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All eukaryotic organisms have a diversity of tran-
scription factor (TF) gene families, encoding key
proteins regulating gene expression. TF families are
strongly conserved across eukaryotic organisms, es-
pecially plants. The specific function of each of these
TF genes is of interest due to their role in controlling
plant developmental processes and responses to en-
vironmental conditions, including functions of key
importance to agronomic performance. In this re-
view, we focus on the role of TF genes in legume
species. The review also provides an update on the
identification and categorization of TF genes in sev-
eral eukaryotes, including three partially or com-
pletely sequenced legume genomes (soybean [Glycine
max], Medicago truncatula, and Lotus japonicus). The
role of TF genes in legumes is discussed in an evo-
lutionary context based upon a comprehensive
comparison of TF gene distribution and direct exper-
imental data obtained for a significant number of
legume TF genes.
TF genes are present in all eukaryotic phyla. They

encode regulatory proteins that interact with genomic
DNA promoter and enhancer sequences. These inter-
actions facilitate the transcriptional activation or re-
pression of proximal genes and enable cells to respond
to changes in their environment (e.g. biotic and abiotic
stresses), to regulate the cell cycle, and, in the case of
the most complex organisms, to control cell fate. As
mentioned by Carroll (2001), the expansion of regula-
tory protein numbers and interactions, as well as
changes to their spatial and temporal expression, is
part of the evolutionary process leading to increas-
ingly complex organisms. Therefore, determining the
repertoire of TF genes in genomes, the regulation of
their expression, and their biochemical properties (i.e.
DNA- and protein-binding affinities) is important to
the understanding of TF regulatory networks and
organism evolution.

The immobile nature of plants represents a major
disadvantage compared with animals, which can flee
many environmental assaults. The ability to face
environmental challenges implies that plants must
possess complex regulatory systems to respond ap-
propriately. This sometimes involves changing devel-
opmental programs, which is facilitated by the fact that
plants maintain active stem cells, called meristems,
which can differentiate and develop into various organs
depending on environmental and endogenous cues. As
regulators of transcription, TFs play important roles in
helping plants meet and master environmental chal-
lenges. Therefore, it is not surprising that plants have
more TF genes than animals (Riechmann et al., 2000;
this study).

Most of the extant knowledge of plant TF genes was
obtained from studies of the major genetic model in
plant biology, Arabidopsis (Arabidopsis thaliana). How-
ever, while Arabidopsis is a useful model for many
developmental and other processes common to all
higher plants, it lacks certain traits that are of im-
mense value to agriculture, such as the ability to form
nitrogen-fixing symbioses with rhizobia and soil
nutrient-scavenging symbioses with mycorrhizal
fungi. Legumes, on the other hand, are able to estab-
lish such beneficial symbioses and, as a result, have
been mainstays for sustainable agriculture for thou-
sands of years. The legume family includes important
food plants such as common bean (Phaseolus vulgaris),
soybean, and pea (Pisum sativum) and important for-
age species such as alfalfa (Medicago sativa) and clover
(Trifolium spp.). There is also growing interest in the
use of legumes as a source of biomass for biofuel
production. Although mycorrhizal symbioses are
widespread among plant families, occurring in ap-
proximately 90% of all species, symbiotic nitrogen
fixation (SNF) is restricted to legumes and a few
nonlegume families. This makes legumes special, but
just how SNF evolved in legumes remains largely
unknown. Answers to this question may emerge from
comparative analysis of the genomes of legumes and
nonlegumes.

Genome sequencing of three legume species, L.
japonicus (http://www.kazusa.or.jp/lotus), soybean
(http://www.phytozome.net/soybean), and M. trun-
catula (http://www.medicago.org/genome), is near-
ing completion, and the genome sequences of several
nonlegumes, including Arabidopsis (Arabidopsis Ge-
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nome Initiative, 2000), Vitis vinifera (Jaillon et al., 2007),
Sorghum bicolor (Paterson et al., 2009), Physcomitrella
patens (Rensing et al., 2008), Chlamydomonas reinhardtii
(Merchant et al., 2007), Oryza sativa (Yu et al., 2002),
and Populus trichocarpa (Tuskan et al., 2006), are known
(Table I).

Given the central role of TFs in regulating plant gene
expression and consequently development, differenti-
ation, and responses to the environment, as well as
their key roles in evolution (Ramalingam et al., 2003;
Miller et al., 2006; Francia et al., 2007), the set of genes
encoding TFs is an obvious place to start looking for
evolutionary innovations that define key legume
traits, such as SNF. More generally, the study of
legume TFs will shed light on their roles in plant
processes common to all plant species.

When comparing legumes with other plant phyla, a
key question is, “What traits define a legume?” This
question was raised several years ago by Doyle and
Luckow (2003) and by Zhu et al. (2005). Morphogen-
esis and life styles of different plant species and more
generally of eukaryotes depend heavily on the control
of gene expression. Therefore, it can be assumed that the
repertoire of TF genes within a plant species, their ex-
pressionpattern, and their function largelydetermine the
uniqueaspects of the species.Unfortunately, asdiscussed
below, the functions of only a few legume TF genes are
known. Therefore, a tremendous effort is required to
characterize the role of TF genes in legumes. The emerg-
ing high-throughput genome-based technologies that
build upon the sequencing of several legume genomes
open new fields of investigation, including a complete
identification and classification of legume TF genes.

In this review, we summarize knowledge of legume
TFs while updating the classification of legume, nonle-
gume, and nonplant eukaryotic TF genes. Legume TF
function and TF gene expression are also discussed in
the light of recently published studies. Altogether, these
data will be discussed in an evolutionary context to
better understand the impact of TF genes on legume
development.

LEGUME TF GENES: WHAT IS KNOWN?

The last comprehensive review of legume TFs
predated the completion of any of the legume genome
sequencing projects but noted that more than 99% of
predicted legume TFs remained to be characterized
functionally (Udvardi et al., 2007). In the interim, the
genome sequences of three legumes have been com-
pleted, or nearly so, enabling both comparative and
functional genomics studies, and the roles of new
legume TFs have been determined.

Recent studies have elucidated the roles of several
TFs in legume development. Initially, several legume
TF genes were identified based upon similarity of
mutant phenotypes in legumes and Arabidopsis and
sequence homology between legume genes and the
Arabidopsis genes known to confer specific mutant
phenotypes. Legume TF genes discovered in this way
include those involved in the control of floral meri-
stems, such as LjFLO, PsFLO/LFY, PsPEAM4, and
MtPIM (Hofer et al., 1997; Berbel et al., 2001; Taylor
et al., 2002; Dong et al., 2005; Benlloch et al., 2006). In
the same way, three L. japonicus MYB TFs with homol-
ogy to Arabidopsis TRANSPARENT TESTA2 (AtTT2)
were shown to regulate proanthocyanidin biosynthe-
sis after their transient expression in Arabidopsis
leaves (Yoshida et al., 2008). More recently, the role
of legume TF genes was investigated using reverse-
genetic approaches. For example, expression of the
soybean GmWRKY13 gene in Arabidopsis positively
affected lateral root formation (Zhou et al., 2008). RNA
interference knockdown of MtSERF1, which encodes
an AP2-EREBP TF, altered the production of somatic
embryos (Mantiri et al., 2008). Legume TF genes were
also recently implicated in responses to environmental
challenges. For instance, after identifying TF genes
regulated in response to phosphate deprivation in
common bean (Hernández et al., 2007), Valdés-López
et al. (2008) characterized the role of one MYB TF,
PvPHR1, as a key protein in phosphorus uptake.
Similarly, after quantifying the expression levels of

Table I. Classification of main plant species based on their class, order, family, and genus

The genome size, ploidy level of each genome, number of predicted protein-coding genes, and number of TF genes identified are also indicated.

Plant Type Organism

Organism

Genome

Size

Chromosome

No. and Ploidy

Predicted

Total

Gene No.

Predicted TF

Gene No.

Predicted

TF Gene

Percentage

%

Alga Chlamydomonas reinhardtii 120 Mb n = 17 (diploid) 16,709 349 2.09
Moss Physcomitrella patens 511 Mb n = 27 (diploid) 35,938 1,316 3.66
Monocotyledon Oryza sativa 430 Mb n = 12 (diploid) 67,393 4,432 6.58
Monocotyledon Zea mays 2,400 Mb n = 10 (diploid) 125,435 5,383 4.29
Monocotyledon Sorghum bicolor 730 Mb n = 10 (tetraploid) 36,338 2,464 6.78
Dicotyledon, rosid, Malvidae Arabidopsis thaliana 115 Mb n = 5 (diploid) 32,825 2,269 6.91
Dicotyledon, rosid, Fabidae, Fabales Medicago truncatula 500–550 Mb n = 8 (diploid) 38,835 1,473 3.79
Dicotyledon, rosid, Fabidae, Fabales Lotus japonicus 450 Mb n = 6 (diploid) 42,395 1,637 3.86
Dicotyledon, rosid, Fabidae, Fabales Glycine max 1,115 Mb n = 20 (tetraploid) 66,153 5,557 8.40
Dicotyledon, rosid, Fabidae, Malpighiales Ricinus communis 425 Mb n = 10 (diploid) 31,221 1,543 4.94
Dicotyledon, rosid, Fabidae, Malpighiales Populus trichocarpa 550 Mb n = 19 (diploid) 45,555 2,758 6.05
Dicotyledon, rosid, Vitaceae Vitis vinifera 504.6 Mb n = 19 (diploid) 30,434 1,675 5.50
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soybean Dof genes in various organs, including flow-
ers and pods, the overexpression of GmDof4 and
GmDof11 TF genes in Arabidopsis was shown to
increase seed lipid content (Wang et al., 2007).
A large number of studies also highlighted the role

of legume TF genes in plant responses to abiotic
stresses. For example, a common method for examin-
ing gene function is to overexpress the gene of interest
from a strong, constitutive promoter (e.g. cauliflower
mosaic virus 35S) and then to gauge the response of
the resulting transgenic plants to a variety of treat-
ments (e.g. abiotic stress). For example, the overex-
pression of two TFIIIA-related TF genes (MtZPT2-1 and
MtZPT2-2) in M. truncatula led to an increase in the
size of the plant root system under salt stress (de
Lorenzo et al., 2007). GmWRKY54 and GmDREB2
increased tolerance to both salt and drought when
overexpressed in Arabidopsis (Chen et al., 2007; Zhou
et al., 2008). In the same study, Zhou et al. (2008) also
implicated two other WRKY TF genes, GmWRKY21
and GmWRKY13, in tolerance to cold, salt, and man-
nitol stresses by overexpressing these genes in Arabi-
dopsis plants. A similar approach established a role for
GmDREB3 in Arabidopsis tolerance to cold, drought,
and high-salt stresses (Chen et al., 2009). Zhu et al.
(2006) observed a higher tolerance of soybean plants to
high temperature following overexpression of the
GmHSFA1 TF gene. Interestingly, Zhang et al. (2008)
identified two GmAP2-EREBP TF genes involved
not only in abiotic stress response but also in plant-
pathogen defense mechanisms. Overexpression of
GmAP2-EREBPs in tobacco (Nicotiana tabacum) en-
hanced plant resistance to drought, salt stress, and
pathogen infection. This study suggested that some TF
genes are central to the general plant stress response.
With regard to pathogen response, Park et al. (2007)
reported that GmZF-HD1 and GmZF-HD2 were in-
duced in response to Pseudomonas syringae infection.

LEGUME TF GENES AND NODULATION

In addition to the activation of plant defense sys-
tems through the activation of TF genes, legume TFs
are also involved in the control of mutualistic interac-
tions between plant root and soil microorganisms. For
example, nodulation involves the interaction between
root and soil bacteria leading to SNF. This complex
interaction is mainly restricted to legumes and, for this
reason, makes legumes special. The infection of plant
roots by symbiotic bacteria begins by the invasion of
root hair cells by the symbiont through the newly
formed infection thread. This infection is dependent
on several genes. Genes that are specifically expressed
during nodulation are termed nodulins. Several years
ago, protein factors that bound to the AT-rich pro-
moter sequences of nodulin genes were identified
(Jensen et al., 1988; Metz et al., 1988; Forde et al.,
1990; Laursen et al., 1994; Hansen et al., 1999). More
recently, TF genes specifically involved in the rhizobial
infection process have been identified. Among them,

theM. truncatula NSP1 andNSP2 genes, which encode
two GRAS TFs, are essential to root hair infection. The
root hairs of Mtnsp1 and Mtnsp2 mutants are not
infected by the symbiont (Catoira et al., 2000; Oldroyd
and Long, 2003). More recently, based on a mutant
screen for plants lacking infection threads upon inoc-
ulation with rhizobia, the L. japonicus NSP1 and NSP2
genes were identified (Heckmann et al., 2006).

The first TF shown to have an essential role in
nodulation was the L. japonicus NIN gene (Schauser
et al., 1999). Mutations in this gene abolish both
infection and the induction of nodule primordia.
However,NIN appears to act downstream of the initial
steps in symbiont recognition by the plant (Oldroyd
and Downie, 2008). By screening fast-neutron and Tnt1
transposon-tagged mutagenized populations, Marsh
et al. (2007) characterized theM. truncatula ortholog of
LjNIN (Catoira et al., 2001). The PsSym35 locus defines
the pea NIN ortholog (Borisov et al., 2003). The likely
soybean ortholog of NIN is clearly evident in the
soybean genomic sequence, and this genomic region
shows significant microsynteny to the NIN-encoding
regions ofM. truncatula and L. japonicus (M. Libault, X.C.
Zhang, and G. Stacey, unpublished data).

Additional TF genes critical to the nodulation pro-
cess were also identified by direct screening for
nodulation-defective mutants. For example, this ap-
proach led to the identification of the L. japonicus
ASTRAY gene encoding a bZIP TF (Nishimura et al.,
2002). L. japonicus astray mutants exhibit a hypernodu-
lation phenotype (i.e. increased nodule numbers). Sim-
ilarly,Middleton et al. (2007) identified theMtERN gene,
encoding an AP2-EREBP TF, as necessary for invasion
of plant cells by symbiotic bacteria. Recently, an addi-
tional AP2-EREBP TF gene was identified as a positive
regulator of nodulation in L. japonicus (Asamizu et al.,
2008). Other strategies also allowed the identification
of important TF genes involved in nodulation. For
example, based on its interaction with LjSymRK (a
receptor kinase critical for rhizobial infection; Stracke
et al., 2002), Zhu et al. (2008) identified LjSIP1, a
protein previously described for its role during nod-
ulation that encodes an ARID TF. The authors pro-
posed that LjSIP1 controlled the expression of the Nod
factor-induced NIN gene. El Yahyaoui et al. (2004)
utilized DNA microarray analysis to identify several
genes regulated during M. truncatula nodulation, in-
cluding an AP2-EREBP TF gene namedMtEFD. Based
on the phenotype of an edf1 null mutant, as well as
plants either silenced for EFD expression or over-
expressing the gene, Vernié et al. (2008) defined
MtEFD as an important regulator controlling Sinorhi-
zobium meliloti infection of M. truncatula.

In summary, recent analyses highlight the roles of a
diverse group of TF genes in a wide variety of legume
biological processes. Overexpression of legume TF
genes in nonlegume plants often produces phenotypes
consistent with strong conservation of TF function
among higher plant species. Despite the redundancy
of TF gene families across the plant kingdom, it is
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interesting that legumes nodulate while most other
plant species do not. Although specific TF genes have
been implicated in nodule development, these belong
to families common to nonlegumes. This suggests that
neofunctionalization of TF genes was important in the
evolution of SNF, rather than the invention of novel TF
genes/families.

EVOLUTION OF TF GENES AND FAMILIES IN THE
EUKARYOTIC KINGDOM

To better understand the evolution of TFs, compar-
ative studies of TF gene families of several eukaryote
organisms, including Arabidopsis, have been per-
formed (Riechmann et al., 2000). However, limited
genome sequences from plant species and underrep-
resentation of TFs in cDNA and EST databases have
hampered such studies until recently. Now, however,
genome sequences of a large diversity of organisms,
including several plant species, have been released or
will be soon (Table I). The release of genomic se-
quences combined with the use of improved gene
prediction software (e.g. FGENESH) and protein func-
tion prediction software (e.g. Pfam [Finn et al., 2008],
InterProScan [Hunter et al., 2009], and UniProt [Uni-
Prot Consortium, 2009]) allows a more complete
identification of the gene content in each genome,
including TF genes. Furthermore, prediction tools are
now well supported by the detection of gene tran-
scripts via ultra-high-throughput sequencing methods.
Based on such characteristics, it is now possible to
characterize the entire TF gene population of a few
plant species, at least as far as known TF families are
concerned. Highlighting similarities and differences in
TF gene populations among eukaryotes, and more
specifically among plants, may help to answer the
question, “What makes a legume a legume?” (Doyle
and Luckow, 2003).

We investigated TF gene evolution in eukaryotic phyla
based on their family membership. By mining protein
sequence databases of 19major eukaryotes, we identified
signature Pfam domains conserved in the different TF
families (e value , e23; Table II) and categorized them
according to their family membership (Fig. 1). The
percentage of identified TF genes compared with the
total number of protein-encoding genes analyzed fluc-
tuates between 2% and 9% among the 19 organisms
studied. Not surprisingly, the smallest populations of
TF genes were identified in the most primitive organ-
isms (e.g. Saccharomyces cerevisiae, Schizosaccharomyces
pombe, and C. reinhardtii, where TF genes represent 2%–
4% of the genes annotated). In higher eukaryotes, the
higher complexity of form and function likely dictates
the need for an increased number of TF genes (7.36% in
Drosophila melanogaster, 9.12% in Rattus norvegicus,
7.65% in Mus musculus, and 8.15% in Homo sapiens; an
average of 5.7% of plant genes are TF genes; Table II).

Considering the distribution of genes among the 94
TF families identified, 22 families are specific to plants

and 20 families are specific to animals (Table II). Eight
families are found exclusively in yeast, while one TF
family is represented in D. melanogaster only. Forty-
three families were common to all phyla represented
in this study. No legume-specific TF gene family was
found, which may reflect the paucity of knowledge
about legume TFs but more likely indicates conserva-
tion of TF families among plants. Consistent with this
notion, the distribution of legume genes among the
various TF families is similar to that of other plant
species. Overall, based on this census of genes in the
various TF families, there does not appear to be any
enrichment of known TF families in legumes.

CAN THE KNOWLEDGE ACQUIRED ON TF GENES
IN ONE PLANT BE USED IN LEGUMES?

The absence of significant differences in TF gene
distribution across TF families between legume and
nonlegume plants suggests that legume-specific traits
are likely dependent on TF gene expression patterns
and TF protein function. So far, most of the plant TFs
characterized belong to Arabidopsis. Therefore, an
attractive strategy is to apply the knowledge estab-
lished in Arabidopsis to legume TFs (Hofer et al., 1997;
Berbel et al., 2001; Taylor et al., 2002; Dong et al., 2005;
Benlloch et al., 2006). The expression of legume TF
genes in Arabidopsis or tobacco plants also supports a
conservation of functions for TF homologs across plant
species (e.g. in plant development [GmWRKY13; Zhou
et al., 2008], metabolite biosynthesis [LjMYB TFs ho-
mologous to AtTT2; Yoshida et al., 2008], plant resis-
tance to pathogens [GmAP2-EREBP TFs; Zhang et al.
2008], and plant resistance to abiotic stresses
[GmWRKY TFs; Zhou et al. 2008; GmDREB3; Chen
et al., 2009]). However, complete functional redun-
dancy of TF proteins between plants is not always
found. For example, the AtPAP1 gene encoding aMYB
TF gene controls anthocyanin synthesis in Arabidopsis
but it does not activate this pathway when expressed
in M. truncatula (Peel et al., 2009).

Based upon these few examples, TF function ap-
pears highly but not absolutely conserved across plant
species. This conclusion is also supported by the
strong conservation of TF signature protein domains
and the tertiary structure of TFs (Dr. Jianlin Cheng,
personal communication). However, one difficulty in
applying this strategy is the accurate identification of
true orthologs between plant species. As described
below, due to the evolutionary distance existing be-
tween plants, syntenic relationships are difficult to
define. For example, in the rosid clade, Arabidopsis
and legumes fall in theMalvidae (Eurosidae II) and the
Fabidae (Eurosidae I) subclades, respectively (Table I).
These two subclades diverged approximately 115 to 93
millions years ago (Mya). According to Wang et al.
(2009), a diversification of rosids occurred suddenly
(in less than 15 millions years) shortly after the diver-
gence between Fabidae and Malvidae. Such diversifi-
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Table II. Number of TF genes in 19 of the main eukaryotic organisms

TF proteins were identified for 19 model eukaryotes: Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Caenorabditis elegans (Ce),
Drosophila melanogaster (Dm), Mus musculus (Mm), Rattus norvegicus (Rn), Homo sapiens (Hs), Chlamydomonas reinhardtii (Cr), Physcomitrella
patens (Pp), Oryza sativa (Os), Zea mays (Zm), Sorghum bicolor (Sb), Arabidopsis thaliana (At), Ricinus communis (Rc), Populus trichocarpa (Pt),
Medicago truncatula (Mt), Lotus japonicus (Lj), Glycine max (Gm), and Vitis vinifera (Vv). The TF genes were distributed across 94 families based on the
identification of the TF family signature protein domain (Kakar et al. [2008] and the DBD database [http://dbd.mrc-lmb.cam.ac.uk/DBD/index.cgi?
Home; Wilson et al., 2008] were used as references for this classification). The color code used is based on phylogenetic relationships: yeast (black),
animal (blue; nematode, arthropod, and mammal in dark blue, blue, and light blue, respectively), algae (dark green), moss (green), monocotyledon (light
green), dicotyledon (warm colors; Malvidae, Fabidae, and Vitaceae in red, yellow/orange (Fabales/Malpighiales), and pink, respectively.
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cation might explain the vast heterogeneity in rosid
habitats, morphology, and development. This evolu-
tionary distance between crop plants and Arabidopsis
is also highlighted by the strong changes in the size
and organization of their genomes (Table I), such as the
ancient genome duplication in legumes occurring
around 45 to 55 Mya (Pfeil et al., 2005; Cannon et al.,
2006) followed by a more recent duplication in soy-
bean around 10 to 15 Mya (Schlueter et al., 2004, 2007).
Despite the evolutionary distances existing between
legumes and Arabidopsis, microsynteny is still found
in some regions (Grant et al., 2000; Yan et al., 2003). For
example, 14% of analyzed contig groups showed
microsynteny between Arabidopsis and soybean
(Zhu et al., 2003; Yan et al., 2004; Mudge et al., 2005).
Likewise, a comparison between soybean, Medicago,
and Arabidopsis identified two blocks with strong
microsynteny (Shultz et al., 2007). Conversely, macro-
synteny between Arabidopsis and legumes is difficult
to identify due to genome duplication, recombination,
and gene loss (Kevei et al., 2005; Schlueter et al., 2008).

Extensive macrosyntenic relationships exist be-
tween legume species (Choi et al., 2004; Cannon
et al., 2006; for review, see Young and Udvardi,
2009). The establishment of genome-wide colinearity

between legumes will be an important advantage for
transferring information to soybean, an economically
important plant, from the knowledge established in
the legume models M. truncatula and L. japonicus. The
fact that all four major legume genetic models (L.
japonicus, M. truncatula, soybean, and common bean)
fall in the Papilionoideae group, one of the three
groups of legumes (i.e. legumes are divided into three
groups named Caesalpinioideae, Mimosoideae, and
Papilionoideae), supports the strong macrosynteny
found in the available legume genome sequences.
The Papilionoideae group diverged from the two other
legume clades approximately 50 Mya, while the Lotus
and Medicago lineages diverged from one another
around 40 Mya (Wojciechowski, 2003). This recent
divergence among major legumes makes it easier to
identify orthologs by direct genome comparison. For
example, this approach allowed the identification of
key TF gene orthologs involved in the nodulation
process and in floral meristem development (e.g.
LjNIN and PsSym35; LjNSP1 and MtNSP1; LjNSP2
andMtNSP2; and LjFLO and PsFLO [Hofer et al., 1997;
Schauser et al., 1999; Catoira et al., 2000; Borisov et al.,
2003; Oldroyd and Long, 2003; Dong et al., 2005; Kalo
et al., 2005; Smit et al., 2005; Heckmann et al., 2006]).

SOME LEGUME TF GENES ARE INDUCED
SPECIFICALLY DURING NODULATION

As described above, legume TF distribution across
families and their basic functions appear to be con-
served compared with other plant families. Conse-
quently, special legume traits may derive from unique
TF gene expression patterns. During the last decade,
the availability of cDNA and oligonucleotide arrays
allowed the quantification of gene expression patterns
in a large number of organisms in different tissues
and under differing environmental conditions. How-
ever, several studies clearly demonstrated the limit of
this technology to accurately quantify the expres-
sion of low-abundance transcripts, such as TF genes
(Czechowski et al., 2004; Libault et al., 2007). To better
characterize the expression of TF genes, large-scale
quantitative reverse transcription-PCR platforms were
developed to quantify TF gene expression in Arabi-
dopsis, rice, M. truncatula, soybean, and L. japonicus
(Czechowski et al., 2004; Caldana et al., 2007; Kakar
et al., 2008; Libault et al., 2009; O. Montanari and M.K.
Udvardi, unpublished data). Several studies used
these resources to quantify TF gene expression in
different tissues and in response to different treat-
ments (McGrath et al., 2005; Libault et al., 2007; Gruber
et al., 2009; Libault et al., 2009). Complementary to the
use of large-scale quantitative reverse transcription-
PCR platforms, ultra-high-throughput sequencing
technologies, such as the 454 Life Sciences (Margulies
et al., 2005) and Illumina Solexa (Bennett et al., 2005)
platforms, allow an accurate quantification of low-
abundance transcripts. These resources allow the char-

Figure 1. Comparison of TF gene distribution based on family mem-
bership across 19 different eukaryotic species. For each species, the
representation of each TF family in the total pool of TF genes identified
was expressed as a percentage. The color scale indicates the degree of
correlation (red, low correlation; black, strong correlation). The heat
map was generated using the Euclidean distances between each
organism using the MultiExperiment Viewer (http://www.tm4.org/
mev.html).
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acterization of the TF gene transcriptome. However,
the use of such technology is fully informative only if
the genome of the organism of interest is sequenced
and accurately annotated.
To assess the potential of divergent gene expression

patterns as a potential reason for legume-specific
attributes, we investigated the expression of members
of the NIN-like gene family. This family was selected
based upon the involvement of some of its members in
root hair infection and nodule development (Schauser
et al., 1999; Catoira et al., 2001; Borisov et al., 2003,
Marsh et al., 2007). Two recent studies place NIN gene

function just downstream to NSP1 and NSP2 GRAS in
the signaling cascade regulating legume nodulation.
For example, LjNIN gene expression is under the
control of LjNSP2 (Murakami et al., 2006). Moreover,
MtNSP1 and MtNSP2 interact with the MtNIN gene
promoter to regulate its expression (Hirsch et al.,
2009). In the same study, Hirsch et al. (2009) showed
that the molecular interaction of MtNSP1 and MtNSP2
was also required to activate MtENOD11 gene expres-
sion during nodulation. In addition, Gonzalez-Rizzo
et al. (2006) showed that MtNIN gene expression was
under the control of cytokinin, a hormone previously

Figure 2. Arabidopsis, soybean, L. japonicus, and M. truncatula RWP-RK gene expression in various plant tissues. Relative
expression levels of Arabidopsis (A), soybean (B), L. japonicus (C), andM. truncatula (D) RWP-RK genes (y axis) are reported for
five different tissues (nodule [blue], root [purple], leaf [yellow], flower [green], and pod [red]). For each plant species, the identity
of the RWP-RK genes is reported on the x axis. Details are available in Supplemental Table S1. Genes encoding proteins carrying
a PB1 domain (NIN-like genes) are highlighted by arrows. LjNIN (Schauser et al., 1999) andMtNIN (Marsh et al., 2007) involved
in nodulation are highlighted. *, GmRWP-RK1 was also strongly expressed in soybean apical meristem and root tip;
consequently, GmRWP-RK1 is not considered a nodule-specific RWP-RK.
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described to influence legume nodulation (Murray
et al., 2007; Frugier et al., 2008).

Based on a bioinformatic analysis and similarly to
Schauser et al. (2005), we identified two distinctive
domains in the plant NIN-like amino acid sequences:
an RWP-RK domain and a Phox and Bem1p (PB1)
domain (the PB1 domain is found in a large number of
eukaryotic cytoplasmic signaling proteins; Sumimoto
et al., 2007; Fig. 2). In addition, TF proteins carrying
only the RWP-RK domain were also identified in
different plant genomes. The RWP-RK gene TF family
is a small one, with 14 members in Arabidopsis (0.62%
of all identified TF genes), five inM. truncatula (0.34%),
12 in L. japonicus (0.73%), and 23 in soybean (0.41%;
Fig. 2). Among them, we identified nine, three, four,
and 14 NIN-like genes in Arabidopsis, M. truncatula, L.
japonicus, and soybean, respectively. The expression of
11 RWP-RK genes Arabidopsis, three in M. truncatula,
12 in L. japonicus, and 23 in soybean was quantified in a
large variety of tissues using Affymetrix arrays or
ultra-high-throughput sequencing (Schmid et al., 2005;
Benedito et al., 2008; Høgslund et al., 2009; M. Libault,
A. Farmer, G.D. May, and G. Stacey, unpublished data;
Fig. 2). RWP-RK genes were expressed at least 10-fold
higher in nodules than in other organs analyzed in the
case of one gene in M. truncatula, two in L. japonicus,
and seven in soybean (Fig. 2). All of these legume
RWP-RK genes expressed specifically in nodules
share the PB1 domain and, consequently, are NIN-like
genes. Interestingly, M. truncatula and soybean nodule-
specificNIN-like genes are not expressed (or expressed
at very low levels) in other tissues, indicating special-
ization of these genes for nodulation and SNF. Because
the proportion of NIN-like genes in the Arabidopsis
and soybean genomes is similar, this analysis supports
the hypothesis that legumes coopted a subset of pre-
existing NIN-like genes for use in symbiotic establish-
ment by modifying their expression patterns.

FUTURE DIRECTIONS IN LEGUME TF RESEARCH

An analysis of TF genes among the sequenced plant
genomes does not reveal a legume-specific family, nor
does it identify a specific TF family that appears to
have been preferentially expanded in legumes. How-
ever, legumes have clearly succeeded in developing
specific traits by diverting some TF genes for a more
specialized function. In the case of NIN-like TFs, this
likely involved changes in the sequences of promoters
that allowed activation of gene expression during
nodule development.

What is now needed is a clearer picture of the
legume TF gene transcriptome, interactome (protein-
protein interaction), and elucidation of the regulon
controlled by each TF. The legume TF transcriptome
should be elucidated soonwith the emergence of ultra-
high-throughput sequencing approaches, making the
establishment of a TF interactome the next important
challenge. Such an interactome will encompass TF-TF

interactions as well as TF-DNA interactions. Identify-
ing TF-TF interactions will highlight the complexity of
legume gene regulation. Studies focusing on bacteria
and yeast cells have already established TF-TF inter-
action networks, giving the first insights into the com-
plexity of these systems (Babu et al., 2004; Luscombe
et al., 2004; Ye et al., 2009).

The in vivo identification of cis-regulatory regions of
TF genes is now possible by combining chromatin
immunoprecipitation (ChIP) methods with the use of
tiling arrays developed after sequencing of the whole
genome (Gregory et al., 2008). Themost recent approach
utilizes ChIP coupled with ultra-high-throughput
sequencing technologies (ChIP-Seq; Barski and Zhao,
2009). These approaches allow the identification of
accessible promoter elements that interact with TF
proteins with respect to chromatin remodeling. In fact,
chromatin rearrangements are an important tool for
regulation of gene expression at the epigenetic level by
controlling access to TF-binding sites (Barrera and Ren,
2006). Analyzing TF interactome (TF-TF and TF-DNA)
data in the context of chromatin structure will provide a
clearer picture of legume gene regulation.

CONCLUSION

Legumes are a fascinating family of plants due, in
part, to their ability to develop unique organs, called
nodules, which harbor nitrogen-fixing rhizobia.
Among the genes involved in the nodulation process,
several TFs have been characterized. The similar dis-
tribution of TF genes in the various known TF families
in legumes and nonlegumes, as well as the conserved
nature of their basic biochemical functions, cannot
readily explain how legume-specific traits such as SNF
evolved. Based upon analysis of theNIN-like TF family
in soybean, L. japonicus, M. truncatula, and Arabidop-
sis, we assume that legumes coopted existing TF genes
for use in legume-specific processes by modifying
their expression patterns. Analysis of synteny between
legume and nonlegume plants and subsequent dissec-
tion of the expression patterns of orthologous TF genes
will help to test this hypothesis. Furthermore, identi-
fication of DNA-binding sequences of TF proteins and
detailed analysis of TF gene expression will provide a
means to understand the impact of TF activity on the
legume transcriptome.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Expression levels of Arabidopsis, soybean, L.

japonicus, and M. truncatula RWP-RK genes used to create Figure 2.
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