
o
u
to
n
et

al
.
(2
0
0
2
)

P
R
O
P
O
R
Z
1
(P
R
Z
1
)

A
T
4
G
1
6
4
2
0

pr
z1
-1
/T
-D

N
A

in
se
rt
io
n

M
u
ta
n
t
ex
h
ib
it
s
d
ef
ec
ts
in

ce
ll
an
d
o
rg
an

d
if
fe
re
n
ti
at
io
n

S
ie
b
er
er

et
al
.
(2
0
0
3
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 27



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

D
A
W
D
L
E
(D

D
L
)

A
T
3
G
2
0
5
5
0

T
-D

N
A
in
se
rt
io
n

M
u
ta
n
t
p
la
n
ts
ex
h
ib
it
sh
o
rt
en
ed

ro
o
ts
ca
u
se
d
b
y

lo
w
er

n
u
m
b
er

o
f
ce
ll
d
iv
is
io
n
s

M
o
rr
is
et

al
.
(2
0
0
6
)

C
Y
T
O
K
IN
IN

R
O
O
T
SY

N
D
R
O
M

(C
K
R
1)

?
ck
rl
-7
,-
8,
-1
2,
-5
0,
-

09
/E
M
S

M
u
ta
n
t
ex
h
ib
it
s
si
g
n
ifi
ca
n
tl
y
el
ev
at
ed

ro
o
t
g
ro
w
th

w
it
h
sh
o
rt
er

ro
o
t
h
ai
rs

an
d
al
te
re
d
re
sp
o
n
se

to

cy
to
k
in
in

S
u
an
d
H
o
w
el
l
(1
9
9
2
)

P
O
L
A
R
IS

(P
L
S
)

A
T
4
G
3
9
4
0
3

P
ro
m
o
te
r
tr
ap

S
h
o
rt
-r
o
o
t
p
h
en
o
ty
p
e,
re
la
ti
v
el
y
sh
o
rt
an
d
ra
d
ia
ll
y

ex
p
an
d
ed

ce
ll
s,
al
te
re
d
re
sp
o
n
se

to
ex
o
g
en
o
u
s

au
x
in
s
an
d
cy
to
k
in
in
s,
en
h
an
ce
d
et
h
y
le
n
e-

re
sp
o
n
se

p
h
en
o
ty
p
e,
d
ef
ec
ti
v
e
au
x
in

tr
an
sp
o
rt

an
d
h
o
m
eo
st
as
is
,
an
d
al
te
re
d
m
ic
ro
tu
b
u
le

se
n
si
ti
v
it
y
to

in
h
ib
it
o
rs

C
h
il
le
y
et

al
.
(2
0
0
6
)

Y
A
D
O
K
A
R
I
1-
D

(Y
A
D
K
1-
D
)

?
T
-D

N
A
in
se
rt
io
n

D
w
ar
f
m
u
ta
n
t:
sh
o
rt
h
y
p
o
co
ty
l
an
d
p
ri
m
ar
y
ro
o
t,

re
d
u
ce
d
ap
ic
al
d
o
m
in
an
ce

an
d
re
d
u
ce
d
n
u
m
b
er
o
f

la
te
ra
l
ro
o
ts

T
ak
as
e
et

al
.
(2
0
0
4
)

M
U
R
U
S
1
(M

U
R
1
)

A
T
3
G
5
1
1
6
0

m
ur
1-
1,

1-
2/
E
M
S

R
o
o
t
g
ro
w
th

d
ef
ec
ts
,
al
te
re
d
ce
ll
w
al
ls
w
h
ic
h
ar
e

m
o
re

b
ri
tt
le

F
re
sh
o
u
r
et

al
.
(2
0
0
3
)

B
R
E
V
IS

R
A
D
IX

(B
R
X
)

A
T
1
G
3
1
8
8
0

T
-D

N
A
in
se
rt
io
n

R
o
o
ts
co
m
p
o
se
d
o
f
sh
o
rt
er

as
w
el
l
as

fe
w
er

ce
ll
s.

R
ed
u
ct
io
n
in

m
at
u
re

ce
ll
si
ze

as
w
el
l
as

ce
ll

p
ro
li
fe
ra
ti
o
n
ca
u
se
s
sl
o
w

p
ri
m
ar
y
ro
o
t
g
ro
w
th

M
o
u
ch
el

et
al
.
(2
0
0
4
)

P
E
T
IT

1
(P
T
1
)

?
pe
t1
-1
/f
as
t
n
eu
tr
o
n
s

D
ef
ec
ti
v
e
in
as
p
ec
ts
o
f
ro
o
t
an
d
h
y
p
o
co
ty
l
el
o
n
g
at
io
n

an
d
p
re
se
n
ce

o
f
g
ap
s
in

in
te
rn
al

co
rt
ic
al

an
d

ep
id
er
m
al

ce
ll
w
al
ls

K
u
ra
ta

an
d
Y
am

am
o
to

(1
9
9
8
)

P
R
O
C
U
ST

E
1
(P
R
C
1)

?
pr
c1
-8
,
1-
10

,
1-
12

,
1-
19

/
T
-D

N
A

in
se
rt
io
n

D
ec
re
as
ed

ce
ll
el
o
n
g
at
io
n
in

ro
o
ts
an
d
d
ar
k
-g
ro
w
n

h
y
p
o
co
ty
ls

F
ag
ar
d
et

al
.
(2
0
0
0
)

C
O
N
S
T
IT
U
T
IV
E
E
X
P
R
E
SS

IO
N
O
F

V
SP

1
1
(C
E
V
1
)

A
T
5
G
0
5
1
7
0

ix
r1
-1
,
1-
2
/E
M
S

S
tu
n
te
d
p
h
en
o
ty
p
e.
S
h
o
rt
h
y
p
o
co
ty
ls
in

d
ar
k
-g
ro
w
n

se
ed
li
n
g
s.
R
o
o
ts
h
av
e
re
d
u
ce
d
ce
ll
u
lo
se

co
n
te
n
t,

in
cr
ea
se
d
p
ro
d
u
ct
io
n
o
f
ja
sm

o
n
at
e
an
d
et
h
y
le
n
e

E
ll
is
et

al
.
(2
0
0
2
)

28 B. Orman et al.



A
R
A
B
ID

O
P
S
IS

T
H
A
L
IA
N
A
A
C
T
7

(A
C
T
7)

A
T
5
G
0
9
8
1
0

ac
t7
-2
,
7-
3,

7-
4/

T
-D

N
A

in
se
rt
io
n

In
cr
ea
se
d
ro
o
t
tw
is
ti
n
g
an
d
w
av
in
g
,a
n
d
re
ta
rd
ed

ro
o
t

g
ro
w
th
.
R
o
o
t
ap
ic
al

ce
ll
s
ar
e
n
o
t
in

st
ra
ig
h
t
fi
le
s

an
d
co
n
ta
in

o
b
li
q
u
e
ju
n
ct
io
n
s
b
et
w
ee
n
ce
ll
s

G
il
li
la
n
d
et

al
.
(2
0
0
3
)

W
A
V
E
-D

A
M
P
E
N
E
D

2
(W

V
D
2)

A
T
5
G
2
8
6
4
6

O
ve
re
xp
re
ss
io
n

w
vd
2-
1
/A
c/
D
s

C
o
n
st
it
u
ti
v
e
ri
g
h
t-
h
an
d
ed

h
el
ic
al

g
ro
w
th

in
b
o
th

ro
o
ts
an
d
et
io
la
te
d
h
y
p
o
co
ty
ls
an
d
im

p
ai
re
d

an
is
o
tr
o
p
ic

ex
p
an
si
o
n
.

Y
u
en

et
al
.
(2
0
0
3
)

W
V
D
2-
L
IK
E
1
(W

D
L
1)

A
T
3
G
0
4
6
3
0

O
v
er
ex
p
re
ss
io
n
/

A
c/
D
s

C
o
n
st
it
u
ti
v
e
ri
g
h
t-
h
an
d
ed

h
el
ic
al

g
ro
w
th

in
b
o
th

ro
o
ts
an
d
et
io
la
te
d
h
y
p
o
co
ty
ls
an
d
im

p
ai
re
d

an
is
o
tr
o
p
ic

ex
p
an
si
o
n

Y
u
en

et
al
.
(2
0
0
3
)

P
IC
K
L
E
,
S
U
P
P
R
E
S
SO

R
O
F
S
L
R

2
(P
C
L
)

A
T
2
G
2
5
1
7
0

E
M
S

P
ri
m
ar
y
ro
o
t
d
if
fe
re
n
ti
at
es

im
p
ro
p
er
ly

an
d
ex
p
re
ss
es

em
b
ry
o
n
ic

ch
ar
ac
te
ri
st
ic
s
af
te
r
g
er
m
in
at
io
n

L
i
et

al
.
(2
0
0
5
)

S
T
U
N
T
E
D

P
L
A
N
T
1
(S
T
P
1
)

?
E
M
S

R
o
o
ts
el
o
n
g
at
e
m
o
re

sl
o
w
ly

th
an

in
th
e
W
T

B
as
k
in

et
al
.
(1
9
9
5
),

B
ee
m
st
er

an
d
B
as
k
in

(2
0
0
0
)

X
Y
L
O
G
L
U
C
A
N

E
N
D
O
T
R
A
N
G
L
U
C
O
SY

L
A
SE

/
H
Y
D
R
O
L
A
S
E
2
1
(X
T
H
21

)

A
T
2
G
1
8
8
0
0

T
-D

N
A
in
se
rt
io
n

S
tu
n
te
d
p
h
en
o
ty
p
e
w
it
h
sh
o
rt
er

ro
o
t
h
ai
rs

an
d

p
er
tu
rb
at
io
n
in

ep
id
er
m
is
ce
ll
fo
rm

at
io
n

L
iu

et
al
.
(2
0
0
7
)

Z
IN
C
F
IN
G
E
R
O
F
A
R
A
B
ID

O
P
SI
S

T
H
A
L
IA
N
A
6
(Z
A
T
6)

?
R
N
A
i/

o
v
er
ex
p
re
ss
io
n

R
N
A
i
m
ed
ia
te
d
si
le
n
ci
n
g
re
su
lt
s
in

le
th
al
it
y
.

O
v
er
ex
p
re
ss
io
n
af
fe
ct
s
ro
o
t
d
ev
el
o
p
m
en
t
an
d

re
ta
rd
s
se
ed
li
n
g
g
ro
w
th

as
a
re
su
lt
o
f
d
ec
re
as
ed

P
i
ac
q
u
is
it
io
n

D
ev
ai
ah

et
al
.
(2
0
0
7
)

M
U
L
T
ID

R
U
G

R
E
SI
S
T
A
N
C
E

P
–G

L
IC
O
P
R
O
T
E
IN

(P
G
P
4)

A
T
2
G
4
7
0
0
0

pg
p4

-1
,
4-
3,

4-
4
/

T
-D

N
A

in
se
rt
io
n

R
ed
u
ce
d
ro
o
t
g
ra
v
it
ro
p
ic

b
en
d
in
g
an
d
el
o
n
g
at
io
n
as

w
el
l
as

la
te
ra
l
ro
o
t
fo
rm

at
io
n

T
er
as
ak
a
et

al
.
(2
0
0
5
)

R
E
S
IS
T
A
N
T
T
O

IB
A
(R
IB
1)

?
A
c/
D
s

S
h
o
rt
er

p
ri
m
ar
y
ro
o
t,
in
cr
ea
se
d
n
u
m
b
er

o
f
la
te
ra
l

ro
o
ts
an
d
el
o
n
g
at
io
n
d
ef
ec
ts
in

ro
o
t
g
ra
v
it
ro
p
is
m
.

L
es
s
se
n
si
ti
v
e
to

g
ro
w
th

in
h
ib
it
io
n
b
y
IB
A

an
d

le
ss

se
n
si
ti
v
e
to

IB
A
in

st
im

u
la
ti
o
n
o
f
la
te
ra
l
ro
o
t

fo
rm

at
io
n

P
o
u
p
ar
t
an
d
W
ad
d
el
l

(2
0
0
0
),
P
o
u
p
ar
t
et
al
.

(2
0
0
5
)

X
IP
O
T
L
1

?
T
-D

N
A
in
se
rt
io
n

S
h
o
rt
p
ri
m
ar
y
ro
o
t,
a
h
ig
h
n
u
m
b
er
o
f
la
te
ra
l
ro
o
ts
an
d

sh
o
rt
ep
id
er
m
al

ce
ll
s
w
it
h
ab
er
ra
n
t
m
o
rp
h
o
lo
g
y

an
d
fe
w

ro
o
t
h
ai
rs

C
ru
z-
R
am

ı́r
ez

et
al
.

(2
0
0
4
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 29



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

P
H
O
SP

H
O
L
IP
A
S
E
D
S
1
(P
L
D
z1
)

?
T
-D

N
A
in
se
rt
io
n

S
lo
w
er

el
o
n
g
at
io
n
o
f
p
ri
m
ar
y
ro
o
t
an
d
lo
n
g
er

la
te
ra
l

ro
o
ts
in

lo
w
p
h
o
sp
h
at
e
co
n
d
it
io
n
s

L
i
et

al
.
(2
0
0
6
a,
b
)

P
H
O
SP

H
O
L
IP
A
S
E
D
S
2
(P
L
D
z2
)

?
T
-D

N
A
in
se
rt
io
n

S
lo
w
er

el
o
n
g
at
io
n
o
f
p
ri
m
ar
y
ro
o
t
an
d
lo
n
g
er

la
te
ra
l

ro
o
ts
in

lo
w
p
h
o
sp
h
at
e
co
n
d
it
io
n
s

L
i
et

al
.
(2
0
0
6
a,
b
)

W
E
A
K
E
T
H
Y
L
E
N
E

IN
SE

N
S
IT
IV
E
2
(W

E
I2
)

A
T
5
G
0
5
7
3
0

w
ei
2-
1,

2-
3
/E
M
S

R
o
o
t-
sp
ec
ifi
c
et
h
y
le
n
e
in
se
n
si
ti
v
it
y
.
U
p
re
g
u
la
ti
o
n
o
f

W
E
I2
/A
S
A
1
an
d
W
E
I7
/A
S
B
1
b
y
et
h
y
le
n
e
re
su
lt
s

in
th
e
ac
cu
m
u
la
ti
o
n
o
f
au
x
in

in
th
e
ti
p
o
f
p
ri
m
ar
y

ro
o
t,
w
h
er
ea
s
lo
ss
-o
f-
fu
n
ct
io
n
m
u
ta
ti
o
n
s
in

th
es
e

g
en
es

p
re
v
en
t
th
e
et
h
y
le
n
e-
m
ed
ia
te
d
au
x
in

in
cr
ea
se

S
te
p
an
o
v
a
et

al
.
(2
0
0
5
)

W
E
A
K
E
T
H
Y
L
E
N
E

IN
S
E
N
SI
T
IV
E
7
(W

E
I7
)

A
T
1
G
2
5
2
2
0

w
ei
7-
1,

7-
2
/A
c/
D
s

R
o
o
t-
sp
ec
ifi
c
et
h
y
le
n
e
in
se
n
si
ti
v
it
y
.
U
p
re
g
u
la
ti
o
n
o
f

W
E
I2
/A
SA

1
an
d
W
E
I7
/A
SB

1
b
y
et
h
y
le
n
e
re
su
lt
s

in
th
e
ac
cu
m
u
la
ti
o
n
o
f
au
x
in

in
th
e
ti
p
o
f
p
ri
m
ar
y

ro
o
t,
w
h
er
ea
s
lo
ss
-o
f-
fu
n
ct
io
n
m
u
ta
ti
o
n
s
in

th
es
e

g
en
es

p
re
v
en
t
th
e
et
h
y
le
n
e-
m
ed
ia
te
d
au
x
in

in
cr
ea
se

S
te
p
an
o
v
a
et

al
.
(2
0
0
5
)

H
IS
T
O
N
E
M
O
N
O
U
B
IQ

U
IT
IN
A
T
IO

N
1
(H

U
B
1
)

A
T
2
G
4
4
9
5
0

hu
b1

-1
/E
M
S
hu

b1
-2
,

hu
b1

-3
/T
-D

N
A

in
se
rt
io
n

S
lo
w

p
ri
m
ar
y
ro
o
t
g
ro
w
th

F
le
u
ry

et
al
.
(2
0
0
7
)

S
C
A
R
F
A
C
E
(S
F
C
)

A
T
5
G
1
3
3
0
0

sf
c-
9
/T
-D

N
A

in
se
rt
io
n

S
h
o
rt
er

ro
o
ts

S
ie
b
u
rt
h
et

al
.
(2
0
0
6
)

D
if
fe
re
n
ti
a
ti
o
n
zo
n
e:

la
te
ra
l
ro
o
ts

(L
R
)

A
R
A
B
ID

IL
L
O
-1

A
T
2
G
4
4
9
0
0

T
-D

N
A
in
se
rt
io
n

F
ew

er
la
te
ra
l
ro
o
ts

C
o
at
es

et
al
.
(2
0
0
6
)

A
R
A
B
ID

IL
L
O
-2

A
T
3
G
6
0
3
5
0

T
-D

N
A
in
se
rt
io
n

F
ew

er
la
te
ra
l
ro
o
ts

C
o
at
es

et
al
.
(2
0
0
6
)

S
U
P
E
R
R
O
O
T
1
(S
U
R
1)

A
T
2
G
2
0
6
1
0

su
r1
-2
,
1-
3,

1-
4,

1-
5,

1-
6/
E
M
S

In
cr
ea
se
d
L
R
n
u
m
b
er

an
d
fo
rm

at
io
n
o
f
ad
d
it
io
n
al

ad
v
en
ti
ti
o
u
s
ro
o
t

C
el
en
za

et
al
.
(1
9
9
5
)

30 B. Orman et al.



SU
P
E
R
R
O
O
T
2
(S
U
R
2
)

A
T
4
G
3
1
5
0
0

E
n
-1

tr
an
sp
o
si
ti
o
n

N
u
m
er
o
u
s
ad
v
en
ti
ti
o
u
s
ro
o
ts
b
eg
in

to
g
ro
w
fr
o
m

th
e

h
y
p
o
co
ty
l,
la
te
ra
l
ro
o
t
p
ri
m
o
rd
ia
l
d
ev
el
o
p
at
h
ig
h

fr
eq
u
en
cy
,
ro
o
t
h
ai
rs
ap
p
ea
r
at
h
ig
h
er

d
en
si
ty

an
d

ro
o
t
el
o
n
g
at
io
n
is
re
d
u
ce
d

C
as
im

ir
o
et

al
.
(2
0
0
3
),

C
as
so
n
an
d
L
in
d
se
y

(2
0
0
3
)

A
B
E
R
R
A
N
T
L
A
T
E
R
A
L
R
O
O
T

F
O
R
M
A
T
IO

N
4
(A
L
F
4
)

A
T
5
G
1
1
0
3
0

al
f4
-1
/g
am

m
a
ra
y
s

U
n
ab
le
to

p
ro
d
u
ce

la
te
ra
l
ro
o
ts
an
d
d
o
es

n
o
t
re
sp
o
n
d

to
ex
o
g
en
o
u
s
au
x
in
s

C
el
en
za

et
al
.
(1
9
9
5
),

C
as
im

ir
o
et

al
.

C
E
G
E
N
D
U
O

(C
E
G
)

?
T
-D

N
A
in
se
rt
io
n

In
cr
ea
se
d
la
te
ra
l
ro
o
t
p
ro
d
u
ct
io
n

D
o
n
g
et

al
.
(2
0
0
6
)

K
IP
-R
E
L
A
T
E
D

P
R
O
T
E
IN

2
(K
R
P
2)

A
T
3
G
5
0
6
3
0

O
v
er
ex
p
re
ss
io
n

M
u
ta
ti
o
n
s
d
o
n
o
t
g
iv
e
an
y
re
m
ar
k
ab
le
m
o
rp
h
o
lo
g
ic
al

p
h
en
o
ty
p
es

w
h
at

in
d
ic
at
es

th
e
p
re
se
n
ce

o
f

re
d
u
n
d
an
t
fu
n
ct
io
n
s.
T
h
e
n
u
m
b
er

o
f
la
te
ra
l
ro
o
ts

in
o
v
er
ex
p
re
ss
io
n
li
n
e
w
as

re
d
u
ce
d
b
y
6
0
%

co
m
p
ar
ed

w
it
h
th
at

in
th
e
w
il
d
ty
p
e

H
im

an
en

et
al
.
(2
0
0
2
)

K
A
N
A
D
I
(K
A
N
)

A
T
5
G
1
6
5
6
0

ka
n1

-2
/E
M
S

R
ed
u
ce
d
p
ri
m
ar
y
ro
o
t
le
n
g
th

an
d
re
d
u
ce
d
la
te
ra
l
ro
o
t

(L
R
)
n
u
m
b
er

H
aw

k
er

an
d
B
o
w
m
an

(2
0
0
4
)

K
A
N
A
D
I
2
(K
A
N
2
)

A
T
1
G
3
2
2
4
0

ka
n2

-1
/E
M
S

R
ed
u
ce
d
p
ri
m
ar
y
ro
o
t
le
n
g
th

an
d
L
R
n
u
m
b
er

H
aw

k
er

an
d
B
o
w
m
an

(2
0
0
4
)

K
A
N
A
D
I
3
(K
A
N
3
)

A
T
4
G
1
7
6
9
5

ka
n3

-1
/E
M
S

R
ed
u
ce
d
p
ri
m
ar
y
ro
o
t
le
n
g
th

an
d
fe
w
er

la
te
ra
l
ro
o
ts

H
aw

k
er

an
d
B
o
w
m
an

(2
0
0
4
)

P
H
A
B
U
L
O
SA

6
(P
H
B
6)

A
T
2
G
3
4
7
1
0

E
M
S

R
ed
u
ce
d
L
R
n
u
m
b
er

H
aw

k
er

an
d
B
o
w
m
an

(2
0
0
4
)

P
H
A
V
O
L
U
T
A
5
(P
H
V
5
)

A
T
1
G
3
0
4
9
0

T
-D

N
A
in
se
rt
io
n

R
ed
u
ce
d
L
R
n
u
m
b
er

H
aw

k
er

an
d
B
o
w
m
an

(2
0
0
4
)

R
E
V
O
L
U
T
A
1
0
(R
E
V
10

)
A
T
5
G
6
0
6
9
0

T
-D

N
A
in
se
rt
io
n

R
ed
u
ce
d
L
R
n
u
m
b
er

H
aw

k
er

an
d
B
o
w
m
an

(2
0
0
4
)

A
U
X
IN

R
E
SP

O
N
S
E
F
A
C
T
O
R

8
(A
R
F
8
)

A
T
5
G
3
7
0
2
0

ar
f8
-1
/
T
-D

N
A

in
se
rt
io
n

L
o
n
g
-h
y
p
o
co
ty
l
p
h
en
o
ty
p
e
in

li
g
h
t
co
n
d
it
io
n
s
an
d

in
cr
ea
se
d
fo
rm

at
io
n
o
f
L
R

T
ia
n
et

al
.
(2
0
0
4
)

A
U
X
IN

R
E
S
P
O
N
S
E
F
A
C
T
O
R
10

(A
R
F
1
9
)

A
T
1
G
1
9
2
2
0

ar
f1
9-
1/

T
-D

N
A

in
se
rt
io
n

M
u
ta
n
t
w
it
h
re
d
u
ce
d
L
R
d
ev
el
o
p
m
en
t

O
k
u
sh
im

a
et

al
.
(2
0
0
7
)

T
R
A
N
S
P
O
R
T
IN
H
IB
IT
O
R

R
E
SP

O
N
S
E
1
(T
IR
1)

A
T
3
G
6
2
9
8
0

ti
r1
-9
/T
-D

N
A

in
se
rt
io
n

R
ed
u
ce
d
L
R
n
u
m
b
er
.
R
ed
u
ce
d
au
x
in
-t
ra
n
sp
o
rt
-

in
h
ib
it
o
r-
se
n
si
ti
v
e
ro
o
t
el
o
n
g
at
io
n

X
ie

et
al
.
(2
0
0
0
),

C
as
im

ir
o
et

al
.

(2
0
0
3
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 31



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

E
N
H
A
N
C
E
R
O
F
T
IR
1-
1
A
U
X
IN

R
E
S
IS
T
A
N
C
E
(E
T
A
3
)

A
T
1
G
1
9
2
2
0

E
M
S

A
u
x
in
-r
es
is
ta
n
t
ro
o
t
g
ro
w
th

in
se
ed
li
n
g
s
an
d

re
d
u
ce
d
L
R
d
ev
el
o
p
m
en
t

G
ra
y
et

al
.
(2
0
0
3
)

A
R
A
B
ID

O
P
S
IS

S
E
R
IN
E
/T
H
R
E
O
N
IN
E

K
IN
A
S
E
1
(A
SK

1
)

A
T
1
G
1
0
9
4
0

as
k1
-1
/A
c/
D
s

D
ec
re
as
ed

n
u
m
b
er

o
f
L
R

F
u
k
ak
i
et

al
.
(2
0
0
5
)

A
S
K
2

A
T
3
G
6
1
1
6
0

as
k2
-1
/
T
-D

N
A

in
se
rt
io
n

D
ec
re
as
ed

n
u
m
b
er

o
f
L
R

F
u
k
ak
i
et

al
.
(2
0
0
5
)

C
U
L
L
IN
-A
SS

O
C
IA
T
E
D

A
N
D

N
E
D
D
Y
L
A
T
IO

N
D
IS
S
O
C
IA
T
E
D
,

H
E
M
IV
E
N
A
T
A
(C
A
N
D
1
)

A
T
2
G
0
2
5
6
0

E
M
S

D
ec
re
as
ed

n
u
m
b
er

o
f
L
R

F
u
k
ak
i
et

al
.
(2
0
0
5
)

T
R
A
N
S
P
O
R
T
IN
H
IB
IT
O
R

R
E
SP

O
N
S
E
3
(T
IR
3)

A
T
3
G
0
2
2
6
0

ti
r3
-1
//
E
M
S
an
d

g
am

m
a
ra
y
s

R
ed
u
ce
d
L
R
n
u
m
b
er
.
R
ed
u
ce
d
au
x
in
-t
ra
n
sp
o
rt
-

in
h
ib
it
o
r-
se
n
si
ti
v
e
ro
o
t
el
o
n
g
at
io
n

R
u
eg
g
er

et
al
.
(1
9
9
7
),

L
o
p
ez
-B
u
ci
o
et

al
.

(2
0
0
5
)

A
N
R
1

A
T
2
G
1
4
2
1
0

A
N
R
1-
K
O
/d
S
p
m

tr
an
sp
o
so
n

in
se
rt
io
n

D
o
es

n
o
t
sh
o
w
th
e
n
it
ra
te
-i
n
d
u
ce
d
st
im

u
la
to
ry

ef
fe
ct

(d
o
w
n
-r
eg
u
la
te
d
ex
p
re
ss
io
n
)

M
o
n
ti
el

et
al
.
(2
0
0
4
)

A
R
A
B
ID

O
P
SI
S
D
U
A
L
-A
F
F
IN
IT
Y

N
IT
R
A
T
E
T
R
A
N
S
P
O
R
T
E
R
G
E
N
E

A
tN
R
T
1.
1
(N
R
T
1
.1
)

?
T
-D

N
A
in
se
rt
io
n

D
o
es

n
o
t
sh
o
w
th
e
n
it
ra
te
-i
n
d
u
ce
d
st
im

u
la
to
ry

ef
fe
ct

Z
h
an
g
et

al
.
(2
0
0
7
)

L
A
T
E
R
A
L
R
O
O
T
IN
IT
IA
T
IO

N
(L
IN
1
)

A
T
1
G
0
8
0
9
0

E
M
S

L
R
d
ev
el
o
p
m
en
t
in
se
n
si
ti
v
e
to

h
ig
h
-s
u
cr
o
se
,

lo
w
-n
it
ro
g
en

m
ed
iu
m

C
er
ez
o
et

al
.
(2
0
0
1
),

C
as
im

ir
o
et

al
.

(2
0
0
3
),
Z
h
an
g
et

al
.

(2
0
0
7
)

IA
A
-A
L
A
N
IN
E
R
E
SI
S
T
A
N
T
2
(I
A
A
28

/
IA
R
2)

A
T
5
G
2
5
8
9
0

ia
a2

8-
1/
E
M
S

D
ef
ec
ti
v
e
in

L
R
fo
rm

at
io
n
,
re
d
u
ce
d
L
R
n
u
m
b
er
.

D
ef
ec
ts
in

ro
o
t
h
ai
r
d
ev
el
o
p
m
en
t,
re
si
st
an
ce

to

th
e
st
im

u
la
to
ry

ef
fe
ct
s
o
f
lo
w
P
o
n
ro
o
t
h
ai
r
an
d

L
R
fo
rm

at
io
n

L
o
p
ez
-B
u
ci
o
et

al
.

(2
0
0
2
)

M
U
L
T
ID

R
U
G

R
E
S
IS
T
A
N
C
E
-

A
S
SO

C
IA
T
E
D

P
R
O
T
E
IN

5
(M

R
P
5)

A
T
1
G
0
4
1
2
0

m
rp
5-
1/
T
-D

N
A

in
se
rt
io
n

In
cr
ea
se
d
L
R
n
u
m
b
er
,
d
ec
re
as
ed

ro
o
t
le
n
g
th

G
ae
d
ek
e
et

al
.
(2
0
0
1
),

C
as
im

ir
o
et

al
.

(2
0
0
3
)

32 B. Orman et al.



D
W
A
R
F
IN

L
IG

H
T
1
(D

F
L
1)

A
T
5
G
5
4
5
1
0

A
ct
iv
at
io
n
-t
ag
g
in
g

p
la
sm

id

A
lt
er
ed

h
y
p
o
co
ty
l
le
n
g
th

in
li
g
h
t
an
d
re
d
u
ce
d
L
R

n
u
m
b
er

b
u
t
th
e
p
ri
m
ar
y
ro
o
t
le
n
g
th

is
al
m
o
st
th
e

sa
m
e
as

in
th
e
W
T
.
A
u
x
in

in
se
n
si
ti
v
e

N
ak
az
aw

a
et

al
.
(2
0
0
1
),

C
as
im

ir
o
et

al
.

(2
0
0
3
)

A
U
X
IN

R
E
SI
ST

A
N
T
1
(A
X
R
1)

A
T
1
G
0
5
1
8
0

ax
r1
-3
/E
M
S

A
g
ra
v
it
ro
p
ic

ro
o
t,
re
d
u
ce
d
L
R
n
u
m
b
er
.
R
ed
u
ce
d

au
x
in
-s
en
si
ti
v
e
ro
o
t
el
o
n
g
at
io
n

L
o
p
ez
-B
u
ci
o
et

al
.

(2
0
0
2
),
C
as
im

ir
o

et
al
.
(2
0
0
3
)

A
U
X
IN

R
E
SI
ST

A
N
T
2
(A
X
R
2)

A
T
3
G
2
3
0
5
0

ax
r2
-5
/T
-D

N
A

in
se
rt
io
n

A
g
ra
v
it
ro
p
ic

ro
o
t,
re
d
u
ce
d
L
R
n
u
m
b
er
.
S
h
o
rt

h
y
p
o
co
ty
ls
in

d
ar
k
co
n
d
it
io
n
s.

L
o
p
ez
-B
u
ci
o
et

al
.

(2
0
0
2
)

A
U
X
IN

R
E
SI
ST

A
N
T
3
(A
X
R
3)

A
T
1
G
0
4
2
5
0

ax
r3
-3
/E
M
S

R
ed
u
ce
d
ro
o
t
el
o
n
g
at
io
n
an
d
in
cr
ea
se
d
la
te
ra
l
ro
o
t

n
u
m
b
er

L
o
p
ez
-B
u
ci
o
et

al
.

(2
0
0
2
)

A
U
X
IN

R
E
SI
ST

A
N
T
4
(A
X
R
4)

A
T
1
G
5
4
9
9
0

ax
r4
-2
/g
am

m
a
ra
y
s

R
ed
u
ce
d
L
R
n
u
m
b
er
.
R
ed
u
ce
d
au
x
in
-s
en
si
ti
v
e
ro
o
t

el
o
n
g
at
io
n

L
o
p
ez
-B
u
ci
o
et

al
.

(2
0
0
2
),
C
as
im

ir
o

et
al
.
(2
0
0
3
)

A
U
X
IN

R
E
SI
ST

A
N
T
5
(A
X
R
5)

A
T
4
G
1
4
5
6
0

ax
r5
-1
/u
n
k
n
o
w
n

G
ai
n
-o
f-
fu
n
ct
io
n
m
u
ta
ti
o
n
;
m
u
ta
n
ts
ar
e
re
si
st
an
t
to

au
x
in

an
d
d
is
p
la
y
a
v
ar
ie
ty

o
f
au
x
in
-r
el
at
ed

g
ro
w
th
d
ef
ec
ts
in
cl
u
d
in
g
d
ef
ec
ts
in
ro
o
t
an
d
sh
o
o
t

tr
o
p
is
m
s
an
d
re
d
u
ce
d
L
R
n
u
m
b
er

o
n
au
x
in

Y
an
g
et

al
.
(2
0
0
4
),
D
e

S
m
et

et
al
.
(2
0
0
6
)

A
U
X
IN

R
E
S
IS
T
A
N
T
6
(A
X
R
6
)

?
at
cu
l1
-5
/
T
-D

N
A

in
se
rt
io
n

R
ed
u
ce
d
la
te
ra
l
ro
o
t
n
u
m
b
er
.
R
ed
u
ce
d
au
x
in
-

se
n
si
ti
v
e
ro
o
t
el
o
n
g
at
io
n

L
o
p
ez
-B
u
ci
o
et

al
.

(2
0
0
2
),
C
as
im

ir
o

et
al
.
(2
0
0
3
)

N
O

A
P
IC
A
L
M
E
R
IS
T
E
M

C
U
P
-

SH
A
P
E
D

C
O
T
Y
L
E
D
O
N
(N
A
C
1)

A
T
1
G
5
6
0
1
0

R
N
A
i/

o
v
er
ex
p
re
ss
io
n

R
N
A
i
li
n
es

h
av
e
re
d
u
ce
d
L
R
n
u
m
b
er
;

o
v
er
ex
p
re
ss
in
g
li
n
es

h
av
e
in
cr
ea
se
d
L
R
n
u
m
b
er
.

M
o
n
ti
el

et
al
.
(2
0
0
4
),

S
ch
er
es

et
al
.
(2
0
0
2
),

X
ie

et
al
.
(2
0
0
0
)

P
E
R
O
X
IS
O
M
A
L
A
B
C

T
R
A
N
SP

O
R
T
E
R
1
(P
X
A
1)

A
T
4
G
3
9
8
5
0

E
M
S

R
ed
u
ce
d
IB
A
-s
en
si
ti
v
e
ro
o
t
el
o
n
g
at
io
n
.
R
ed
u
ce
d
L
R

n
u
m
b
er

Z
o
lm

an
et

al
.
(2
0
0
1
),

C
as
im

ir
o
et

al
.

(2
0
0
3
)

SE
V
E
N
IN

A
B
S
E
N
T
IA

H
O
M
O
L
O
G
5

(S
IN
A
T
5
)

A
T
5
G
5
3
3
6
0

O
v
er
ex
p
re
ss
io
n

O
v
er
ex
p
re
ss
io
n
le
ad
s
to

re
d
u
ce
d
L
R
fo
rm

at
io
n

C
as
im

ir
o
et

al
.
(2
0
0
3
)

P
A
ST

IC
C
IN
O

1
(P
A
S1

)
A
T
3
G
5
4
0
1
0

pa
s1
-1
/T
-D

N
A

in
se
rt
io
n

R
ed
u
ce
d
L
R
n
u
m
b
er

an
d
sh
o
rt
p
ri
m
ar
y
ro
o
t

F
au
re

et
al
.
(1
9
9
8
),

C
as
im

ir
o
et

al
.

(2
0
0
3
)

P
A
ST

IC
C
IN
O

2
(P
A
S2

)
A
T
5
G
1
0
4
8
0

E
M
S

In
cr
ea
se
d
L
R
n
u
m
b
er

an
d
sh
o
rt
p
ri
m
ar
y
ro
o
t

F
au
re

et
al
.
(1
9
9
8
)

P
A
ST

IC
C
IN
O

3
(P
A
S3

)
?

R
ed
u
ce
d
L
R
n
u
m
b
er

an
d
sh
o
rt
p
ri
m
ar
y
ro
o
t

F
au
re

et
al
.
(1
9
9
8
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 33



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

pa
s3
-1
,
3-
2,
3-
3,
3
-4
/

E
M
S

S
O
L
IT
A
R
Y
R
O
O
T
1/

IA
A
14

(S
L
R
1
/

IA
A
1
4
)

A
T
4
G
1
4
5
5
0

ia
a1

4-
1/

T
-D

N
A

in
se
rt
io
n

A
b
se
n
ce

o
f
L
R
d
ev
el
o
p
m
en
t,
re
d
u
ce
d
n
u
m
b
er
o
f
ro
o
t

h
ai
rs

S
ch
er
es

et
al
.
(2
0
0
2
),

C
as
im

ir
o
et

al
.

(2
0
0
3
),
M
o
n
ti
el
et
al
.

(2
0
0
4
),
F
u
k
ak
i
et

al
.

(2
0
0
6
)

L
A
T
E
R
A
L
R
O
O
T
P
R
IM

O
R
D
IU

M
1

(L
R
P
1)

A
T
5
G
1
2
3
3
0

G
en
e
tr
ap

tr
an
sp
o
so
n

D
el
ay
ed

la
te
ra
l
ro
o
t
in
it
ia
ti
o
n

S
m
it
h
an
d
F
ed
o
ro
ff

(1
9
9
5
)

N
O
N
-P
H
O
T
O
T
R
O
P
H
IC

H
Y
P
O
C
O
T
Y
L
(N
P
H
4)

A
T
5
G
2
0
7
3
0

np
h4

-1
,4
-2
,4
-3
,4
-4
/

fa
st
n
eu
tr
o
n
s

D
ec
re
as
e
in

la
te
ra
l
an
d
ad
v
en
ti
ti
o
u
s
ro
o
t
fo
rm

at
io
n

S
to
w
e-
E
v
an
s
et

al
.

(1
9
9
8
),
C
as
im

ir
o

et
al
.
(2
0
0
3
)

S
H
O
R
T
H
Y
P
O
C
O
T
Y
L
(S
H
Y
2)

A
T
1
G
0
4
2
4
0

sh
y2
-2
/E
M
S

S
ig
n
ifi
ca
n
tl
y
sh
o
rt
er

ro
o
ts
o
f
sh
y2
-2

m
u
ta
n
ts
w
it
h

v
er
y
fe
w

la
te
ra
l
ro
o
ts
,
w
h
er
ea
s
th
e
sh
y2
-2
2
an
d

sh
y2
-2
4
m
u
ta
n
ts
fo
rm

m
o
re

an
d
m
u
ch

lo
n
g
er

L
R

th
an

th
e
W
T

T
ia
n
an
d
R
ee
d
(1
9
9
9
)

K
N
O
T
T
E
D
-L
IK
E
(K
N
A
T
6)

A
T
1
G
2
3
3
8
0

T
-D

N
A
in
se
rt
io
n

D
o
w
n
-r
eg
u
la
ti
o
n
o
f
K
N
A
T
6
ex
p
re
ss
io
n
b
y
R
N
A

in
te
rf
er
en
ce

w
as

as
so
ci
at
ed

w
it
h
an

in
cr
ea
se
d

to
ta
l
n
u
m
b
er

o
f
la
te
ra
l
ro
o
ts

D
ea
n
et

al
.
(2
0
0
4
),

M
o
n
ti
el

et
al
.
(2
0
0
4
)

M
A
S
SU

G
U
2/
IA
A
19

(M
SG

/I
A
A
19

)
A
T
3
G
1
5
5
4
0

E
M
S

D
ef
ec
ti
v
e
in

la
te
ra
l
ro
o
t
fo
rm

at
io
n
an
d
ro
o
t

g
ra
v
it
ro
p
is
m

T
at
em

at
su

et
al
.
(2
0
0
4
)

P
U
C
H
I

?
pu

ch
i-
1/
T
-D

N
A

in
se
rt
io
n

D
is
tu
rb
ed

ce
ll
d
iv
is
io
n
p
at
te
rn
s
in

th
e
la
te
ra
l
ro
o
t

p
ri
m
o
rd
iu
m
,
re
su
lt
in
g
in

sw
el
li
n
g
o
f
th
e
p
ro
x
im

al

re
g
io
n
o
f
la
te
ra
l
ro
o
ts

H
ir
o
ta

et
al
.
(2
0
0
7
)

C
Y
T
O
P
L
A
S
M
IC
-I
N
V
E
R
T
A
SE

1
(A
tC
Y
T
-I
N
V
1)

?
E
M
S

In
se
n
si
ti
v
it
y
to

o
sm

o
ti
c
st
re
ss
-i
n
d
u
ce
d
in
h
ib
it
io
n
o
f

la
te
ra
l
ro
o
t
g
ro
w
th
.
S
h
o
rt
p
ri
m
ar
y
ro
o
t,
sm

al
le
r

si
ze

o
f
le
av
es

an
d
si
li
q
u
es

Q
i
et

al
.
(2
0
0
6
)

34 B. Orman et al.



L
A
T
E
R
A
L
O
R
G
A
N
B
O
U
N
D
A
R
IE
S-

D
O
M
A
IN
16

(L
B
D
16

)
A
T
2
G
4
2
4
3
0

O
v
er
ex
p
re
ss
io
n

O
v
er
ex
p
re
ss
io
n
in
d
u
ce
s
la
te
ra
l
ro
o
t
fo
rm

at
io
n

O
k
u
sh
im

a
et

al
.
(2
0
0
7
)

L
A
T
E
R
A
L
O
R
G
A
N
B
O
U
N
D
A
R
IE
S-

D
O
M
A
IN
29

(L
B
D
2
9)

A
T
3
G
5
8
1
9
0

O
v
er
ex
p
re
ss
io
n

O
v
er
ex
p
re
ss
io
n
in
d
u
ce
s
la
te
ra
l
ro
o
t
fo
rm

at
io
n

O
k
u
sh
im

a
et

al
.
(2
0
0
7
)

X
B
3
O
R
T
H
O
L
O
G
2
IN

A
R
A
B
ID

O
P
SI
S

T
H
A
L
IA
N
A
32

(X
B
A
T
32

)
A
T
5
G
5
7
7
4
0

T
-D

N
A
in
se
rt
io
n

P
o
o
r
ro
o
t
sy
st
em

an
d
se
v
er
e
d
ef
ec
ts
in

la
te
ra
l
ro
o
t

p
ro
d
u
ct
io
n
.
D
ef
ec
ti
v
e
in

ce
ll
d
iv
is
io
n
s
th
at

ar
e

re
q
u
ir
ed

fo
r
la
te
ra
l
ro
o
t
in
it
ia
ti
o
n

N
o
d
zo
n
et

al
.
(2
0
0
4
)

IA
A
-L
E
U
C
IN
E
R
E
SI
ST

A
N
T
2
(I
L
R
2
)

A
T
3
G
1
8
4
8
5

il
l2
-1
/T
-D

N
A

in
se
rt
io
n

D
ef
ec
ti
v
e
in

la
te
ra
l
ro
o
t
fo
rm

at
io
n
an
d
p
ri
m
ar
y
ro
o
t

el
o
n
g
at
io
n

M
ag
id
in

et
al
.
(2
0
0
3
)

IA
A
-L
E
U
C
IN
E
R
E
SI
ST

A
N
T
1
(I
L
R
1
)

A
T
3
G
0
2
8
7
5

il
r1
-1
/E
M
S

S
h
o
rt
er

h
y
p
o
co
ty
l
an
d
fe
w
er

la
te
ra
l
ro
o
ts
o
n

u
n
su
p
p
le
m
en
te
d
m
ed
iu
m

R
am

p
ey

et
al
.
(2
0
0
4
)

IA
A
-L
E
U
C
IN
E
-R
E
S
IS
T
A
N
T
(I
L
R
)-

L
IK
E
G
E
N
E
2
(I
L
L
2)

A
T
5
G
5
6
6
6
0

il
l2
-1
/T
-D

N
A

in
se
rt
io
n

S
h
o
rt
er

h
y
p
o
co
ty
l
an
d
fe
w
er

la
te
ra
l
ro
o
ts
o
n

u
n
su
p
p
le
m
en
te
d
m
ed
iu
m

R
am

p
ey

et
al
.
(2
0
0
4
)

IA
A
-A
L
A
N
IN
E
R
E
S
IS
T
A
N
T
3
(I
A
R
3)

A
T
1
G
5
1
7
6
0

ia
r3
-1
/E
M
S

S
h
o
rt
er

h
y
p
o
co
ty
l
an
d
fe
w
er

la
te
ra
l
ro
o
ts
o
n

u
n
su
p
p
le
m
en
te
d
m
ed
iu
m

R
am

p
ey

et
al
.
(2
0
0
4
)

H
O
M
E
O
B
O
X
-L
E
U
C
IN
E
Z
IP
P
E
R

P
R
O
T
E
IN

H
A
T
4
(A
T
H
B
-2
/H
A
T
4)

A
T
4
G
1
6
7
8
0

O
v
er
ex
p
re
ss
io
n

E
le
v
at
ed

A
T
H
B
-2

le
v
el
s
in
h
ib
it
sp
ec
ifi
c
ce
ll

p
ro
li
fe
ra
ti
o
n
su
ch

as
se
co
n
d
ar
y
g
ro
w
th

o
f
th
e

v
as
cu
la
r
sy
st
em

an
d
la
te
ra
l
ro
o
t
fo
rm

at
io
n
.

R
ed
u
ce
d
L
R
n
u
m
b
er
.

S
te
in
d
le
r
et

al
.
(1
9
9
9
)

R
O
O
T
S
C
U
R
L
IN

N
P
(R
C
N
1)

A
T
1
G
2
5
4
9
0

T
-D

N
A
in
se
rt
io
n

L
at
er
al

ro
o
ts
ex
h
ib
it
re
d
u
ce
d
N
P
A
se
n
si
ti
v
it
y
,

g
ra
v
it
ro
p
ic

re
sp
o
n
se

an
d
in
cr
ea
se
d
au
x
in

tr
an
sp
o
rt
.

R
H
O
-R
E
L
A
T
E
D

P
R
O
T
E
IN

F
R
O
M

P
L
A
N
T
S
2
(R
O
P
2)

A
T
1
G
2
0
0
9
0

O
v
er
ex
p
re
ss
io
n

C
o
n
st
it
u
ti
v
el
y
ac
ti
v
e
G
T
P
-b
o
u
n
d
ro
p
2
(C
A
-r
o
p
2
):

in
cr
ea
se
d
L
R
n
u
m
b
er
;
an
d
d
o
m
in
an
t
n
eg
at
iv
e

G
D
P
-b
o
u
n
d
ro
p
2
(D

N
-r
o
p
2
)
re
d
u
ce
d
L
R
n
u
m
b
er

L
i
et

al
.
(2
0
0
1
)

SE
U
S
S
(S
E
U
)

A
T
1
G
4
3
8
5
0

se
u-
3/
E
M
S

P
le
io
tr
o
p
ic

p
h
en
o
ty
p
e
th
at

in
cl
u
d
es

re
d
u
ct
io
n
s
in

se
v
er
al

cl
as
si
c
au
x
in

re
sp
o
n
se
s
su
ch

as
ap
ic
al

d
o
m
in
an
ce
,
la
te
ra
l
ro
o
t
in
it
ia
ti
o
n
,
se
n
si
ti
v
it
y
to

ex
o
g
en
o
u
s
au
x
in

P
fl
u
g
er

an
d
Z
am

b
ry
sk
i

(2
0
0
4
)

A
R
A
B
ID

O
P
S
IS

R
E
S
P
O
N
S
E

R
E
G
U
L
A
T
O
R
3
(A
R
R
3)

A
T
1
G
5
9
9
4
0

T
-D

N
A
in
se
rt
io
n

L
at
er
al

ro
o
t
fo
rm

at
io
n
is
m
o
re

se
n
si
ti
v
e
to

cy
to
k
in
in

in
h
ib
it
io
n

T
o
et

al
.
(2
0
0
4
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 35



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

A
R
A
B
ID

O
P
S
IS

R
E
S
P
O
N
S
E

R
E
G
U
L
A
T
O
R
4
(A
R
R
4)

A
T
1
G
1
0
4
7
0

T
-D

N
A
in
se
rt
io
n

L
at
er
al

ro
o
t
fo
rm

at
io
n
is
m
o
re

se
n
si
ti
v
e
to

cy
to
k
in
in

in
h
ib
it
io
n

T
o
et

al
.
(2
0
0
4
)

A
R
A
B
ID

O
P
SI
S
R
E
SP

O
N
SE

R
E
G
U
L
A
T
O
R
5
(A
R
R
5)

A
T
3
G
4
8
1
0
0

T
-D

N
A
in
se
rt
io
n

L
at
er
al

ro
o
t
fo
rm

at
io
n
is
m
o
re

se
n
si
ti
v
e
to

cy
to
k
in
in

in
h
ib
it
io
n

T
o
et

al
.
(2
0
0
4
)

A
R
A
B
ID

O
P
SI
S
R
E
SP

O
N
SE

R
E
G
U
L
A
T
O
R
6
(A
R
R
6)

A
T
5
G
6
2
9
2
0

T
-D

N
A
in
se
rt
io
n

L
at
er
al

ro
o
t
fo
rm

at
io
n
is
m
o
re

se
n
si
ti
v
e
to

cy
to
k
in
in

in
h
ib
it
io
n

T
o
et

al
.
(2
0
0
4
)

A
R
A
B
ID

O
P
SI
S
R
E
SP

O
N
SE

R
E
G
U
L
A
T
O
R
8
(A
R
R
8)

?
T
-D

N
A
in
se
rt
io
n

L
at
er
al

ro
o
t
fo
rm

at
io
n
is
m
o
re

se
n
si
ti
v
e
to

cy
to
k
in
in

in
h
ib
it
io
n

T
o
et

al
.
(2
0
0
4
)

A
R
A
B
ID

O
P
SI
S
R
E
SP

O
N
SE

R
E
G
U
L
A
T
O
R
9
(A
R
R
9)

A
T
3
G
5
7
0
4
0

T
-D

N
A
in
se
rt
io
n

L
at
er
al

ro
o
t
fo
rm

at
io
n
is
m
o
re

se
n
si
ti
v
e
to

cy
to
k
in
in

in
h
ib
it
io
n

T
o
et

al
.
(2
0
0
4
)

C
Y
T
O
K
IN
IN

O
X
ID

A
SE

/
D
E
H
Y
D
R
O
G
E
N
A
SE

1
(C
K
X
1)

A
T
2
G
4
1
5
1
0

O
v
er
ex
p
re
ss
io
n

In
cr
ea
se
d
g
ro
w
th

o
f
th
e
p
ri
m
ar
y
ro
o
t
an
d
in
cr
ea
se
d

n
u
m
b
er

o
f
la
te
ra
l
ro
o
ts

W
er
n
er

et
al
.
(2
0
0
3
)

C
Y
T
O
K
IN
IN

O
X
ID

A
SE

/
D
E
H
Y
D
R
O
G
E
N
A
SE

3
(C
K
X
3)

A
T
5
G
5
6
9
7
0

O
v
er
ex
p
re
ss
io
n

In
cr
ea
se
d
g
ro
w
th

o
f
th
e
p
ri
m
ar
y
ro
o
t
an
d
in
cr
ea
se
d

n
u
m
b
er

o
f
la
te
ra
l
ro
o
ts

W
er
n
er

et
al
.
(2
0
0
3
)

E
1
-C
O
N
JU

G
A
T
IN
G

E
N
Z
Y
M
E
-

R
E
L
A
T
E
D
1
-1

(E
C
R
1
)

A
T
5
G
1
9
1
8
0

ec
r1
-1
/E
M
S

R
es
is
ta
n
t
to

th
e
au
x
in
-l
ik
e
co
m
p
o
u
n
d
in
d
o
le
-3
-

p
ro
p
io
n
ic

ac
id
,
p
ro
d
u
ce
s
fe
w
er

la
te
ra
l
ro
o
ts
th
an

w
il
d
ty
p
e,
d
is
p
la
y
s
re
d
u
ce
d
ad
u
lt
h
ei
g
h
t

W
o
o
d
w
ar
d
et

al
.
(2
0
0
7
)

R
IN
G
-B
O
X
1
(R
B
X
1
)

A
T
5
G
2
0
5
7
0

O
v
er
ex
p
re
ss
io
n

T
ra
n
sg
en
ic

p
la
n
ts
(3
5S
::
R
B
X
1)

h
ad

sm
al
le
r

co
ty
le
d
o
n
s
an
d
p
ro
d
u
ce
d
fe
w
er

la
te
ra
l
ro
o
ts
th
an

W
T
p
la
n
ts

G
ra
y
et

al
.
(2
0
0
2
)

B
U
S
H
Y
A
N
D
D
W
A
R
F
(B
U
D
1)

A
T
1
G
1
8
3
5
0

S
en
se
/a
n
ti
se
n
se

R
N
A

ex
p
re
ss
io
n

sy
st
em

S
ig
n
ifi
ca
n
tl
y
fe
w
er

la
te
ra
l
ro
o
ts
,
lo
ss

o
f
ap
ic
al

d
o
m
in
an
ce
,s
h
o
rt
er
h
y
p
o
co
ty
l
at
h
ig
h
te
m
p
er
at
u
re

(2
9
� C

)
u
n
d
er

li
g
h
t.
D
efi
ci
en
cy

in
p
o
la
r
au
x
in

tr
an
sp
o
rt
t

D
ai

et
al
.
(2
0
0
6
)

L
O
N
G

H
Y
P
O
C
O
T
Y
L
5
(H

Y
5
)

?
T
-D

N
A
in
se
rt
io
n

A
lt
er
ed

h
y
p
o
co
ty
l
le
n
g
th

in
li
g
h
t
an
d
in
cr
ea
se
d
L
R

n
u
m
b
er
.
E
m
er
g
en
ce

o
f
L
R
o
cc
u
rs
ea
rl
ie
r
th
an

in

W
T
,
re
su
lt
in
g
in

o
v
er
al
l
en
h
an
ce
d
ro
o
t
sy
st
em

g
ro
w
th
.
T
h
e
g
ra
v
it
ro
p
is
m

o
f
hy
5
ro
o
ts
is
re
d
u
ce
d

C
as
im

ir
o
et

al
.
(2
0
0
3
),

S
ib
o
u
t
et

al
.
(2
0
0
6
)

36 B. Orman et al.



W
A
L
L
-A
SS

O
C
IA
T
E
D

S
E
R
/T
H
R

K
IN
A
S
E
(W

A
K
4
)

A
T
1
G
2
1
2
1
0

A
n
ti
se
n
se

g
en
e

Im
p
ai
re
d
ce
ll
el
o
n
g
at
io
n
an
d
b
lo
ck
ed

L
R
fo
rm

at
io
n

L
al
ly

et
al
.
(2
0
0
1
)

L
IK
E
A
U
X
1
(L
A
X
3)

A
T
1
G
7
7
6
9
0

T
-D

N
A
in
se
rt
io
n

N
ea
rl
y
4
0
%

re
d
u
ct
io
n
in

n
u
m
b
er
s
o
f
em

er
g
ed

la
te
ra
l
ro
o
ts

S
w
ar
u
p
et

al
.
(2
0
0
8
)

A
B
A
D
E
F
IC
IE
N
T
1
(A
B
A
1)

A
T
5
G
6
7
0
3
0

ab
a1
-1
/E
M
S

A
B
A
se
n
si
ti
v
e,
re
d
u
ce
d
A
B
A

in
h
ib
it
o
ry

ef
fe
ct

o
n

L
R
le
n
g
th
.
S
h
o
rt
er

p
ri
m
ar
y
ro
o
t

S
ig
n
o
ra

et
al
.
(2
0
0
1
)

A
B
A
D
E
F
IC
IE
N
T
2
(A
B
A
2)

A
T
1
G
5
2
3
4
0

ab
a2
-1
,
2
-3
,
2
-4
/

E
M
S

A
B
A
se
n
si
ti
v
e,
re
d
u
ce
d
A
B
A

in
h
ib
it
o
ry

ef
fe
ct

o
n

L
R
le
n
g
th
.
S
h
o
rt
er

p
ri
m
ar
y
ro
o
t

S
ig
n
o
ra

et
al
.
(2
0
0
1
)

A
B
A
D
E
F
IC
IE
N
T
3
(A
B
A
3)

A
T
1
G
1
6
5
4
0

ab
a3
-1
/E
M
S

A
B
A
se
n
si
ti
v
e,
re
d
u
ce
d
A
B
A

in
h
ib
it
o
ry

ef
fe
ct

o
n
L
R
le
n
g
th

S
ig
n
o
ra

et
al
.
(2
0
0
1
)

3
-2
/g
am

m
a
ra
y
s

A
B
A
D
E
F
IC
IE
N
T
4
(A
B
A
4)

?
ab

a4
-1
/T
-D

N
A

in
se
rt
io
n

A
B
A
in
se
n
si
ti
v
e,
re
d
u
ce
d
A
B
A
in
h
ib
it
o
ry

ef
fe
ct

o
n
L
R
le
n
g
th

S
ig
n
o
ra

et
al
.
(2
0
0
1
)

A
B
A
D
E
F
IC
IE
N
T
5
(A
B
A
5)

?
u
n
k
n
o
w
n

A
B
A
in
se
n
si
ti
v
e,
re
d
u
ce
d
A
B
A
in
h
ib
it
o
ry

ef
fe
ct

o
n
L
R
le
n
g
th

S
ig
n
o
ra

et
al
.
(2
0
0
1
)

A
B
SC

IS
IC

A
C
ID

IN
T
E
N
SI
V
E
1
(A
B
I1
)

A
T
5
G
5
7
0
5
0

E
M
S

R
ed
u
ce
d
A
B
A

in
h
ib
it
o
ry

ef
fe
ct

o
n
L
R
le
n
g
th

D
e
S
m
et

et
al
.
(2
0
0
3
)

A
B
SC

IS
IC

A
C
ID

IN
T
E
N
SI
V
E
1
(A
B
I2
)

A
T
3
G
2
4
6
5
0

E
M
S

R
ed
u
ce
d
A
B
A

in
h
ib
it
io
n
o
n
L
R
le
n
g
th

D
e
S
m
et

et
al
.
(2
0
0
3
)

A
B
SC

IS
IC

A
C
ID

IN
T
E
N
SI
V
E
1
(A
B
I3
)

A
T
3
G
2
4
6
5
0

E
M
S

R
ed
u
ce
d
A
B
A

in
h
ib
it
o
ry

ef
fe
ct

o
n
L
R
le
n
g
th

D
e
S
m
et

et
al
.
(2
0
0
3
)

A
B
SC

IS
IC

A
C
ID

IN
T
E
N
SI
V
E
1
(A
B
I4
)

A
T
2
G
4
0
2
2
0

G
am

m
a
ra
y
s

R
ed
u
ce
d
A
B
A

in
h
ib
it
o
ry

ef
fe
ct

o
n
L
R
le
n
g
th

D
e
S
m
et

et
al
.
(2
0
0
3
)

A
B
SC

IS
IC

A
C
ID

IN
T
E
N
SI
V
E
1
(A
B
I5
)

A
T
2
G
3
6
2
7
0

ab
i5
-1
/T
-D

N
A

in
se
rt
io
n

R
ed
u
ce
d
A
B
A

in
h
ib
it
o
ry

ef
fe
ct

o
n
L
R
le
n
g
th

D
e
S
m
et

et
al
.
(2
0
0
3
)

E
N
H
A
N
C
E
D

R
E
SP

O
N
SE

T
O
A
B
A
1

(E
R
A
1
)

A
T
5
G
4
0
2
8
0

u
n
k
n
o
w
n

In
cr
ea
se
d
n
u
m
b
er

o
f
la
te
ra
l
ro
o
ts

B
ra
d
y
et

al
.
(2
0
0
3
)

L
A
T
E
R
A
L
R
O
O
T

A
B
A
-I
N
S
E
N
SI
T
IV
E
(L
A
B
I)

?
E
M
S

S
h
o
rt
er

p
ri
m
ar
y
ro
o
t
p
h
en
o
ty
p
e
an
d
ab
il
it
y
to

p
ro
d
u
ce

v
is
ib
le

L
R
s
in

th
e
p
re
se
n
ce

o
f
A
B
A
.

M
u
ta
n
ts
ar
e
le
ss

se
n
si
ti
v
e
to

th
e
h
ig
h
-n
it
ra
te

in
d
u
ce
d
in
h
ib
it
io
n
o
n
L
R
s

Z
h
an
g
et

al
.
(2
0
0
7
)

F
L
O
W
E
R
IN
G

T
IM

E
C
O
N
T
R
O
L

P
R
O
T
E
IN

A
L
P
H
A
(F
C
A
)

A
T
4
G
1
6
2
8
0

E
M
S

R
ed
u
ce
d
se
n
si
ti
v
it
y
to

th
e
in
h
ib
it
o
ry

ef
fe
ct

o
f
A
B
A

o
n
L
R
s

Z
h
an
g
et

al
.
(2
0
0
7
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 37



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

H
O
M
E
O
D
O
M
A
IN
-L
E
IC
IN
E
Z
IP
P
E
R

P
R
O
T
E
IN

H
A
T
2
(H

A
T
2)

A
T
5
G
4
7
3
7
0

O
v
er
ex
p
re
ss
io
n

M
u
ta
ti
o
n
s
o
f
th
e
H
A
T
2
g
en
e
d
id

n
o
t
p
ro
d
u
ce

an
y

re
m
ar
k
ab
le

m
o
rp
h
o
lo
g
ic
al

p
h
en
o
ty
p
es

(m
u
ta
n
ts

re
sp
o
n
d
ed

to
g
ra
v
it
y
,
ex
o
g
en
o
u
s
au
x
in
,
an
d
au
x
in

tr
an
sp
o
rt
in
h
ib
it
o
r
in

si
m
il
ar

w
ay
s
to

w
il
d
-t
y
p
e

p
la
n
ts
)
in
d
ic
at
in
g
th
e
p
re
se
n
ce

o
f
re
d
u
n
d
an
t

fu
n
ct
io
n
s
am

o
n
g
th
e
H
D
-Z
ip

II
su
b
fa
m
il
y
g
en
es
.

3
5
S
::
H
A
T
2
p
la
n
ts
sh
o
w
ed

re
d
u
ce
d
la
te
ra
l
ro
o
t

el
o
n
g
at
io
n
,
an
d
re
d
u
ce
d
au
x
in

se
n
si
ti
v
it
y

co
m
p
ar
ed

to
w
il
d
-t
y
p
e
p
la
n
ts

S
aw

a
et

al
.
(2
0
0
2
)

P
I
D
E
F
IC
IE
N
C
Y
R
E
SP

O
N
SE

2
(P
D
R
2
)

?
E
M
S

D
is
ru
p
te
d
P
i
se
n
si
n
g

T
ic
co
n
i
et

al
.
(2
0
0
4
)

U
B
IQ

U
IT
IN
-L
IK
E
M
O
D
IF
IE
R

(S
U
M
O
)
E
3
L
IG

A
S
E
(A
tS
IZ
1)

A
T
5
G
6
0
4
1
0

si
z1
-1
,
1-
2,

1-
3/

T
-D

N
A

in
se
rt
io
n

C
es
sa
ti
o
n
o
f
p
ri
m
ar
y
ro
o
t
g
ro
w
th
,
ex
te
n
si
v
e
la
te
ra
l

ro
o
t
an
d
ro
o
t
h
ai
r
d
ev
el
o
p
m
en
t

M
iu
ra

et
al
.
(2
0
0
5
)

W
R
K
Y
75

A
T
5
G
1
3
0
8
0

R
N
A
i

S
u
p
p
re
ss
io
n
o
f
W
R
K
Y
75

ex
p
re
ss
io
n
th
ro
u
g
h
R
N
A
i

si
le
n
ci
n
g
re
su
lt
s
in

si
g
n
ifi
ca
n
tl
y
in
cr
ea
se
d
L
R

le
n
g
th

an
d
n
u
m
b
er
,
as

w
el
l
as

ro
o
t
h
ai
r
n
u
m
b
er

D
ev
ai
ah

et
al
.
(2
0
0
7
)

A
B
E
R
R
A
N
T
L
A
T
E
R
A
L
R
O
O
T

F
O
R
M
A
T
IO

N
3
(A
L
F
3)

?
al
f3
-1
/E
M
S

M
u
ta
n
t
is
ab
le

to
in
it
ia
te

la
te
ra
l
ro
o
t
p
ri
m
o
rd
iu
m

fo
rm

at
io
n
b
u
t
th
en

ar
re
st
s
at
th
e
em

er
g
en
ce

st
ag
e

C
el
en
za

et
al
.
(1
9
9
5
),

C
as
im

ir
o
et

al
.

(2
0
0
3
)

R
E
L
A
T
E
D

T
O
A
B
I3
/V
P
1
1
(R
A
V
1)

A
T
1
G
1
3
2
6
0

O
v
er
ex
p
re
ss
io
n

O
v
er
ex
p
re
ss
io
n
ca
u
se
s
re
ta
rd
ed

L
R
d
ev
el
o
p
m
en
t

H
u
et

al
.
(2
0
0
4
)

IN
D
O
L
E
-3
-B
U
T
Y
R
IC

A
C
ID

-R
E
SP

O
N
SE

(I
B
R
5)

A
T
2
G
0
4
5
5
0

ib
r5
-1
/E
M
S

L
ig
h
t-
g
ro
w
n
se
ed
li
n
g
s
h
av
e
lo
n
g
er

p
ri
m
ar
y
ro
o
ts

w
it
h
sl
ig
h
tl
y
fe
w
er

la
te
ra
l
ro
o
ts
.
L
at
er
al

ro
o
ts
in

ib
r5
-1

el
o
n
g
at
e
le
ss

th
an

in
th
e
W
T
;
h
y
p
o
co
ty
l

an
d
ro
o
ts
el
o
n
g
at
e
n
o
rm

al
ly

in
th
e
d
ar
k

M
o
n
ro
e-
A
u
g
u
st
u
s
et

al
.

(2
0
0
3
)

L
R
D
2

?
E
M
S

M
u
ta
n
t
h
as

an
al
te
re
d
re
sp
o
n
se

to
ex
o
g
en
o
u
s
A
B
A

D
ea
k
an
d
M
al
am

y

(2
0
0
5
)

38 B. Orman et al.



A
d
v
en
ti
ti
o
u
s
ro
o
ts

A
R
G
O
N
A
U
T
E
1
(A
G
O
1)

A
T
1
G
4
8
4
1
0

E
M
S

R
ed
u
ce
d
fo
rm

at
io
n
o
f
ad
v
en
ti
ti
o
u
s
ro
o
ts
in

re
sp
o
n
se

to
au
x
in
.
D
ef
ec
t
o
f
h
y
p
o
co
ty
l
el
o
n
g
at
io
n
in

re
sp
o
n
se

to
au
x
in

S
o
ri
n
et

al
.
(2
0
0
5
)

A
U
X
IN

R
E
S
P
O
N
SE

F
A
C
T
O
R
17

(A
R
F
17

)
A
T
1
G
7
7
8
5
0

T
-D

N
A
/

o
v
er
ex
p
re
ss
io
n

O
v
er
ex
p
re
ss
io
n
li
n
e
p
ro
d
u
ce
s
fe
w
er

ad
v
en
ti
ti
o
u
s

ro
o
ts
th
an

th
e
W
T

S
o
ri
n
et

al
.
(2
0
0
5
)

H
A
ST

Y
(H

S
T
)

A
T
3
G
0
5
0
4
0

hs
t-
6,
/E
M
S

M
u
ta
n
ts
h
av
e
re
d
u
ce
d
si
ze

o
f
ro
o
ts
an
d
fo
rm

ad
v
en
ti
ti
o
u
s
ro
o
ts
fr
o
m

th
e
b
as
e
o
f
th
e
h
y
p
o
co
ty
l

B
o
ll
m
an

et
al
.
(2
0
0
3
)

hs
t-
7/
X
-r
ay

R
O
O
T
IN
IT
IA
T
IO

N
D
E
F
E
C
T
IV
E
1

(R
ID

1)
?

E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e,
d
ef
ec
ti
v
e
in

th
e
in
it
ia
l
o
r
th
e

p
re
-m

o
rp
h
o
g
en
ic

st
ag
e
o
f
ad
v
en
ti
ti
o
u
s
ro
o
t

fo
rm

at
io
n

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
3
)

R
O
O
T
IN
IT
IA
T
IO

N
D
E
F
E
C
T
IV
E
2

(R
ID

2
)

?
E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e,
d
ef
ec
ti
v
e
in

th
e
in
it
ia
l
o
r
th
e

p
re
-m

o
rp
h
o
g
en
ic

st
ag
e
o
f
ad
v
en
ti
ti
o
u
s
ro
o
t

fo
rm

at
io
n

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
3
)

R
O
O
T
IN
IT
IA
T
IO

N
D
E
F
E
C
T
IV
E
3

(R
ID

3
)

?
E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e,
d
ef
ec
ti
v
e
in

th
e
in
it
ia
l
o
r
th
e

p
re
-m

o
rp
h
o
g
en
ic

st
ag
e
o
f
ad
v
en
ti
ti
o
u
s
ro
o
t

fo
rm

at
io
n

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
3
)

R
O
O
T
IN
IT
IA
T
IO

N
D
E
F
E
C
T
IV
E
4

(R
ID

4
)

?
E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e,
d
ef
ec
ti
v
e
in

th
e
in
it
ia
l
o
r
th
e

p
re
-m

o
rp
h
o
g
en
ic

st
ag
e
o
f
ad
v
en
ti
ti
o
u
s
ro
o
t

fo
rm

at
io
n

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
3
)

R
O
O
T
IN
IT
IA
T
IO

N
D
E
F
E
C
T
IV
E
5

(R
ID

5
)

?
E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e,
re
d
u
ce
d
fr
eq
u
en
cy

o
f
ro
o
t

in
it
ia
ti
o
n
at

2
8
� C

w
it
h
o
u
t
af
fe
ct
in
g
th
e
la
te
r

st
ag
es

o
f
ro
o
t
fo
rm

at
io
n
.
T
h
e
ra
te
o
f
ad
v
en
ti
ti
o
u
s

ro
o
ti
n
g
g
en
er
al
ly

d
ep
en
d
s
o
n
th
e
co
n
ce
n
tr
at
io
n

o
f
ex
o
g
en
o
u
s
au
x
in

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
3
)

R
O
O
T
P
R
IM

O
R
D
IU

M
D
E
F
E
C
T
IV
E
1

(R
R
D
1
)

?
E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e,
m
u
ta
n
t
ca
n
es
ta
b
li
sh

ad
v
en
ti
ti
o
u
s
ro
o
ts
b
u
t
fa
il
s
to

m
ai
n
ta
in

th
ei
r

g
ro
w
th
.
S
tr
o
n
g
ly

in
h
ib
it
ed

su
b
se
q
u
en
t
g
ro
w
th

o
f

ad
v
en
ti
ti
o
u
s
ro
o
ts
at

2
8
� C

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
3
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 39



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

A
ll
el
e/
m
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

R
O
O
T
P
R
IM

O
R
D
IU

M
D
E
F
E
C
T
IV
E
2

(R
R
D
2
)

?
E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e,
m
u
ta
n
t
ca
n
es
ta
b
li
sh

ad
v
en
ti
ti
o
u
s
ro
o
ts
b
u
t
fa
il
s
to

m
ai
n
ta
in

th
ei
r

g
ro
w
th
.
S
tr
o
n
g
ly

in
h
ib
it
ed

su
b
se
q
u
en
t
g
ro
w
th

o
f
ad
v
en
ti
ti
o
u
s
ro
o
ts
at

2
8
� C

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
3
)

R
O
O
T
P
R
IM

O
R
D
IU

M
D
E
F
E
C
T
IV
E
4

(R
R
D
4
)

?
E
M
S

T
em

p
er
at
u
re
-s
en
si
ti
v
e,
m
u
ta
n
t
ca
n
es
ta
b
li
sh

ad
v
en
ti
ti
o
u
s
ro
o
ts
b
u
t
fa
il
s
to

m
ai
n
ta
in

th
ei
r

g
ro
w
th
.
S
tr
o
n
g
ly

in
h
ib
it
ed

su
b
se
q
u
en
t
g
ro
w
th

o
f

ad
v
en
ti
ti
o
u
s
ro
o
ts
at

2
8
� C

K
o
n
is
h
i
an
d
S
u
g
iy
am

a

(2
0
0
3
)

L
R

la
te
ra
l
ro
o
t,
R
A
M

ro
o
t
ap
ic
al

m
er
is
te
m
,
Q
C

q
u
ie
sc
en
t
ce
n
tr
e,
W
T

w
il
d
ty
p
e

40 B. Orman et al.



the xylem poles (Benjamins and Scheres 2008), whereas in barley from pericycle

and endodermis adjacent to phloem (Briggs 1978) just like in rice and corn

(Hochholdinger and Zimmermann 2008). The general structure of barley lateral

roots seems to be the same as the seminal and nodal roots, despite their different

origins. The transverse section exhibit typical thick-walled endodermis and single

large axile duct surrounded by much more thicker tissue (Gorny 1992). For LR

initiation, auxin plays a crucial role in both monocotyledonous (Chhun et al. 2007)

and dicotyledonous (Tian and Reed 1999; Casimiro et al. 2003) species.

More than 170 genes have been described as important for longitudinal pattern

in Arabidopsis. Alterations in these genes cause often severe phenotype, such as in

the case ofGNOM (GN).Mutants of this gene display a range of phenotypes, but all

of them lack a root (Shevell et al. 2000). This gene encodes an ARF GDP/GTP

exchange factor involved in embryonic axis formation and polar localization of

PIN1 (Geldner et al. 2004). It was shown that mutations in this gene disrupt the

polarity of auxin transport and thereby cause defects not only in gravitropism

(Geldner et al. 2003) but also hydrotropism (Miyazawa et al. 2009). Lack of a

primary root is characteristic for BODENLOS (BDL) and MONOPTEROS (MP)
mutants. The MP gene encodes a transcription factor ARF5 (AUXIN RESPONSE

FACTOR 5) that activates auxin-responsive target genes, whereas BDL encodes

INDOLACETIC ACID-INDUCED PROTEIN 12 (IAA12) (Shevell et al. 2000).

Hamann and coworkers (2002) suggested inhibitory effect BDL on MP, but exact
mechanism of their action is unknown (Weijers et al. 2006). Alterations in root

length could be an output of decreased number of cell divisions such as in the case

of DAWDLE (DDL), cell elongation – PHOSPHOLIPASE DS 1,2 (PLDz1) or cell-
wall formation – MURUS 1 (MUR1). DDL mutant plants exhibit shortened roots.

This gene seems to influence transcription activation by recruiting proteins to

transcription complexes; however, its precise function is still unknown (Morris

et al. 2006). Slower elongation of primary roots and faster of lateral roots in low

phosphate conditions are characteristic for PLDz1 and PLDz2mutants. These genes

are involved in root elongation during phosphate limitation – they promote primary

root growth but inhibit lateral root elongation (Li et al. 2006b). MUR1 mutants

exhibit root grow defects, where more brittle altered cell walls are observed. This

gene is necessary to form essential pectin cross-links within the cell wall and proper

composition of cell wall polysaccharides (Freshour et al. 2003).

Up to now, many genes have been described as involved in lateral root formation

in the differentiation zone. Lateral roots are formed from the pericycle “founder

cells,” which undergo a series of periclinal and anticlinal divisions to generate a

new meristem (Casson and Lindsey 2003). One of the earliest genes involved in

lateral root formation is ALF4 (ABERRANT LATERAL ROOT FORMATION 4).
The ALF4 mutant is unable to produce lateral roots or adventitious roots and

does not respond to exogenous auxins (Casimiro et al. 2003). It was suggested by

DiDonato and coworkers (2004) that ALF4 functions in maintaining the pericycle

in the mitotically competent state needed for lateral root formation. There are only

few mutants described as involved in lateral root emergence. LAX3, which has been
described recently by Swarup et al. (2008), encodes an auxin influx carrier that
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facilitates emergence of new primordia. Mutants exhibit nearly 40% reduction in

numbers of emerged lateral roots. Many genes involved in lateral meristem activa-

tion are related to ABA, such as ABA DEFICIENT 1 (ABA1). This mutant has

shorter primary root, is ABA-sensitive, and exhibit reduced ABA inhibition of LRs

length (Signora et al. 2001). As auxin is involved in all steps of lateral root

formation, genes involved in ABA metabolism determine auxin-independent

checkpoint for lateral root development. The product of the ABA1 gene – zeaxan-

thin epoxidase – generates the epoxycarotenoid precursor of the ABA biosynthetic

pathway (Barrero et al. 2005).

Little is known about adventitious root formation in Arabidopsis. Among those

genes, ARGONAUTE 1 (AGO1) has been well described. Mutants are barely able to

form adventitious roots in response to auxin and exhibit defect of hypocotyl

elongation in response to auxin. Sorin et al. (2005) suggested that AGO1 regulates

genes required for adventitious root development through its action on the regula-

tion of ARF17 expression. Mutation in AGO1 results in the higher levels of ARF17
expression in hypocotyl, which in turn leads to fewer adventitious roots. ARF17-
overexpressing line also forms fewer adventitious roots than the wild type (Sorin

et al. 2005).

2.3 Root Mutants in Monocotyledonous Species Published

in Pubmed

The deepest monocotyledonous root system is usually of seminal origin, whereas

the upper layers of the soil are penetrated by the nodal roots (Gorny 1992). In

addition to their white color, nodal roots are much thicker and less branched than

seminals and maintain larger number of root hairs. The anatomy of nodal roots

differs from seminal roots. Young ones have all thin-walled stele cells. There are

several (four to six) large ducts in the center surrounded by parenchymatous cells.

Moreover, the xylem and phloem are undetectable. Eight to nine layers of paren-

chymatous cells form the cortex separated from the stele by the endodermis. The

fully developed roots exhibit four large ducts separated by the more thick-wall

cells. Each of twelve to sixteen xylem groups contains one large vessel. The groups

are separated from each other by parenchyma cells and phloem poles hard to

distinguish. Outside the endodermis, there are six to eight layers of large parenchy-

matous cortical cells (Jackson 1922).

Up to now, little is known about genes involved in root architecture in mono-

cotyledons. The main information came from three species: rice, maize, and wheat

(Table 2.3). Similar to dicotyledons, also forward and reverse approaches were used

to study root traits. At least six mutants were obtained trough Mu transposition, four

by g-irradiation, three by NaN3, and one by each: MNU, Tos17, and tissue culture.

Reverse approach (e.g., RNAi, overexpression) were also used to study influence of

a gene of interest on root traits. Several mutants have been described, which are

responsible for monocotyledonous root traits. Lim and coworkers (2005) described

42 B. Orman et al.



T
a
b
le

2
.3

M
u
ta
te
d
g
en
es

re
sp
o
n
si
b
le

fo
r
m
o
n
o
co
ty
le
d
o
n
o
u
s
p
la
n
ts
ro
o
t
ar
ch
it
ec
tu
re

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

M
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

R
o
o
t
tr
a
it
s

R
A
N
-R
E
L
A
T
E
D
G
T
P
-B
IN
D
IN
G
P
R
O
T
E
IN

(T
aR

A
N
1)

A
F
4
8
8
7
3
0

O
v
er
ex
p
re
ss
io
n

In
cr
ea
se
d
p
ri
m
o
rd
ia
l
ti
ss
u
e,
re
d
u
ce
d
n
u
m
b
er

o
f
la
te
ra
l
ro
o
ts
an
d
st
im

u
la
te
d

h
y
p
er
se
n
si
ti
v
it
y
to

ex
o
g
en
o
u
s
au
x
in

W
an
g
et

al
.
(2
0
0
6
)

S
C
A
R
E
C
R
O
W

(Z
m
SC

R
)

A
F
2
6
3
4
5
7

E
S
T
-b
as
ed

is
o
la
ti
o
n

N
o
t
re
p
o
rt
ed

L
im

et
al
.
(2
0
0
5
)

O
sA
SR

1
?

?
D
ef
ec
ti
v
e
se
m
in
al

ro
o
ts

G
e
et

al
.
(2
0
0
4
)

C
R
O
W
N
R
O
O
T
L
E
S
S
1
(Z
m
C
R
L
L
1)

B
G
8
7
3
6
4
4

?
N
o
t
re
p
o
rt
ed

In
u
k
ai

et
al
.
(2
0
0
5
)

C
R
O
W
N
R
O
O
T
L
E
S
S
2
(Z
m
C
R
L
L
2)

B
E
0
5
0
7
6
5

?
N
o
t
re
p
o
rt
ed

In
u
k
ai

et
al
.
(2
0
0
5
)

C
R
O
W
N
R
O
O
T
L
E
S
S
1
(Z
m
C
R
L
1)

A
Y
7
3
6
3
7
5
/

A
B
2
0
0
2
3
4

M
N
U

Im
p
ai
re
d
in
it
ia
ti
o
n
o
f
n
o
d
al

ro
o
t
p
ri
m
o
rd
ia

L
iu

et
al
.
(2
0
0
5
),
In
u
k
ai

et
al
.
(2
0
0
5
)

C
A
SE

IN
K
IN
A
SE

1
(O

sC
K
L
1)

A
J4
8
7
9
6
6

A
n
ti
se
n
se

R
ed
u
ce
d
p
ri
m
ar
y
ro
o
t
le
n
g
th

an
d
fe
w
er

la
te
ra
l

an
d
n
o
d
al

ro
o
ts

L
iu

et
al
.
(2
0
0
3
)

C
R
O
W
N
R
O
O
T
L
E
S
S
1
(O

sC
R
L
L
1)

A
B
2
0
0
2
3
5

?
N
o
t
re
p
o
rt
ed

In
u
k
ai

et
al
.
(2
0
0
5
)

C
R
O
W
N
R
O
O
T
L
E
S
S
2
(O

sC
R
L
L
2)

A
B
2
0
0
2
3
6

?
N
o
t
re
p
o
rt
ed

In
u
k
ai

et
al
.
(2
0
0
5
)

C
R
O
W
N
R
O
O
T
L
E
S
S
3
(C
R
L
L
3)

A
B
2
0
0
2
3
7

?
N
o
t
re
p
o
rt
ed

In
u
k
ai

et
al
.
(2
0
0
5
)

C
R
O
W
N
R
O
O
T
L
E
S
S
4
(C
R
L
L
4)

A
B
2
0
0
2
3
8

?
N
o
t
re
p
o
rt
ed

In
u
k
ai

et
al
.
(2
0
0
5
)

G
L
U
T
A
M
A
T
E
R
E
C
E
P
T
O
R
L
IK
E

C
H
A
N
N
E
L
3.
1
(G

L
R
3
.1
)

D
Q
3
0
5
4
0
8

T
-D

N
A
in
se
rt
io
n

S
h
o
rt
ro
o
t
p
h
en
o
ty
p
e

L
i
et

al
.
(2
0
0
6
a,
b
)

G
L
U
C
O
S
A
M
IN
E
-6
-P
H
O
S
P
H
A
T
E

A
C
E
T
Y
L
T
R
A
N
S
F
E
R
A
SE

(G
N
A
1)

A
Y
7
7
2
1
8
9

T
-D

N
A
in
se
rt
io
n

S
h
o
rt
ro
o
t
p
h
en
o
ty
p
e

Ji
an
g
et

al
.
(2
0
0
5
)

R
O
O
T
A
R
C
H
IT
E
C
T
U
R
E
A
SS

O
C
IA
T
E
D

1
(O

sR
A
A
1)

A
Y
6
5
9
9
3
8

O
v
er
ex
p
re
ss
io
n

M
o
re

n
o
d
al

ro
o
ts
,
sh
o
rt
er

p
ri
m
ar
y
an
d
la
te
ra
l

ro
o
ts
co
m
p
ar
e
to

W
T

G
e
et

al
.
(2
0
0
4
)

R
O
O
T
H
A
IR

D
E
F
E
C
T
IV
E
3
(T
aR

H
D
3)

A
Y
5
5
7
3
4
0

m
R
N
A

d
if
fe
re
n
ti
al

d
is
p
la
y

N
o
t
re
p
o
rt
ed

S
h
an

et
al
.
(2
0
0
5
)

O
sC

R
L
2

?
G
am

m
a
ra
y
s

Im
p
ai
re
d
in
it
ia
ti
o
n
an
d
g
ro
w
th

o
f
n
o
d
al

ro
o
t

p
ri
m
o
rd
ia
,
lo
n
g
er

p
ri
m
ar
y
ro
o
t
th
an

W
T

In
u
k
ai

et
al
.
(2
0
0
1
)

(c
on

ti
nu

ed
)

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 43



T
a
b
le

2
.3

(c
o
n
ti
n
u
ed
)

G
en
e
n
am

e
(a
li
as
)

A
cc
es
si
o
n

n
u
m
b
er

M
u
ta
ti
o
n

st
ra
te
g
y
/r
ev
er
se

ap
p
ro
ac
h

M
u
ta
n
t
p
h
en
o
ty
p
e

R
ef
er
en
ce
s

R
O
O
T
L
E
S
S
W
IT
H

U
N
D
E
T
E
C
T
A
B
L
E

M
E
R
IS
T
E
M
S
1
(R
U
M
1
)

?
M
u
in
se
rt
io
n

D
efi
ci
en
t
in

th
e
in
it
ia
ti
o
n
o
f
th
e
em

b
ry
o
n
ic

se
m
in
al

ro
o
ts
an
d
th
e
p
o
st
em

b
ry
o
n
ic

la
te
ra
l
ro
o
ts
o
n
th
e
p
ri
m
ar
y
ro
o
t

W
o
ll
et

al
.
(2
0
0
5
)

A
L
T
E
R
E
D
L
A
T
E
R
A
L
R
O
O
T
F
O
R
M
A
T
IO

N
(O

sA
L
F
)

?
R
et
ro
tr
an
sp
o
so
n

T
o
s1
7

S
ig
n
ifi
ca
n
tl
y
sh
o
rt
er

la
te
ra
l
ro
o
ts
as

co
m
p
ar
ed

w
it
h
th
e
w
il
d
ty
p
e

R
an
i
D
eb
i
et

al
.
(2
0
0
3
)

R
E
D
U
C
E
D

R
O
O
T
L
E
N
G
T
H

1
(O

sR
R
L
1)

?
G
am

m
a
ra
y
s

R
ed
u
ce
d
ro
o
t
le
n
g
th

In
u
k
ai

et
al
.
(2
0
0
1
)

R
E
D
U
C
E
D

R
O
O
T
L
E
N
G
T
H

2
(O

sR
R
L
2)

?
G
am

m
a
ra
y
s

R
ed
u
ce
d
ro
o
t
le
n
g
th

In
u
k
ai

et
al
.
(2
0
0
1
)

S
H
O
R
T
L
A
T
E
R
A
L
R
O
O
T
S
1
(Z
m
SL

R
1
)

?
M
u
in
se
rt
io
n

S
h
o
rt
la
te
ra
l
ro
o
ts
as

a
re
su
lt
o
f
im

p
ai
re
d
ro
o
t

ce
ll
el
o
n
g
at
io
n

H
o
ch
h
o
ld
in
g
er

et
al
.

(2
0
0
1
)

S
H
O
R
T
L
A
T
E
R
A
L
R
O
O
T
S
2
(Z
m
SL

R
2
)

?
M
u
in
se
rt
io
n

S
h
o
rt
la
te
ra
l
ro
o
ts
as

a
re
su
lt
o
f
im

p
ai
re
d
ro
o
t

ce
ll
el
o
n
g
at
io
n

H
o
ch
h
o
ld
in
g
er

et
al
.

(2
0
0
1
)

S
H
O
R
T
L
A
T
E
R
A
L
R
O
O
T
S
5
(O

sS
R
T
5)

?
N
aN

3
R
ed
u
ce
d
ro
o
t
le
n
g
th

Y
ao

et
al
.
(2
0
0
3
)

S
H
O
R
T
L
A
T
E
R
A
L
R
O
O
T
S
6
(O

sS
R
T
6)

?
N
aN

3
R
ed
u
ce
d
p
ri
m
ar
y
ro
o
t
le
n
g
th

an
d
d
ia
m
et
er
,
th
e

m
u
ta
n
t
at

th
e
se
ed
li
n
g
st
ag
e
al
so

sh
o
w
s

in
h
ib
it
ed

la
te
ra
l
ro
o
t
el
o
n
g
at
io
n
an
d
al
te
re
d

ro
o
t
h
ai
r
fo
rm

at
io
n

Y
ao

et
al
.
(2
0
0
3
)

P
IN
-F
O
R
M
E
D

1
(P
IN
1
)

N
M
_
0
0
1
0
6
3
7
6
2

R
N
A
i

S
ig
n
ifi
ca
n
tl
y
in
h
ib
it
ed

n
o
d
al

ro
o
t
em

er
g
en
ce

an
d
d
ev
el
o
p
m
en
t

X
u
et

al
.
(2
0
0
5
)

P
IN
O
ID

(P
ID

)
N
M
_
0
0
1
0
7
3
8
0
0

O
v
er
ex
p
re
ss
io
n

D
el
ay

o
f
n
o
d
al

ro
o
t
d
ev
el
o
p
m
en
t,
cu
rl
ed

g
ro
w
th

o
f
sh
o
o
ts
an
d
ag
ra
v
it
ro
p
ic

ro
o
ts

M
o
ri
ta

an
d
K
y
o
zu
k
a

(2
0
0
7
)

S
L
E
N
D
E
R
(S
L
R
1
-1
)

X
M
_
4
6
9
4
7
8

G
am

m
a
ra
y
s

R
ed
u
ce
d
n
u
m
b
er

an
d
ro
o
t
le
n
g
th

co
m
p
ar
ed

w
it
h
th
e
w
il
d
-t
y
p
e
p
la
n
t

Ik
ed
a
et

al
.
(2
0
0
1
)

A
D
P
-R
IB
O
SY

L
A
T
IO

N
F
A
C
T
O
R
(A
R
F
)

G
T
P
A
S
E
-A
C
T
IV
A
T
IN
G

P
R
O
T
E
IN

(G
A
P
)
(A
G
A
P
)

N
M
_
0
0
1
0
6
2
4
2
7

O
v
er
ex
p
re
ss
io
n

R
ed
u
ce
d
ap
ic
al

d
o
m
in
an
ce
,
sh
o
rt
er

p
ri
m
ar
y

ro
o
ts
,
in
cr
ea
se
d
n
u
m
b
er

o
f
lo
n
g
er

n
o
d
al

ro
o
ts
.

Z
h
u
an
g
et

al
.
(2
0
0
5
)

A
U
X
IN

E
F
F
L
U
X
M
U
T
A
N
T
(A
E
M
1
)

?
?

S
h
o
rt
la
te
ra
l
ro
o
ts
,
re
d
u
ce
d
d
ev
el
o
p
m
en
t
o
f

ro
o
t
h
ai
rs
,
ag
ra
v
it
ro
p
ic

ro
o
t

R
an
i
D
eb
i
et

al
.
(2
0
0
5
)

A
D
V
E
N
T
IT
IO

U
S
R
O
O
T
L
E
S
S
1
(O

sA
R
L
1)

?
T
is
su
e
cu
lt
u
re

D
ef
ec
ti
v
e
in

n
o
d
al

ro
o
t
fo
rm

at
io
n

L
iu

et
al
.
(2
0
0
5
)

44 B. Orman et al.



R
o
o
t
h
a
ir
s

C
E
L
L
U
L
O
S
E
SY

N
T
H
A
S
E
-L
IK
E
D
1

(O
sC

SL
D
1
)

B
K
0
0
0
0
8
9

D
s
g
en
e
tr
ap

R
o
o
t
h
ai
r
d
ev
el
o
p
m
en
t
is
in
it
ia
te
d
n
o
rm

al
ly
,

th
e
h
ai
rs
el
o
n
g
at
e
le
ss

th
an

th
e
w
il
d
-t
y
p
e

h
ai
rs

an
d
th
ey

h
av
e
k
in
k
s
an
d
sw

el
li
n
g
s

al
o
n
g
th
ei
r
le
n
g
th

K
im

et
al
.
(2
0
0
7
)

R
O
O
T
H
A
IR
L
E
SS

3
(Z
m
R
T
H
3)

?
M
u
in
se
rt
io
n

Im
p
ai
re
d
in

ro
o
t
h
ai
r
el
o
n
g
at
io
n

W
en

an
d
S
ch
n
ab
le

(1
9
9
4
)

R
O
O
T
H
A
IR
S
(O

sR
H
2)

?
N
aN

3
D
ef
ec
ti
v
e
in

th
e
fo
rm

at
io
n
o
f
ro
o
t
h
ai
rs

M
a
et

al
.
(2
0
0
1
)

R
O
O
T
H
A
IR
L
E
SS

1
(Z
m
R
T
H
1)

A
Y
2
6
5
8
5
4

M
u
in
se
rt
io
n

Im
p
ai
re
d
in

ro
o
t
h
ai
r
el
o
n
g
at
io
n

W
en

an
d
S
ch
n
ab
le
(1
9
9
4
),

W
en

et
al
.
(2
0
0
5
)

R
O
O
T
H
A
IR
L
E
S
S
3
(Z
m
R
T
H
3)

A
Y
2
6
5
8
5
5

M
u
in
se
rt
io
n

Im
p
ai
re
d
in

ro
o
t
h
ai
r
el
o
n
g
at
io
n

W
en

an
d
S
ch
n
ab
le
(1
9
9
4
),

H
o
ch
h
o
ld
in
g
er

et
al
.

(2
0
0
8
)

N
a
N
3
so
d
iu
m

az
id
e,
W
T
w
il
d
ty
p
e

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 45



maize ZmSCR gene. They suggested that this gene is Arabidopsis SCR ortholog

based on sequence and expression pattern similarity to the members of the GRAS

family. It was then confirmed due to the ability to complement the Arabidopsis SCR
mutant phenotype, which suggests conservation of function. Although the main

knowledge about lateral root development came from Arabidopsis, rice mutant

ALF1 (ALTERED LATERAL ROOT FORMATION) has been isolated by Rani Debi
and coworkers (2003). This mutant displayed not only significantly shorter lateral

roots as compared with wild type but also reduction in both the number and length

of root hairs. In maize, SHORT LATERAL ROOTS1 (SLR1) and SLR2 mutants have

been reported with defective lateral root elongation (Hochholdinger et al. 2001).

The defects in both mutants act specifically during early postembryonic root

development, and crown roots at all the stages produced normal lateral roots similar

to the wild type. In contrast, the ALF1 mutant displays shorter lateral roots in both

embryonic seminal and postembryonic crown roots up to later growth stages (Rani

Debi and coworkers, 2003). Rice mutants that lack CELLULOSE SYNTHASE-LIKE
D1 (OsCSLD1) function develop abnormal root hairs that elongate less. It appears

that OsCSLD1 may be the functional ortholog of Arabidopsis KOJAK, which is

involved in root hair elongation (Kim et al. 2007). The similar phenotype is

observed in maize roothairless 3 (ZmRTH3), which encodes a COBRA-like protein
(Hochholdinger et al. 2008).

2.4 Strategy for EST Data-Mining

The goal of this work was to find an optimal, short, and efficient procedure in a search

for potential orthologs between Arabidopsis and barley using rice for confirmation

and between already reported genes in other monocotyledons and barley. The first

step was to review the literature in searching for genes that are described as involved

in root development. Out of 259 Arabidopsis and 35 monocotyledonous genes found

in this search, it was possible to analyze a total number of 192 Arabidopsis and

21 monocotyledonous genes, whose nucleotide and protein sequences were available

in GenBank database. Potential orthologs between Arabidopsis and barley and

between other monocotyledons and barley were analyzed separately.

2.4.1 Searching for Potential Orthologs Between Arabidopsis

and Barley

The strategy included two pipelines (Fig. 2.1). First, a search in the GeneBank for

rice potential orthologs using BLASTn and BLASTp based on Arabidopsis nucleo-
tide and protein sequences, respectively, was done. To minimize false positive

results, more restrictive criteria (E value 10�5 or less) were chosen than suggested
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by Pevsner (2003). However, it should be noticed that BLAST is a heuristic version

of Smith-Waterman algorithm, so it generates an output that is a list of sequences

based on Score value obtained for each corresponding fragment (Koonin and

Galperin 2004). In other words, the more points the alignment gets, the higher on

the output list will the sequence be. Moreover, change of the parameters of BLAST

searching modifies the Score value for each alignment and may automatically have

an influence on the order of sequences in the result list. That is the main reason for

the need to manually verify the results from BLAST searches using multiple

alignment tool ClustalW.

Parallel to this, the search for barley ESTs in TIGR and GenBank databases was

performed to select Arabidopsis genes, which have good EST coverage. To mini-

mize false positive results, more restrictive criteria were chosen (Expect 10�5 or

less) just like in the previous searches. The barley EST sequences were then used as

a query in TIGR database in search for rice ESTs. Rice ESTs obtained through this

searching were then aligned with rice nucleotide and protein sequences obtained

through GenBank searching.

Using this approach, 22 genes involved in LR formation, 19 genes controlling

root development, and 8 genes involved in root hair formation in Arabidopsis
(which lead to total number of 49 genes) were identified (Table 2.4). To determine

the level of similarity between Arabidopsis, barley, and rice, the sequences were

compared on nucleotide and protein level. Nevertheless, the success of this

approach depends heavily on the quality of EST sequences, which cannot be

guaranteed. This is mostly due to the existence in EST artifacts during cDNA

library construction and inherent errors caused by DNA sequencing procedures

Confirmation 

192 Arabidopsis genes

50 Arabidopsis genes

Searching in databases for publications on root
mutants in Arabidopsis
(PubMed in GenBank)

259 Arabidopsis genes

Identification of gene sequences responsible for
mutant phenotype in Arabidopsis
(PubMed in GenBank)

Nucleotide
sequence

Searching in GenBank for similar sequences in rice
genome
(BLASTn and BLASTp)

Arabidopsis nucleotide
and protein sequence

Barley nucleotide
and protein sequences

Rice nucleotide
and protein sequences

Comparision of Arabidopsis, rice and barley
sequences to each other on nucleotide and protein
level (EMBL ClustalW)
CDD search (BLASTp) 

Comparision of exon/intron arrangement between
Arabidopsis and rice
(Jellyfish)

Using ETS sequences from barley to search for
similar sequences in rice
(BLASTx and BLASTp)

Searching in TIGR for similar sequences (ESTs) in
barley, wheat and maize, potential homologs of
Arabidopsis
(BLASTn)

The same rice
sequences found in
both searches

Nucleotide sequence
Protein sequence

Nucleotide sequence
Protein sequence

Fig. 2.1 Strategy for selection of potential barley orthologs to Arabidopsis genes. E value

(GenBank)/Expect (TIGR) 10�5 or less
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(Liang et al. 2007), because ESTs are single pass reads. This leads to comparison of

only corresponding fragments of sequences to determine similarity. Moreover,

ESTs may often provide information on only a partial segment of an entire

cDNA, whereas random sampling of clones leads to redundancy in EST datasets,

as mention by Parkinson et al. (2002). To minimize false negative results in

generation of barley consensus sequences, the CAP3 program was used, which

has an ability to clip 50 and 30 low quality regions of reads (Huang and Madan

1999). To prevent “domain hits” (e.g., similarities that are caused by the conserva-

tion of fragments within families), only these Arabidopsis/monocotyledons

sequences were chosen, which have extended barley EST coverage beyond the

domain zone. Each time, the domain area on a nucleotide sequence, based on CDD

search using Jellyfish, was established manually. As previously suggested by

McGinnis and Madden (2004), the fastest way to compare the function of a protein

is to perform a CDD search, which uses a database of motifs to characterize

“conserved-domains” in a protein sequence. Following this idea, each selected

sequence, which led to the confirmation of the existence of the same conserved

domain in all cases (data not shown), was submitted into such analysis.

2.4.2 Arabidopsis and Rice Genes Comparisons

The definition of gene homology implies the existence of a common ancestor gene,

which existed before speciation (in the case of orthologs) or before duplication (in

relation to paralogs) (Alexeyenko et al. 2006). This implies the conservation in

exon/intron arrangement between homologous genes, which led to the comparison

of exon/intron organization in selected Arabidopsis and rice genes. In most cases,

the arrangement was highly conserved between putative homologs, whereas some

of them exhibited deletions or insertions (Fig. 2.2). Nevertheless, these changes

have not disturbed an overall order in exon/intron arrangement.

2.4.3 Searching for Potential Orthologs Between Other
Monocotyledons and Barley

Due to the lack of genomic sequences for most of monocotyledonous genes, it was

not possible to check the level of conservation of exon/intron arrangement. Just like

in the previous case, the first step was to search for barley ESTs in TIGR and

GenBank databases (Fig. 2.3). This allowed selection of monocotyledonous genes,

which have good EST coverage in barley genome, following the rules described

above. Parallel to this, searching was done for the rice (in case of maize and wheat

genes) and Arabidopsis sequences in GenBank. The barley ESTs were then used in

a search for rice ESTs, which were compared with rice sequences from GenBank.

As mentioned above, this step was performed to establish whether these sequences
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are the same to confirm that the “hit” did not occur only by chance. This analysis led

to the total number of ten genes, including six rice, two maize, and two wheat genes,

which have potential orthologs in barley genome (Tables 2.5 and 2.6). ClustalW

was also used for determining the similarity between other monocotyledons and

barley sequences on nucleotide and protein level, respectively. To establish poten-

tial domains of barley proteins, CDD search was performed and confirmed in all

cases the existence of the same conserved domains as in monocotyledonous

proteins (data not shown).

2.4.4 Phylogenetic Analysis

Even if the pairwise approach was theoretically the most powerful one-to-one

methodology to predict true orthologs, many phylogenetic methods have been

well described up to now (Chiu et al. 2006; Hulsen et al. 2006; Conte et al.

2008). In order to confirm the output from manually created BLAST-based

approach and to establish the relationships between each of Arabidopsis and rice

genes, it was decided to use GreenPhyl pipeline, which has been described as the

O. sativa 

A. thaliana

64%  

1000 bp 

PAS1 (PASTICCINO 1) 

ECR1 (E1-CONJUGATING ENZYME-RELATED1-1) 

68% 

A. thaliana

O. sativa 
1000 bp 

AGL21 (AGAMOUS-LIKE 21) 

1000 bp 

60% 

A. thaliana

O. sativa 

71% 

A. thaliana

1000bp

30–20% 

40–30%
50–40% 
60–50%

60–70%  

70–80%

10–0% 

20–10%

A. thaliana

53,9% 

O. sativa

80–90% 
90–100%  

1000 bp 

83,3% 

A. thaliana

O. sativa 

RCN1 (ROOTS CURL IN NP) 

Level of similarity 

SINAT5 (SEVEN IN ABSENTIA HOMOLOG 5)

1000 bp

PHV5 (PHAVOLUTA 5)

Fig. 2.2 Examples of exon/intron arrangement in othologous Arabidopsis and rice genes.

corresponding fragments are shaded using appropriate color in response to similarity between

these fragments on protein level; black line ¼ scale bar

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 53



most efficient phylogenetic method (Conte et al. 2008). In many cases, a large

number of proteins showing high sequence similarity to Arabidopsis were encoded
in the rice genome (data not shown). This is likely to be the result of multiple rounds

of gene and genome duplications, followed by differential gene loss (Adams and

Wendel 2005; Sterck et al. 2007). Following Conte et al. (2008), only ortholog

associations in which a bootstrap value was 50% and more were taken into account

as statistically significant. The total number of 50 Arabidopsis and 11 monocotyle-

donous genes were analyzed using this approach. From this number, 26 Arabidopsis
genes (13 genes involved in LR formation, 3 genes involved in root hair formation,

and 13 genes involved in root development) were confirmed as potential orthologs

with a bootstrap value 50% or more (Fig. 2.4). Only in case of three Arabidopsis
and one monocotyledonous genes, the orthologs detected by GreenPhyl were

different from these selected on the basis of BLAST searching. Although genes

selected as potential orthologs using BLAST approach were on the phylogenetic

tree, they had lower bootstrap value. For genes typed by phylogenetic approach, the

GreenPhyl bootstrap values were higher than values for genes selected using

BLAST and were above 50%.

2.4.5 Synteny Detection in Arabidopsis and Rice Genomes

To establish whether gene orders remained conserved between Arabidopsis and

rice putative orthologs, the “Cinteny” pipeline was used (Sinha and Meller 2007).

From 50 Arabidopsis sequences selected as having potential orthologs in rice

Nucleotide
sequence

Nucleotide sequence
Protein sequence

The same rice sequences found
in both searches

Nucleotide sequence
Protein sequence

Confirmation

35 monocotyledonous
genes

21 monocotyledonous
genes

11 monocotyledonous
genes

Searching in databases for publications on root
mutants in monocotyledonous spiecies
(PubMed in GenBank) 

Identification of gene sequences responsible for
mutant phenotype
(PubMed in GenBank)

Searching in GenBank for similar sequences in
Arabidopsis and rice genomes (in case of maize and
wheat genes)
(BLASTn and BLASTp)

Arabidopsis nucleotide
and protein sequence

Barley nucleotide
and protein sequences

Rice nucleotide
and protein sequences

Comparision of Arabidopsis, rice and barley
sequences to each other on nucleotide and protein
level (EMBL ClustalW)
CDD search (BLASTp)

Using barley ETS sequences to search for similar
sequences in rice
(BLASTx and BLASTp)

Searching in TIGR for similar sequences (ESTs) in
barley, wheat and maize, potential homologs of
monocotyledonous genes (BLASTn)

Fig. 2.3 Strategy for selection of potential barley orthologs to monocotyledonous genes. E value

(GenBank)/Expect (TIGR) 10�5 or less
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genome, 34 exhibited conservation in gene order (15 genes involved in LR forma-

tion, 6 genes involved in root hair formation, and 12 genes involved in root

development). For the rest of 16 Arabidopsis genes, orthologs were not detected

in rice genome using synteny-based approach. Nevertheless, it has been shown

previously that, where microcolinearity is broken, it is possible to find “missing”

gene in nonorthologous locus (Xu et al. 2002; Ware and Stein 2003). That is the

reason why the lack of synteny does not imply the absence of homology. On the

Fig. 2.4 The bird’s eye on in silico analysis: best candidates for molecular cloning. Using

GreenPhyl, potential ortholog associations in barley genome were considered to be significant if

the supporting bootstrap value was 50% and more. Similarity searching was proceeded using E

value (GenBank)/Expect (TIGR) 10�5 or less. Genes that are situated in the middle (belonging to

all three wheels) represent genes that have been selected by smart “best hit” strategy using BLAST

searching and obtained a phylogenetical confirmation using GreenPhyl (bootstrap value 50% and

more), and the conservation of gene order has been confirmed by Cinteny. Genes that are listed in

the BLAST wheel were selected based on “best hit” strategy and have a GreenPhyl bootstrap value

lower than 50%. GreenPhyl wheel corresponds to those genes that have candidates with bootstrap

value higher than 50%, while “best hit” approach selected other candidate genes that have lower

bootstrap values. Those genes, which belong to Cinteny wheel, preserved conservation in gene

order. Genes that belong to BLAST and GreenPhyl wheels were selected by “best hit” approach

and have bootstrap value 50% and more, but Cinteny did not display synteny blocks and/or

orthologs in Arabidopsis or rice genome. Genes that belong to both GreenPhyl and Cinteny and

separately to BLAST and Cinteny exhibit conservation of gene order for genes that belong to

GreenPhyl and BLAST wheels, respectively
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other hand, the conservation of gene order during evolution could be treated as a

valuable confirmation.

2.5 In Silico vs. Laboratory Approach to Gene Identification

Information from model species could be used in gene identification in two general

ways. The first one is based on laboratory approach, where designing of degenerate

starters (Ma et al. 1990; Finnegan and Dennis 1993) or probes for screening libraries

(Schmidt et al. 1993; Nomura et al. 2003) have been commonly used. The second

one is a bioinformatic approach, which in most cases is based on sequence similarity

search using BLAST, phylogenetical analysis (Conte et al. 2008), as well as on the

existence of synteny, as suggested by Fritz-Laylin and coworkers (2005). In general,

the combined strategy is commonly used, which is based on bioinformatic analysis

followed by molecular verification, like suggested in this paper.

In spite of their obvious successes in the past, laboratory strategies alone are

inappropriate for large-scale analysis. The main disadvantage is their pure

sequence-based nature, which can generate false-positive results, especially in

correspondence to evolutionary divergence, where the level of similarity based on

sequence comparison could be very low.

The improvements in sequencing technology led to hundreds of complete

genome sequences, though most come from microorganisms. Till the end of

2008, only the genomes of three dicotyledonous species (A. thaliana, Populus
trichocharpa and Vitis vinifera), one monocotyledonous species (O. sativa), and a

moss (Physcometrilla patens) have been fully sequenced. Recently also, complete

draft assembly of the soybean (Glycine max) and maize (Zea mays) were released.
Although, new sequencing technologies are now available, the assembly of large

and complex genomes is still hampered by a significant content of repetitive DNA

and, in allopolyploids, by the presence of homoeologous genomes. Most

of economically important crops, specifically bread (16,979 Mbp) and durum

(12,030 Mbp) wheat, barley (5,100 Mbp), oat (12,961 Mbp), rye (7,933 Mbp),

and maize (2,793 Mbp), have large genomes (Doležel et al. 2007). For most of

them, deep collections of full-length cDNA sequences are not available. In silico

methods that are based on phylogenomic analysis suffer because of the lack of

universal and efficient method for generating phylogenetic trees (Fu and Jiang

2007). Even the full genomic sequence does not guarantee the propriety of such

analysis. It has to be taken into account that this could straightly lead to mistakes

because of wrongly generated phylogenetic tree, as suggested by Dutilh et al.

(2007). However, before the start of the genome sequencing projects, large-scale

EST-sequencing projects were undertaken in several cereal species, and a large

number of ESTs have become available for most of them. In spite of their impor-

tance (Varshney et al. 2006; Liang et al. 2007), EST projects yielded mostly partial
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cDNA sequences, which are not adequate for direct comparison and assembly of

entire genes. Nevertheless, the increasing amount of ESTs unlocks the gene con-

tents of many species and automatically creates a need to elaborate new strategies to

use this knowledge. They could be analyzed using only sequnce-based approach,

like BLAST or FASTA, but such strategy can generate mistakes (Koonin and

Galperin 2004).

Here is proposed the EST-based combined procedure for selecting potential

orthologs, which is based on BLAST analysis combined with phylogenetic- and

synteny-based approaches. The strategy includes a simple searching procedure used

as a confirmation, which can avoid most common pitfalls during BLAST exploita-

tion. Moreover, manual verification of the position of the evolutionary conserved

fragments of proteins in domain zones using CDD search and Jellyfish program

minimizes the risk of the so-called “domain hits,” especially when the protein

family is large. Although it should be noticed that lack of synteny does not imply

absence of homology, such searching can be very handful during selection of genes.

It was demonstrated in the presented paper that bioinformatic analysis is a powerful

tool, which gives the possibility to find potentially homologous sequences between

two species. The procedure that combines three most commonly used in silico

approaches allowed to shortlist the number of potential orthologs as good candi-

dates for molecular cloning.

2.6 Methods

2.6.1 Rice and Arabidopsis Searches

Searches for rice and Arabidopsis genes were carried out in publicly available

genome databases. Arabidopsis sequences were obtained from The Arabidopsis
Information Resource (TAIR) database (http://www.arabidopsis.org/). O. sativa
sequences being potential homologs of A. thaliana genes were chosen using

mRNA and protein sequences of A. thaliana genes searched against the GenBank

database using BLASTn and BLASTp with default parameters, respectively (http://

blast.ncbi.nlm.nih.gov/Blast.cgi). Among a large number of output sequences

obtained from the search, we selected the potential orthologs based on carefully

selected criteria. First, E value was very restrictive and lower than 10�5 (Pevsner

2003). Each of the searches has been done in both directions to avoid hits obtained

just “by chance.” These sequences were also identified as potential orthologs

through phylogenetic analysis using GreenPhyl (http://greenphyl.cines.fr/cgi-bin/

greenphyl.cgi) or OrthologID; alternatively (http://nypg.bio.nyu.edu/orthologid/)

synteny detection was proven using Cinteny (http://cinteny.cchmc.org/).

2 EST-Based Approach for Dissecting Root Architecture in Barley Using Mutant Traits 59

http://www.Arabidopsis.org/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://greenphyl.cines.fr/cgi-bin/greenphyl.cgi
http://greenphyl.cines.fr/cgi-bin/greenphyl.cgi
http://nypg.bio.nyu.edu/orthologid/
http://cinteny.cchmc.org/


2.6.2 Sequence Analysis

The next stage of bioinformatic analysis was to check the degree of similarity

on protein level between A. thaliana and O. sativa. The putative O. sativa and

A. thaliana orthologous genomic sequences retrieved were then aligned with

mRNA sequences for intron/exon junction positions, respectively, using Jellyfish

program (http://jellyfish.labvelocity.com). This application was also used to align

exon(s) of A. thaliana to the corresponding ones in O. sativa on protein level.

Alignments of protein sequences were performed at The European Molecular

Biology Laboratory (http://www.ebi.ac.uk/embl/ ) using the CLUSTALW program

(Chenna et al. 2003) with default parameters.

2.6.3 ESTs

Searches for ESTs used in the presented publication were performed in publicly

available EST libraries in The TIGR Gene Indices (Quackenbush et al. 2001) using

the BLASTn and tBLASTx program with default parameters (http://www.tigr.org/

db.shtml). This includes: barley sequences release 10.0 (June 3, 2008), wheat

release 11.0 (July 13, 2008), maize release 18.0 (July 18, 2008), and rice release

17.0 (June 20, 2006). Searches for barley EST sequences corresponding to chosen

monocotyledonous and Arabidopsis genes were also made in the GenBank EST

database (http://www.ncbi.nlm.nih.gov/dbEST/index.html) using the tblastn pro-

gram and default parameters.
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