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Abstract Understanding the host response to Uromyces
sp., the causal agent of rust in many crop species, is crucial
in elucidating the specific biology of rust resistance. In an
attempt to unravel the Medicago truncatula-U. striatus
interaction, we performed a global analysis of transcription
factor (TF) expression in resistant and susceptible acces-
sions of the model plant M. truncatula during infection
with U. striatus. For this purpose, an established qPCR
platform was applied, consisting of specific primer pairs for
more than 1,000 predicted TF genes. A total of 107 puta-
tive TF genes out of the 1,084 studied were differentially
expressed. Thirteen of the TFs that were differentially
expressed between resistant and susceptible genotypes are
known to be relevant in cellular defense. These data sug-
gest that resistance could be mediated both by genes that
are constitutively expressed and by genes, which are acti-
vated/repressed when plants are inoculated. These defense
related TFs sequences were amplified in chickpea DNA
with the aim of determining the location of these genes on
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the genetic map of this crop and identifying possible DNA
regions involved in resistance mechanisms.

Introduction

Legumes are valuable agricultural and commercial crops
that serve as important nutrient sources for both humans
and animals. Genetic analysis in cultivated legumes is
difficult because of their large genome size, abundant
repetitive DNA, complex polyploidy and/or difficulties in
the generation of transgenic plants. In order to overcome
these limitations, Medicago truncatula (Gaertn) (Barrel
medic) is used as a model legume for studying various
aspects of legume genomics and biology (Cook 1999; Ané
et al. 2008; Rispail et al. 2009). M. truncatula has a small
diploid genome, autogamous nature, short generation time,
prolific seed production, and close phylogenetic relation-
ship with many crop legumes, such as alfalfa, pea, lentil,
chickpea, and faba bean. These facts increase the value of
M. truncatula as a resource for understanding the molec-
ular basis of traits of interest in both grain and forage
legumes.

Alfalfa rust, incited by Uromyces striatus (J. Schrot), is
an important disease with worldwide distribution, not only
being particularly damaging in alfalfa (Medicago sativa L.)
(Koepper 1942) but also in annual medics (Skinner and
Stuteville 1995). Many other rust species of the genus
Uromyces are major constraints for grain and forage
legumes (Rubiales et al. 2002). Thus, pea rust (U. pisi Pers.) is
a major problem in areas that are characterized by warm
humid conditions. Faba bean rust (U. viciae-fabae Pers.)
causes moderate to substantial yield losses (of up to 70%), in
the Middle East and North Africa, particularly when the
infection starts early in the season (Rashid and Bernier 1991).
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Common bean rust (U. appendiculatus Pers.) occurs
worldwide but is most prevalent in humid tropical and
subtropical areas. Indeed, yield losses can reach 100% and
are directly related to earliness and the severity of infection
(Statler and McVey 1987). Chickpea rust (U. ciceris-
arietini (Grogon) Jacz. & Boyer) is only a severe problem
locally in certain regions but is present in almost every
region of the world where chickpea is grown (Sillero et al.
2006).

Breeding for rust resistance is the most feasible means
of control. Different resistance mechanisms may be oper-
ative at different phases of the infection process. In par-
ticular, non-hypersensitivity resistance typically manifests
as penetration failure before the formation of the first
haustorium (Heath 1981). Prehaustorial resistance has been
reported in M. truncatula (Rubiales and Moral 2004;
Kemen et al., 2005) and this seems to be an effective and
durable resistance (Niks and Rubiales 2002). However, the
nature of the signaling systems involved in non-hypersen-
sitive response is yet unknown.

Transcriptional control mediated by the activity of
transcription factors (TFs) plays an important role in
defense gene expression as well as in the regulation of
cross talk between different signalling pathways (Lorenzo
et al. 2003; Anderson et al. 2004). It may be valuable to
elucidate the specific biology of disease resistance in order
to identify which TFs are expressed. However, many TFs
are transcribed at very low levels. Hence, the identification
of transcriptionally regulated TF genes requires sensitive
tools. Transcripts quantification by qPCR is more sensitive
than DNA array hybridization methods (Czechowski et al.
2004) especially for the quantification of low-abundance
transcripts (Horak and Snyder 2002). In an attempt to
overcome the problems associated with array-based meth-
ods of expression analysis and to provide more compre-
hensive data on TF expression patterns in M. tuncatula,
Kakar et al. (2008) developed a genome guide qPCR-based
resource for quantitative measurement of transcripts of
1,084 Medicago TF genes. Specifically, the study of TF
regulation by high throughput qPCR should enable us to
gain insight into the TFs that may be involved in defense
responses and disease development during the M. trunca-
tula—U. striatus interaction.

In this study, we report the screening of 1,084 different
TF genes from the M. truncatula TF qPCR platform with
the aim of providing an overview of the transcription
factor-encoding genes expressed in response to U. striatus
infection. Moreover, taking advantage of the synteny
between Medicago and Cicer (Cannon et al. 2006), we
studied the markers derived from M. truncatula TF genes
to chickpea genetic maps in order to examine the rela-
tionship of these TFs with genomic regions controlling
resistance in chickpea.
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Materials and methods
Plant growth and inoculation conditions

Two M. truncatula genotypes were selected according to
their reported reaction to rust fungi: A17 (susceptible) and
F11.008 (resistant, no hypersensitive response) (Kemen
et al., 2005). Seeds were kindly provided by J. M. Prosperi
(INRA, Montpellier, France). Twenty plants per line were
grown in a growth chamber under controlled conditions
(20°C and 12 h day/night). Ten of these plants were inocu-
lated and 10 plants were used as non-inoculated controls.
Seedlings were inoculated after the third trifoliate leaf was
completely expanded. Urediospores of U. striatus monosp-
oric isolate JE-O1 were deriving from a rust population
collected on alfalfa in 2001 at Jerez, Spain. Spores were stored
in liquid nitrogen, multiplied on alfalfa cv. Baraca seedlings
and diluted in pure talcum (1:10), resulting in a spore depo-
sition of 280 spores/cm? before use. For M. truncatula inoc-
ulation, plant leaves were fixed to the soil at horizontal
position. Subsequently, the leave adaxial site was inoculated
by dispensing 1 mg of freshly harvested urediospores per
plant using a spore settling tower. Plants were first incubated
in complete darkness for 24 h at 20°C and 100% relative
humidity (RH) and then transferred to a growth chamber at
20°C temperature under a 12/12 day/night photoperiod. This
experiment was repeated three times, each repetition is con-
sidered as one biological replicate.

Sample collection and RNA extraction

Leaves were harvested at 24 h after inoculation. This har-
vesting time point was chosen because resistance responses
occur at the first stage of the infection, the beginning of spore
penetration (Rubiales and Moral 2004). Collected samples
were immediately frozen in liquid nitrogen and stored at
—80°C until RNA extraction.

Total RNAs were extracted from a pool of leaves from both
inoculated and non-inoculated plants using TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA). The RNA was stored at
—80°C until use. RNA quantity and quality was determined
spectrophotometrically. About 150 pg total RNA was treated
with Turbo DNasel (Ambion) to eliminate contaminations by
genomic DNA. RNA integrity was checked on 1% (w/v) de-
naturating agarose gels prior to and after DNasel treatment.
Absence of genomic DNA contamination was confirmed by
PCR using primers specific for a M. truncatula ubiquitin gene
intron sequence (Kakar et al. 2008).

cDNA synthesis

Reverse transcriptions were performed using Super-
Script™ III reverse transcriptase (Invitrogen GmbH). The
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efficiency of cDNA synthesis was assessed by real-time
PCR amplification of reference genes encoding MtUbi, and
MtGapdh 5' and 3’ (Kakar et al. 2008). Using the Cq
(quantification cycle, Bustin et al. 2009) value of the MtUbi
gene, we adjusted all cDNAs to equal concentrations.

Primer design and real-time quantitative
PCR (qPCR) assays

A primer collection representing M. truncatula TFs was
generated using available genomic databases (Kakar et al.
2008). A total of 1,084 putative TFs gene-specific primers
were distributed in three 384-well plates. In order to
normalize the data the four reference genes MtUbi,
MtGapdh, MtEfl and MtPdf2 [UBIQUITIN, GADPH
(Glyceraldehyde 3 phosphate dehydrogenase), EFla
(Elongation Factor 1 alpha) and PDF2 (Protein Phos-
phatase 2A Subunit A3)] were repeated twice as technical
repetitions.

Polymerase chain reaction was performed as described
in Kakar et al. (2008) in an optical 384-well plate with ABI
PRISM® 7900 HT sequence detection System (Applied
Biosystems, Foster City, CA, USA), using SYBR® Green
to monitor dsDNA synthesis.

Data were analyzed using the SDS program 2.3 software
(Applied Biosystems) as described in Kakar et al. (2008).
Amplification reactions with efficiencies lower than 1.6
were eliminated from the analysis. In addition, we dis-
carded reactions with more than one melting curve peak
(approximately 27.9% of the total reactions (3640/13008).
Efficiency values were taken into account in all subsequent
calculations, including the calculation of transcript level
ratios.

Prior to qPCR normalization, the four reference genes
were analyzed concerning their expression levels in the
analyzed cDNA samples. Reference genes with most stable
expression levels reference were selected using Repeated
Pair-Wise Correlation Analysis using Bestkeeper©-version
1 software (Pfaffl et al. 2004). Expression values were
estimated by E? of each individual plot. Ratios against the
geometric mean of the constitutive control were used to
normalize gene expression between different biological
conditions using the formula: (E{$Y hk))/(Eg;,‘i‘e gene)y  The
ratio of the experimental control condition (non-inoculated
plants) was set up to 1 as a reference to determine relative
induction/repression factors.

Statistical analyses and clustering of TFs

Factorial analysis of variance (ANOVA) was performed to
analyze gene profiles for each TF following the model:

Yig = uw+ G + Tj“v‘ R« +GTij + €k

where y;j is the expression value of ith genotype for the jth
treatment in the kth repetition, u the general mean effect,
G; the genotype effect, T; the treatment effect, R, the
repetition effect, GT;; the interaction genotype-treatment
effect and e;j the effect of experimental error.

TFs showing significant differences between genotypes,
treatment, or for the interaction genotype-treatment, were
clustered using a hierarchical cluster analysis. A data
matrix with the expression ratio inoculate/non-inoculate for
each genotype for the TFs showing differential expression
was used to calculate a Euclidean distance matrix. UPGM
method was employed to generate a dendrogram using
Cluster v3.0 (Eisen et al. 1998) and visualized using
TreeView v1.0.5 software.

Searching orthologous TF genes between M. truncatula
and Cicer arietinum

A C. arietinum (chickpea) RIL population derived from an
interspecific cross Cicer arietinum (ILC72) x C. reticula-
tum (Cr5-9) (Cobos et al. 2006) was used for genomic
DNA extraction. PCR reactions were carried out in 10 pl
reactions containing 20—40 ng of plant genomic DNA,
buffer (50 mM KCI, 10 mM Tris-HCI, 0.1% Triton
X-100), 2.5 mM MgCl,, 250 uM of dNTPs, 0.6 uM of
primer and 1 unit of Taq DNA polymerase (Promega).
Genomic DNA of M. truncatula (A17) was used as control.
After denaturing the DNA during 5 min at 94°C the reac-
tion mixture was subjected to 40 cycles of the following
temperature profile: 94°C for 30 s, 59°C for 30 s and 72°C
for 30 s followed by a final extension at 72°C for 5 min.
Amplification products were analyzed in 12% acrylamide
gels and stained with ethidium bromide.

Results
M. truncatula phenotype after infection with U. striatus

Leaves for qPCR profiling were harvested at 2 dpi. Rust
symptoms were not yet visible at the time the leaves were
sampled for nucleic acid extraction. Infection was later
verified on the remaining leaves of inoculated M. trunca-
tula plants (Fig. 1). The susceptible line displayed well
formed pustules, whereas the resistant line had no
Symptoms.

Analysis of TF expression profile
We used the qPCR platform to identify differentially

expressed TF genes in two M. truncatula lines with dif-
ferent levels of tolerance to U. striatus, during infection

@ Springer



1314

Theor Appl Genet (2010) 121:1311-1321

Fig. 1 Macroscopic
comparison between the
accessions used in the study.
a Susceptible line (A17),

b Resistant line (F11.008)

Fa

with this pathogen. RNA was extracted from inoculated
and non-inoculated plants from both M. truncatula geno-
types, and cDNA for gPCR was synthezised. Four refer-
ence genes (MtUbi, MtGapdh, MtPdf2, MtEfl) were
assessed. MtEf1 showed the worst correlation factor com-
pared to the other three reference genes (r = 0.31-0.36),
hence it was excluded from the analysis. We then have
normalized data to the geometric mean of the relative
transcript levels of the remaining three reference genes
(MtUbi, MtGapdh, MtPdf2).

It was found that 28.3% (307/1084) of the TF-encoding
transcripts could not be amplified. Most (83.7%, 670/777)
of the amplified transcripts did not show significant dif-
ferences between genotypes (susceptible and resistant),
treatment (inoculated and non-inoculated), or differences
due to genotype-treatment interaction, suggesting that they
are constitutively expressed. However, it was found that
16.3% of amplified transcripts (107/777) were differen-
tially expressed between inoculated and non-inoculated or
between resistant and susceptible genotypes. About half
(59/107) of the differentially expressed TF-encoding tran-
scripts displayed differences only between treatments
(inoculated/non-inoculated). A few of them (9/107) pre-
sented significant differences only between genotypes
while the remaining genes (39/107) showed a genotype—
treatment interaction, that is, the genotype response
depended on the treatment.

Cluster analysis of these differentially expressed TF-
encoding transcripts divided these genes into two groups
with different expression profiles (Fig. 2a). In the first
(Cluster I), the gene expression in the resistant line was
activated and in the second (Cluster II) it was repressed.
We further divided these two groups into subgroups;
cluster I was separated in six sub-clusters and cluster II in
three (Fig. 2b).

@ Springer
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Subclusters 1.1, 1.2 and 1.3 contained 75 TFs upregulated
in both susceptible and resistant inoculated genotypes. This
transcription activation was stronger in the resistant line,
showing a higher transcription level in subcluster I.1
(Fig. 2b). Twenty-four of these TFs were Zn-Finger family
members. In addition, these clusters included four
sequences with similarities to WRKY proteins, three
similar to pathogenesis-related transcription factors and
ethylene response factor (PR-ERF) and seven related to
Myb DNA-binding proteins. The remaining 37 TFs in these
clusters belonged to many different families (including 4
non-apical meristem, 2 bZip, 2 Ankyrin, 2 MADS box, 1 Helix-
Turn-Helix, 1 Jumonji, or cyclin-like). Sub-clusters 1.4 and 1.5
included TFs-encoding transcripts upregulated in the resistant
line and downregulated in the susceptible one. They consisted
of 17 TFs, six of them were Zn-Finger family members, a PR-
ERF, a homeodomain-like (ATPase, related with cold toler-
ance), a ZPT2-12, a Helix-turn-Helix TF and other sequences
codifying unknown proteins. Cluster 1.6 contains five TFs, two
Zn-Fingers family members, two Myb-like TFs and sequences
with similarities with unknown proteins. These TFs transcripts
were upregulated in both genotypes with higher transcription
levels in the susceptible genotype.

Within Cluster II, three subgroups were noted. A total of
13 TF-encoding transcripts were identified in clusters II.1,
II.2 and II.3, most of them belonging to the Zn-Finger and
MYB families. Cluster II.1 contained only one TF, a
sequence similar to C2H2 Zn-finger type that was down
regulated in both genotypes. Clusters II.2 and II.3 included
genes down regulated in F11.008 and upregulated in A17.

We had focused our study on TFs that showed significant
differences between genotypes or that displayed genotype-
treatment interaction, because these TF genes were likely to
be related to the plant defense responses (Table 1). Expres-
sion levels of these TFs differed between genotypes. We
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Fig. 2 a Heat-maps of TF
expression profiles for each
cluster. Down-regulation is
indicated in green, up-
regulation in red, normalized
expression values close to the
mean are in black and no
detectable expression is in grey.
b Averaged profiles of mRNA
abundance in inoculated
accessions. The Log, of the
normalized expression values
and the ratio between
Inoculated/non-inoculated
genotypes was calculated for
classification into clusters. For
each cluster the median of these
values in each line is represent
in graphic form (£SD), sowing
that each cluster has a
characteristic change in each
line. The number of TFs present
in each cluster is indicated. The
blue column is the susceptible
line (A17) and the red one is the
resistant line (F11.008)
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Table 1 Expression patterns of defense related transcription factor (TF) in response to Uromyces striatus infection

ID Description Annotation Cluster Expression pattern

805.m00013 Pathogenesis-related transcriptional factor and ERF AL374794 L3

o = N W

o

936.m00021 Pathogenesis-related transcriptional factor and ERF - 1.2

1082.m00015 Pathogenesis-related transcriptional factor and ERF - L4 4

1102.m00008 Pathogenesis-related transcriptional factor and ERF - 1.2 6

=
1

N
1

o
'

D
)

1305.m00023 Pathogenesis-related transcriptional factor and ERF BF644125 1.3

———

1287.m00032 DNA-binding WRKY - 1.2 4

N w
1 1

=
1

o
'

1063.m00010 Myb, DNA-binding, Homeodomain like - 1.3 2

W N R o Rk
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Table 1 continued

ID Description Annotation Cluster Expression pattern
1304.m00003 Myb, DNA-binding, Homeodomain like TC96646 1.3 3
2
1
0
-1
-2
956.m00007 Myb, DNA-binding, Homeodomain like TC101530 1.2 0
-0.5
-1
-1.5
-2
-2.5
1070.m00005 Myb, DNA-binding, Homeodomain like - 1.6 6
4
2
0
1238.m00020 Myb, DNA-binding, MADF AL369166 12 15
1
0.5
0
731.m00111 Myb-relatedprotein306-gardensnapdragon - 1.2 3
2
1
0
1245.m00006 ZPT2-12 [Petunia x hybrida] - L4 29

:

-2 1

-3

Histograms represent quantification of the products normalized to the geometric mean of constitutive controls (UBI, GADHP, PDF?2). The value for untreated control is set to
1 as reference. A representative example out of three biological replicates is shown. The grey column is the susceptible line (A17) and the black one is the resistant line

(F11.008)

detected five PR-ERF (Rauscher et al. 1999). Three of them
had higher transcription levels in the resistant line F11.008
(936.m00021, 1102.m00008, BF644125), one was repressed

in the susceptible genotype (A17) and activated in the
resistant line (1082.m00015), while the last was activated in
Al7 genotype and repressed in F11.008 (AL374794).
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Moreover, one WRKY family member transcription factor
(1287.m00032) (Eulgem and Somssich 2007) exhibited a
three-fold difference in transcript abundance in the resistant
line (Table 1). Another TF involved in plant defense
response was ZPT2-12 (1245.m00006) (Sugano et al. 2003)
which was two-fold repressed in the resistant line. Finally,
six MYB proteins were studied. Two (AL369166,
731.m00111) out of the six MYB TFs were present in cluster
1.2 (Fig. 2); they were upregulated in both genotypes, but the
transcription level was higher in the susceptible line. Two of
these genes (TC96646, 1063.m00010) were included in
cluster I1.3 and one (TC101530) in cluster I1.2 (Fig. 2); these
were activated in the resistant and repressed in the suscep-
tible line. The last MYB TF family member (1070.m00005)
was located in the 1.6 cluster, and showed a higher tran-
scription level in the resistant genotype (Fig. 2).

Identifying novel defense response markers in chickpea

With the aim of identifying new markers associated with
defense response in the chickpea genomic maps, we used
primers for the M. truncatula TFs listed in Table 1. All of
them produced amplification products using chickpea DNA,
except primers for 1287.m00032 and 1102.m00008. Two
of them (TC101530 y 936.m00021) showed two bands
following amplification of the chickpea genome, which
could be a gene duplication (Fig. 3). This needs to be studied
in more detail. Only two of these markers were polymorphic
in the chickpea RIL population (1070.m00005, TC101530).
Linkage analysis revealed that both markers were located on
linkage group 4 (LG4) of the chickpea map (Fig. 4).

9 10 11

12 13 14 15

Fig. 3 Amplification products obtained from chickpea using Medi-
cago truncatula TFs primers. The gel showed the amplification of five
primers in two chickpea genotypes: ILC72 (lanes 2, 5, 8, 11 and 14)
and Cr5-10 (lanes 3, 6,9, 12 and 15) and M. truncatula “A17” (lanes
1, 4, 7, 10 and 13) as positive control. Numbers on the left are the
molecular weight marker (¢ x174 digested with Haelll) (Lane M).
Lanes correspond with the following primers: lanes -3 primers for
936.m00021; lanes 4-6 primers for 1070.m00005; lanes 7-9 primers
for TC101530; lanes 10—13 primers for AL374794 and lanes 14-15
primer for AL369166
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Fig. 4 Linkage group 4 from the interspecific cross Cicer arietinum
(ILC72) x Cicer reticulatum (Cr5-10). Marker names are shown on
the right and the estimated map distances are shown on the left.
Recombinant fractions were converted to centiMorgans using
Kosambi mapping function. TFs genes positions are in boldface.
The QTLAR; and QTL AR, regions are indicated as shaded areas

Discussion

This study represents the first high throughput real-time
quantitative RT-PCR profiling of legume transcription factors
during a defense process. This large-scale TF profiling
approach is more sensitive and robust for monitoring changes
in TF expression than the use of microarrays (Czechowski
et al. 2004; Kakar et al. 2008), but requires larger amounts of
RNA. Another difference between the microarray and large-
scale quantitative real-time PCR approaches is that the genes
targeted by the qPCR resource used in this study were selected
from the International Medicago Genome Annotation Group
(IMGAG) genes. Specifically, these are sequences genes
which have been annotated (including potential annotation
errors), while the probes contained in the microarray were
mostly designed from ESTs and TC sequences, corresponding
to highly expressed genes (Czechowski et al. 2004). In addi-
tion, oligo-based microarray hybridization is more prone to
cross-hybridization than PCR-derived techniques.
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F11.008 showed prehaustorial resistance against
U. striatus infection. Prehaustorial resistance is typical of
non-host interactions (Heath 2000) but is also present in
so-called Partial Resistance (Rubiales and Niks 1995) and
is regarded as a relatively durable type of resistance (Niks
and Rubiales 2002). Most studies suggest that host com-
patibility requires the fungus to be able to avoid prehaus-
torial defenses within the substomatal cavity of the host
leaf, breach the mesophyll plant cell wall to form the first
haustorium and develop a biotrophic interaction with the
living invaded cell to support further fungal growth
(Schulze-Lefert and Panstruga 2003; Glazebrook 2005;
Spanu 2006). In the resistant line employed in this study,
fungal development stopped immediately before formation
of the haustorial mother cells without necrosis of cells in
contact with the fungus (Castillejo et al. 2010). Studying
non-host resistance is the key to deciphering complex plant
defense mechanisms against pathogens. This kind of
resistance seems to be based on multiple defense mecha-
nisms, as previously shown in Arabidopsis mutants inoc-
ulated with the nonpathogenic fungus U. vignae (Mellersh
and Heath 2003) as well as in Hordeum vulgare cultivars
inoculated with P. triticina (Neu et al. 2003).

Most research conducted into the interactions of
Uromyces sp. has been focused on the impact of the disease
in the field. We still know relatively little about the cellular
and molecular aspects of these interactions. Understanding
the transcriptional regulation of defense-associated genes is
important for the improvement of disease resistance
mechanisms in plants (Dangl and Jones 2001). In this
study, a total of 1,084 M. truncatula putative genes were
analyzed, 107 (16%) were differentially expressed. Fifty-
nine out of the 107 TFs showed significant differences
between treatments in both resistant and susceptible
genotypes. These changes should, therefore, be regarded as
general responses to inoculation. A minor subset (8.4%,
9/107) of the genes showed significant differences in
expression between resistant and susceptible genotypes,
suggesting that they are constitutive genes which may be
related to resistance response. Four of these 9 TFs
(TC102139, TC101530, AL374794, and AL369166) are
implicated in known defense system pathways (Table 1).
They are members of the PR-ERF and Myb TF families
and have been shown to bind to promoter elements of
defense-related genes, regulating their expression (Eulgem
2005). There were 10 TFs (BF644125, 1102.m00008,
936.m00021, AL374794, 1082.m00015, 1287.m00032,
1063.m00010, 1304.m00003, 1070.m00005, 731.m00111)
that showed significant differences for the interaction
between genotype and treatment (inoculation/non-inocu-
lation). It is plausible to suggest that the expression of these
TFs was a specific response to the infection with U. stri-
atus. They are members of the PR-ERF, Myb and WRKY

transcription factors families and consequently are related
to stress response (Eulgem 2005).

The PR-ERF transcription factor family is unique to
plants. They can bind to a GCC box, which is found in
several PR (Pathogenesis-Related) gene promoters and
confers ethylene responsiveness. The RNA levels of spe-
cific ERF genes are regulated by cold, drought, pathogen
infection, wounding or treatment with ethylene, salicylic
acid (SA) or jasmonic acid (JA) (Singh et al. 2002). Most
of the ERF proteins whose transcriptional properties have
been studied are activators of transcription, although some
of them can also repress transcription (Fujimoto et al.
2000). Our results showed that in general after inoculation
PR-ERF TFs pattern had higher transcription levels in the
resistant genotype than in the susceptible one (Table 1).
However, one of them (1082.m00015) was repressed in the
resistant and activated in the susceptible genotype.

Other TFs families that showed patterns which differed
between the genotypes were Myb family members
(1070.m00005, 1063.m00010, 731.m00111, AL369166,
TC96646, TC101530). These proteins constitute a diverse
class of DNA-binding proteins of particular importance in
transcriptional regulation in plants. The range of involve-
ment of MYB transcription factors in controlling different
aspects of plant gene expression is not fully understood.
It is clear that a significant number of these MYB tran-
scription factors are involved in the detailed regulation
of secondary metabolism (particularly phenylpropanoid
metabolism). However, some studies show that these pro-
teins play an important role in hypersensitive response and
the development of systemic acquired resistance (SAR)
(Yang and Klessig 1996).

Finally, WRKY transcription factors are also unique to
plants. Some WRKY members show enhanced expression
and/or DNA-binding activity following induction by a
range of pathogens, defense signals, and wounding (Eulgem
et al. 2000). Transcriptome analyses have revealed that, in
particular, putative binding sites of WRKY factors (W box)
and related sequence motifs are ubiquitously conserved in
the upstream regions of genes up regulated during SAR,
R-mediated resistance and basal defense. Hence, WRKY
factors appear to play a major role in transcriptional
reprogramming during a variety of immune responses
(Eulgem 2005). In this study, the WRKY TFs were acti-
vated during the M. truncatula-U. striatus interaction
and differentially expressed in resistant and susceptible
genotypes.

Microsynteny analysis comparing M. truncatula genome
sequences revealed colinearity at different synteny blocks
(Cannon et al. 2006). This microsynteny could be used to
localize genes in genetic maps of closely related species.
Amplification analysis of the tested primers showed
high transferability between both M. truncatula and
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C. arietinum; 11 out of 13 primers tested produced
amplification bands in chickpea. Our preliminary results
from linkage analysis showed that the TFs 1070.m00005
and TC120209 were located on LG4. In this linkage group,
two Quantitative Traits Loci (QTLs) for ascochyta blight
resistance have been reported (Tekeoglu et al. 2002; Iruela
et al. 2006). Our results showed that TF 1070.m00005 was
on the QTLARr; genomic region and TC101530 was on
QTL AR, genomic region (Fig. 4). These TFs could be
candidates for future experiments to elucidate the genes
that control this agronomically important trait.

In conclusion, we have identified a collection of TF
genes encoding known or putative transcription factors that
are differentially expressed during the interaction between
M. truncatula and U. striatus. However, the roles they play
in the interaction need to be clarified in order to completely
understand the pathways involved in the plant’s defense
against this pathogen. Further functional studies, such as
RNAI analysis, are required to understand the role of these
TF networks. Stress perception and signaling pathways are
critical components of the adaptive response of plants that
allows them to survive under environmental constraints.
General-stress responses may arise from the activities of
various TFs interacting among distinct biotic stress
response pathways (Dangl and Jones 2001). Identification
of these TFs is a crucial to understanding transcriptional
control of plant defense and designing new strategies to
create resistant cultivars in other legume crops. This
knowledge is important for the production of plants trans-
formed with resistance genes and in the development of
diagnostic markers to differentiate resistant and susceptible
genotypes.
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