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Gene expression profiling of M. truncatula transcription factors
identifies putative regulators of grain legume seed filling
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Abstract Legume seeds represent a major source of pro-
teins for human and livestock diets. The model legume
Medicago truncatula is characterized by a process of seed
development very similar to that of other legumes, involving
the interplay of sets of transcription factors (TFs). Here, we
report the first expression profiling of over 700 M. truncatula
genes encoding putative TFs throughout seven stages of seed
development, obtained using real-time quantitative
RT-PCR. A total of 169 TFs were selected which were
expressed at late embryogenesis, seed filling or desiccation.
The site of expression within the seed was examined for 41
highly expressed transcription factors out of the 169. To
identify possible target genes for these TFs, the data were
combined with a microarray-derived transcriptome dataset.
This study identified 17 TFs preferentially expressed in
individual seed tissues and 135 corresponding co-expressed
genes, including possible targets. Certain of the TFs co-

Electronic supplementary material The online version of this
article (doi:10.1007/s11103-008-9320-x) contains supplementary
material, which is available to authorized users.

J. Verdier - K. Gallardo - C. Le Signor - G. Aubert -

R. D. Thompson (P<))

Unité Mixte de Recherche en Génétique et Ecophysiologie des
Légumineuses a Graines (UMR-LEG). Institut National de la
Recherche Agronomique (INRA), Domaine d’Epoisses, 21110
Bretenieres, France

e-mail: thompson@epoisses.inra.fr

K. Kakar - A. Schlereth - M. K. Udvardi
Institute for Molecular Plant Physiology, 14476 Golm, Germany

C. D. Town
The Institute for Genomic Research (TIGR), Rockville, MD
20850, USA

M. K. Udvardi
Samuel Robert Noble Foundation, Ardmore, OK 73401, USA

expressed with storage protein mRNAs correspond to those
already known to regulate seed storage protein synthesis in
Arabidopsis, whereas the timing of expression of others may
be more specifically related to the delayed expression of the
legumin-class storage proteins observed in legumes.
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Introduction

More than 70% of the average human diet is derived from
seeds (essentially cereals and legumes). Seeds of cereal
species, such as maize (Zea mays) and wheat (Triticum
aestivum) are a major source of starch and contain less than
16% protein content in their main storage tissue, the endo-
sperm. Legume species such as pea (Pisum sativum),
soybean (Glycine max) or fava bean (Vicia faba) represent a
richer protein source than the major cereals, with seed pro-
tein content ranging from 20% to as much as 40%, depending
on species, genotype and environment. In most legumes, the
storage compounds accumulate essentially in the embryo
which develops surrounded by endosperm and enclosed in
the maternal integument layers. Legume seed development
commences with embryogenesis during which the embryo
undergoes a programme of cell divisions, acquires polarity
along the shoot-root axis, and the shoot and root apical
meristems are established. In the subsequent seed maturation
or seed filling period, embryo cell divisions cease and cell
expansion occurs. This stage corresponds to the deposition of
storage molecules, lipids, carbohydrates and proteins. The
economically and nutritionally important legume storage
proteins consist principally of the legumin (11S) and vicilin
(7S) globulin classes.
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The extent of transcriptional regulation in the developing
M. truncatula seed has been evaluated by a comparison between
transcriptome and proteome profiles during seed development.
This suggested that the abundances of approximately 50% of
the proteins identified, including the seed storage proteins,
were mainly regulated at the transcriptional level (Gallardo
et al. 2007). In plants, gene regulation at the level of tran-
scription is fundamental to many aspects of development.
Transcription factors (TFs) account for nearly 6% of the gene
complement of the Arabidopsis genome sequence, with many
of them being plant-specific (Riechman and Ratcliffe 2000).

Profiling of TF gene expression during seed development
has been carried out for Arabidopsis and cereals (Ruuskaet al.
2002; De Folter et al. 2004; Druka et al. 2006), and several
TFs have been independently identified by mutant analyses as
playing key roles in different steps of seed development.
Examples include regulators of the maternal contribution to
seed size (TTG2, Garcia et al. 2005), homeotic mutants of
embryo development (MONOPTEROS, Hardtke and Berleth
1998), factors governing the deposition of seed storage pro-
teins (OPAQUE2, Ungeret al. 2002; LEAFY COTYLEDON?2,
Santos Mendosa et al. 2005), and lipids (WRINKLED1, Cer-
nac and Benning 2004), and those directing other aspects of
seed maturation (e.g., desiccation tolerance, ABSCISIC
ACID-INSENSITIVE3, Parcy et al. 1995).

The aim of the present study was to provide an overview
of transcription factor genes expressed during legume seed
development. We have chosen to use the model legume
Medicago truncatula for which extensive sequence infor-
mation is available from both EST and genome sequencing
programmes (Cook 1999; Ané et al. 2008). The strategy we
employed involved a large-scale profiling of transcription
factor gene expression during seed development, using
quantitative real-time RT-PCR. Temporal changes in gene
expression of more than 700 M. truncatula TF transcripts
were identified and catalogued during seed development. A
combination of our data with a microarray transcriptome
dataset (Gallardo et al. 2007) has allowed us to assign TFs to
key phases and processes during seed development. About
80 TF genes were preferentially expressed during storage
compound accumulation, most of which could be attributed
to one of the three principal seed tissues. We have further
identified amongst these TF candidates for regulating the
sequential expression of vicilin and legumin storage protein
classes observed in legumes.

Materials and methods
Plant growth

Two independent series of M. truncatula plants (cultivar
Jemalong, line A17) representing two biological replicates
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were grown and tagged according to Gallardo et al. (2007).
~5000 seeds [1.5 g of seeds for each of the seven devel-
opmental stages ranging from 10 to 36 Days After
Pollination (DAP)] were collected, on ice to prevent
dehydration, per biological replicate. For seed tissue anal-
ysis, seed coat, endosperm and embryo were dissected from
14 DAP seeds under a magnifying glass (magnification,
%x3.5) on Petri dishes placed on ice and immediately frozen
in liquid nitrogen after tissue dissection. Flowers, leaves,
stems, and roots were collected in growth chamber at
flowering.

Total RNA isolation and cDNA synthesis

Total RNA was isolated from developing seeds according
to Chang et al. (1993). 200 pg of total RNA was treated
with RNAse free DNAse RQ ™ (Promega, Madison,
USA) for 45 min according to the manufacturer’s
instructions. The absence of genomic DNA contamination
was confirmed by real-time RT-PCR on non-reverse-tran-
scribed RNA. RNA was purified and concentrated using a
centrifugal filter (Microcon YM-30, Millipore, Bedford,
USA) before use in first strand cDNA synthesis. RT
reactions were performed using a mix of polyT(23) and
random primers with SuperScript'™ III reverse transcrip-
tase (Invitrogen, Carlsbad, USA) according to the
manufacturer’s instructions. The efficiency of cDNA syn-
thesis was assessed by real-time PCR amplification of a
control gene encoding Ubiquitin. Only cDNA preparations,
that yielded similar threshold cycle (Ct) values (i.e. 2441)
and that showed a 3'/5' ratio in the range of 1-1.5 (using
formula 2 > = € 3 for the Ubiquitin gene, were used
for comparing TF transcript levels. cDNA from the three
seed tissues was synthesised using iScript one-step reverse-
transcriptase kit (Bio-Rad, CA, USA) according to the
manufacturer’s instructions.

M. truncatula primer collection of transcription factors

A M. truncatula primer collection representing all anno-
tated M. truncatula transcription factors was generated
using available genomic databases (Udvardi et al. 2007).
This resource was constituted by 712 primer pairs corre-
sponding to 712 putative transcription factors in M.
truncatula, and including representatives of all the major
TF families. Oligonucleotide primers were designed
according to common real-time RT-PCR criteria to ensure
maximum specificity and efficiency during PCR amplifi-
cation of cDNA (Czechowski et al. 2004). The set of 712
putative TFs with corresponding BAC and TC accession
numbers as well as sequences of the primer pairs used for
amplification is listed in Table S1 of the Supplementary
Material.
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Real-time PCR conditions and analysis

Polymerase Chain Reactions were performed in an optical
384-well plate with an ABI PRISM® 7900HT sequence
detection system (Applied Biosystems, Foster City, CA,
USA) using SYBR® Green to monitor dsDNA synthesis.
Reactions, containing 2.5 pl 2X SYBR® Green master mix
reagent (Applied Biosystems, Foster City, CA, USA),
0.5 pl cDNA and 200 nM of each gene specific primer in a
final volume of 5 pl, were incubated at: 50°C for 2 min;
95°C for 10 min; and 45 cycles of 95°C for 15 s and 60°C
for Imin. Immediately after thermal cycling, a dissociation
curve was performed by heating PCR products from 60°C
to 95°C, to reveal the presence of non-specific amplicons
including primer dimerization.

Data were analysed using the SDS 2.0 software (Applied
Biosystems). All amplification plots were analysed with a
threshold of 0.3 to obtain Ct values. PCR efficiency (E) was
estimated using LinReg software with data obtained from
the exponential phase of each individual amplification plot
and the equation (1 4+ E) = 10°°P° (Ramakers et al. 2003).
To profile TFs in the three seed tissues, we used iCycler™
1Q thermal cycler with 5 pl of 2X IQ SYBR Green Super-
mix detection (Bio-Rad, Hercules, USA), 100 nM of each
gene specific primer, 2 pl of cDNA in a final volume of
10 pl. Data were analysed using iCycler™ IQ Optical
system software v.3.00 (Bio-Rad, Hercules, USA).

Selection of reference genes constitutively expressed
during Medicago truncatula seed development realized
for Real-Time RT-PCR normalization

Out of the 10 housekeeping genes [UBIQUITIN, ACTIN,
GAPDH (Glyceraldehyde 3 Phosphate Dehydrogenase),
PTB (Polypyrimidine Tract-Binding), PDF2 (Protein
Phosphatase 2A Subunit A3), PPRre (pentatricopeptide
repeat-containing), EFla (Elongation factor 1 alpha),
TUBULIN, bHLH (Basic helix-loop-helix transcription
factor) and HELICASE] present on each plate, a selection
was performed based on two methods.

Firstly, by comparison of coefficient of variation (CV)
values during seed development, and secondly by analysis
of gene expression stability (M) using geNORM software
v3.4 (Vandesompele et al. 2002). This software computes
the expression ratio between all pairwise control genes for
all stages. For an ideal control gene this ratio is the same
for all stages. The four genes with the lowest M values,
GAPDH (MtC00030_GC), ACTIN (TC107326), PDF2
(TC107161; Slabas et al. 1994) and PTB (TC111751;
Salanoubat et al. 2000) were selected as controls
(Supplementary Table S2).

For qualitative analysis in seed and non seed tissues, a
single housekeeping gene MSC27, a translationally

controlled tumor protein homolog (TC85211) (Bouton
et al. 2005), was used to normalize gene expression, the
objective being to estimate distribution of expression of the
gene.

Statistical analyses and clustering of TFs

To analyse gene profiles between the two biological rep-
licates, a one-way ANOVA (P < 0.05), using Statistica
software (Statsoft, Tulsa, OK), was performed on each TF.
In order to calculate relative TF expression levels, the
efficiency values of each amplification reaction were taken
into account using LinReg software (Ramakers et al.
2003). Amplification reactions of efficiencies lower than
1.6 were considered as missing data (approximately 11.7%
of the total reactions (2332/19852). Differences in tran-
script abundance during seed developmental stages were
also evaluated by a one-way ANOVA test (P < 0.05) and a
Student—Newman—Keuls test for each TFs using SAS
software package (SAS Institute 1999). To compare
expression profiles, expression values were adjusted by a
normal distribution. K-means clustering were performed
using Genesis software (Sturn et al. 2002) and Cluster v3.0
(Eisen et al. 1998) with the average linkage method and
visualized using TreeView v1.0.5 software.

Combination of the real-time RT-PCR profiling data
with a Mt16kOLI1 microarray dataset

To combine data from the real-time RT-PCR transcript
profiling and from microarray experiments previously
performed (Gallardo et al. 2007), all normalized real-time
RT-PCR data were expressed in log, ratios of relative
expression of the reference sample (12 DAP). Genes
present on the microarrays and real-time RT-PCR data
were hierarchically clustered using Cluster v3.0 software
(Eisen et al. 1998) according to the average linkage
method, and visualized using Java TreeView v.1.0.5. To
identify genes co-expressed with different TFs, we carried
out a correlation analysis between the gene expression
profiles from microarray dataset and different TF profiles.

Results

Strategy used to identify TFs expressed during seed
development

The profiles of expression during seed development of a
comprehensive collection of Medicago truncatula TF gene
sequences were determined at seven developmental stages
chosen based on earlier studies of seed development
(Gallardo et al. 2003, 2007). The first stage, 10 Days After
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Pollination (DAP), corresponds to late embryogenesis. The
next stage, 12 DAP, is the transition between embryogen-
esis and the onset of seed filling. The following stages
correspond to the onset of vicilin and legumin expression
(14 DAP and 16 DAP, respectively) and the peaks of
vicilin and legumin expression (20 DAP and 24 DAP). The
last stage, 36 DAP, marks the end of seed filling and the
entry into quiescence associated with desiccation (Fig. 1a).

The mRNA abundances of putative TFs were determined
at each stage using real-time quantitative reverse tran-
scription PCR (real-time RT-PCR). A primer pair collection
was designed to amplify each of the 712 TFs annotated in
the genomic IMGAG database (the International Medicago
Genome Annotation Group) and assigned to different
families (Fig. 2). The representation of different TF fami-
lies in the collection is similar to that observed for the
Arabidopsis genome (Riechman 2002; Udvardi et al. 2007).

To measure expression levels accurately, we have nor-
malized data to the geometric mean of the relative quantity
of transcript for several housekeeping genes which display
the least varying expression profiles throughout the stages
studied (Supplementary Table S2).

The threshold cycle values of the housekeeping genes,
loaded on each plate, were used to calculate the coefficients
of variation (CVs) between plates. CVs calculated as the
ratio between standard deviation and mean threshold cycle
value, were always below 0.01 (Data not shown). More
than 95% of TF transcripts (681/712) showed reproducible
profiles throughout seed development between the two
biological replicates (Pearson’s correlation coefficient,
r = 0.93). This linear correlation was observed for
expression values above 10~ (Supplementary Figure S1).
The 72% (512/712) of genes, whose expression was
detected above this threshold for at least one stage during
seed development, and which were consistent between the
two biological replicates, were selected for further analysis
(Supplementary Table S3).

Analysis of TF expression profiles during seed
development

To group the TFs expressed at specific stages of develop-
ment, and hence to relate them to possible functions, we
performed a hierarchical clustering of the profiles, along
with real-time RT-PCR expression data for genes encoding
the major M. truncatula seed storage proteins of the glob-
ulin-type. Using one-way ANOVA and Student-Newman-
Keuls tests, we divided TFs into two different groups: those
differentially expressed and those constitutively expressed
during seed development. Approximately 67% of the TFs
(343/512) are expressed throughout seed development. A k-
means clustering was performed on the remaining 33% of
TFs (169/512) that are differentially expressed during seed
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Fig. 1 (a) Time course of M. truncatula seed development, with the
timing of accumulation of the main Seed Storage Protein (SSP) classes.
(b) Averaged Profiles of mRNA abundance during seed development
for TF clusters I-VI. The log, of the normalized expression values (i.e.
adjusted by a normal distribution) was calculated for classification into
clusters. For each cluster, the median of these values at each stage is
represented in graphic form (£SD), showing that each cluster has a
characteristic peak of expression at a particular developmental stage. (c)
Heat-maps for the two independent biological replicates (Repl and
Rep2) of TF expression profiles from each cluster during seed
development (10, 12, 14, 16, 20, 24 and 36 days after pollination,
respectively). 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. The number of TFs present in each
cluster is indicated. The identity of the TFs present in different clusters
and their expression profiles are given in Supplementary Table S4

development. This cluster analysis revealed six different
clusters of genes which correspond to expression profiles at
different developmental stages (Fig. 1b and Supplementary
Table S4). We observe major differences in TF family
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Fig. 2 Overview of the M. (A)
truncatula TF families present
in the primer set collection. (a)
All 712 genes were classified
into TF families. The Number
of TF members of each family is
indicated. (b) The subgroups
belonging to the Zinc-Finger
superfamily are represented
with the number of genes in
each subfamily
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distributions between different clusters and therefore in the
proportions of different TF families expressed at different
stages of seed development (Fig. 3).

The first cluster (Cluster I), corresponding to late
embryogenesis, contains 41 genes which are preferentially
expressed at 10 DAP. 14 of these genes are Zn-Finger
family members, including sequences related to five
WRKY (Eulgem et al. 2000), and notably three C2H2 type
factors (Takatsuji 1999). In addition, five AP2/ERFs, four
MADS and four MYB factors, one E2F-type cell prolif-
eration factor (Sozzani et al. 2006) and a putative
orthologue of the homeodomain MERISTEM LAYER 1
protein (Lu et al. 1996) were expressed at this stage. The
following clusters (Clusters II-V) contain 80 TFs, with
peaks of expression during seed filling (between 12 and 36
DAP). Cluster II (12-14 DAP) contains genes which are
upregulated just before storage protein synthesis, marking
the switch between embryogenesis and seed filling. This
cluster includes candidate orthologues of genes already
implicated in this transition phase such as LEAFY COT-
YLEDONI1-LIKE (Kwong et al. 2003) and CUP-SHAPED
COTYLEDON LIKE (CUC-LIKE) (Aida et al. 1999).
After 14 DAP, embryo cell divisions cease, and cellular
expansion phase begins, during which the principal seed
reserves accumulate. The three following clusters, III, IV,
and V, correspond to genes concomitantly expressed with
vicilin (TC100302) (16-20 DAP), legumin K (TC100253)
(20-24 DAP) and legumin A (TC100252) (24-36 DAP).
In M. truncatula, a clear phasing in the accumulation of

%\\\\\‘ _H_-_H_-EHF\ZQ\Fmger 262

MYB 67

GRAS transcription factor 10

Jumonji, JmjN 10} BTB/POZ 7
Bromodomain 7

Auxin response factor

K-box 6 (ARF) 6

E2F/dimerisation partner (TDP) 5
CBF/NF-Y 5

Y Bl

(B) Zn-Finger family:
Zn-finger, CCHC type 107
Others 108 :

Zn-finger, C-x8-C-x5-
C-x3-H Type 13

‘

‘|— Zn-finger, Dof type 10

Zn-finger, GATA type 4
Zn-finger, C2H2
type 44

Zn-finger, RING 12
' Zn-finger, U1-like 3
; Zn-finger, B-box 4

\
1Zn-finger, A20-like 2

Zn-finger TTF type 6
Zn-Finger GRF 7
Zn-Finger DHHC 12

Zn-Finger WRKY 19

Zn-finger-like, PHD finger 31

ZF-HD homeobox protein
Cys/His-rich dimerisation region 3

transcripts for different globulin classes is observed
(Gallardo et al. 2003, 2007). Vicilin mRNA synthesis starts
around 14 DAP, with maximum accumulation around
20 DAP, whereas legumin K transcript accumulation
begins and peaks around 4 days later than vicilin (Fig. 4).
Corresponding differences in the timing of transcript
accumulation of the different legumin classes, legumin K
and legumin A, are also observed. TFs from clusters III to
V include possible orthologues of regulators of seed stor-
age protein synthesis in other species including B3 domain,
bZIP, DOF and MYB family members (Fig. 4 and Sup-
plementary Table S4).

Finally, cluster VI contains genes expressed during the
dessication phase (36 DAP). A total of 48 genes are
expressed at this stage constituting the largest group of
differentially-expressed TFs. Most of the TFs in this group
belong to the Zn-Finger and MYB families. The bulk of the
mRNA accumulated at this stage is stored and used for
protein synthesis during subsequent germination, and cer-
tain of these TFs may represent potential regulators of
germination performance, which is largely programmed
during seed maturation (Rajjou et al. 2003).

Distribution of the TFs in the three component seed
tissues during seed maturation

To get a better understanding of the roles played by indi-

vidual TFs, we have analyzed their expression profiles by
real-time RT-PCR in seed coat, endosperm and embryo
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Fig. 3 Frequency analyses of
different families of
transcription factor classes
expressed at different stages of
seed development. The 169 TFs
present in different clusters
(Cluster I-VI) were classified
into TF families
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isolated from seed collected at 14 DAP. This stage repre-
sents the onset of seed filling and is also characterized by
remobilization of endogenous reserves from endosperm to
the embryo. We have also analyzed expression in roots,
flowers and leaves, to assess overall cell-type specificities.
The data were normalized to the gene MSC27 (TC85211)
(Bouton et al. 2005), a translationally controlled tumor
protein homolog, previously validated in a M. truncatula
comparative study using three other housekeeping genes.
Among the 80 TFs preferentially expressed during seed
filling, the 41 highest expressed candidates were selected
for further analysis of their seed tissue specificity. We have
taken as a working definition of tissue-type specificity a
greater than 20-fold difference in transcript abundance
between the expressing and the non-expressing cell type
examined (Czechowski et al. 2004).

Three of the 41 TFs profiled by real-time RT-PCR gave
no detectable transcript in any seed tissue examined,
probably due to their lack of expression at 14 DAP. Six TFs
were concomitantly expressed in all three seed tissues and
are expressed throughout seed filling (Table 1). The
remaining factors were classified according to their pref-
erential sites of expression in seeds, (Table 1), although
some are also highly expressed in other tissues.

TF genes preferentially expressed in seed coat or seed
coat plus endosperm

Six TFs were expressed in the seed coat (group 1 in
Table 1). They belong to the MYB, B3 domain, AP2/ERF,
bZIP and MADS box families. Two of them displayed a
seed coat-specific expression: a MYB R2R3 factor
(1212.m00019) and an AP2/ERF member (1162.m00011).
The remaining four TFs are expressed in the seed coat but
also in other plant organs. They include a MADS Box
factor (1274.m00002) closely related to AGAMOUS LIKE?2
(AGL2, Flanagan and Ma 1994) (Tblastx, score = le—62),
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which displays a similar expression level in flower and
seed coat, and a second MYB factor (727.m00020) with a
R2R3 domain. Among this group were also an Auxin
Response Factor (1372.m00012) closely related to auxin-
responsive protein in Arabidopsis and a bZIP factor
(732.m00026) which is a putative orthologue of ATB2
(Tblastx, score = 5e-43) (Weber et al. 1995). This group is
made up of genes expressed at stages which extend
throughout seed filling. Our study also revealed six TFs
expressed in both seed coat and endosperm of which three
are seed-specific (group 2 in Table 1). This group includes
essentially Zn-finger TFs (2 CCHC, 1 DOF and 1 RING
type), none of which are obvious orthologues to Arabid-
opsis genes. The majority of these TFs are expressed early
during seed filling when the seed coat and endosperm are
active in supplying nutrients to the developing embryo.

TF genes preferentially expressed in embryo
and/or endosperm

Six TF genes were expressed in endosperm tissue of the
seed, of which three are endosperm-specific (group 3,
Table 1). Whereas nine TFs were co-expressed in endo-
sperm and embryo (group 4, Table 1), including sequences
closely related to TFs of known function in Arabidopsis
such as a CCAAT-box binding factor (1347.m00026)
related to LEAFY COTYLEDON 1 LIKE (LECI-LIKE or
LIL) (Tblastx, score = 6e—53) and an AP2 factor
(1376.m00008) related to ABSCISIC ACID INSENSITIVE-
4 (ABI4) (Tblastx, score = 3e—33) (Finkelstein et al.
1998). Only two of the nine TFs displayed seed-specific
expression (LECI-LIKE and ABI4-LIKE). Most of the TFs
in this group are preferentially expressed at 12-14 DAP
(i.e. at the onset of filling).

Finally, five TFs are preferentially expressed in the
embryo (group 5 in Table 1). Four of these are seed- and
embryo- specific, and include bHLH, bZIP and two B3
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Fig. 4 Expression profiles of the three major M. truncatula seed
storage protein genes and of the corresponding TF cluster. The
continuous line represents storage protein mRNA profiles from 10 to
36 DAP, determined by real-time RT-PCR [(a) vicilin (TC100302),
(b) legumin K (TC100253) and (c) legumin A (TC100252)]. The bars
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domain types. Interestingly, all five embryo-expressed
mRNAs of this group were expressed either in the cluster
associated with vicilin (14-16 DAP) or with that associated
with legumin K (20-24 DAP) genes. This group also
contains a WRKY type TF sequence (920.m00011) also
highly expressed in roots and flowers.

Identification of genes co- expressed with TFs
in the seed tissues

To combine data from the real-time RT-PCR transcript
profiling and from microarray experiments previously per-
formed (Gallardo et al. 2007), we have first confirmed by 2D
SDS-PAGE that the two sets of seed samples used displayed
identical timing of protein accumulation (Data not shown).
Further, all normalized real-time RT-PCR data were
expressed as log, ratios of relative expression of the 12 DAP
reference sample. A comparison of TF expression profiles
obtained by real-time RT-PCR and microarray was then
performed. Of the 169 TFs identified by real-time RT-PCR
as being differentially expressed throughout seed develop-
ment, approximately 40 were also present in the microarray
dataset. Although the microarray dataset is less exhaustive,
broadly similar expression patterns were observed for both
experiments, thus validating our real-time RT-PCR results
based on a different technique and normalization procedure.
To propose hypotheses about the roles of individual TFs, we
combined the expression profiles of the transcription factors
preferentially expressed in one seed tissue, obtained by real-
time RT-PCR, with profiles of seed expression of
16,000 mRNA sequences obtained by microarray-based
transcriptomics (Gallardo et al. 2007). We selected 17 genes
from the RT-PCR experiment which exhibit expression in
only one seed tissue, disregarding any expression in other
plant tissues. Of these, six genes were expressed in seed coat,
six in endosperm and five in embryo. Of the microarray-
derived gene list, 2,496 showed seed tissue-specific expres-
sion with less than 20% of missing data throughout seed
development, 1,694 being specifically expressed in the
embryo, 431 in the endosperm and 371 in the seed coat. A
hierarchical cluster analysis was performed between
expression profiles of these genes and those of the TFs.

To identify genes co-expressed with different TFs, gene
expression profiles were considered as co-expressed when
showing a correlation higher than 0.9. This analysis
revealed that whereas for certain TFs many sequences are
co-expressed [e.g. a WRKY factor, (920.m00011), which is
co-expressed with 50 genes], for others only a few co-
expressed genes were identified [e.g. a B3 domain
(1299.m00024) which co-clustered with 6 genes] (Fig. 5
and Supplementary Table S5). Four TFs [MYB
(1212.m00019), bZIP (732.m00026), DOF (1147.m00025)
and a homeodomain factor (951.m00006)] co-clustered
with only one gene. Moreover, three TFs [Zn Finger HD
(783.m00019), MYB (727.m00020) and B3 domain
(1372.m00012)] did not correlate with any gene expression
profiles from the non-exhaustive microarray dataset.

Figure 5 shows putative functions of the co-expressed
genes based on the Mapman ontology (Usadel et al. 2005).
First, three of the six TFs preferentially expressed in seed
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Table 1 Expression patterns of genes identified during seed filling in
the three seed tissues (Seed Coat, Endosperm, Embryo) and in non-
seed plant tissues (Leaf, Flower, Root). 41 TFs are ranked according
to their expression profiles into different seed tissues. TF descriptions
are indicated according to tentative annotations using Blastx and the

NCBI database. TBlastx analyses using AtGI database were per-
formed and according to their expression patterns from ATHI 22K
array data, putative Arabidopsis orthologues are indicated. Corre-
sponding clusters of TFs (according to Fig.-31) are also indicated with
their expression profiles throughout seed development

Group

ID

Description

Annotatio
n

Cluster

Seed tissue pattern (Leaf L, Flower F,
Root R, Seed Coat SC, Endosperm Eo,
Embryo E)

Tblastx using AtGl DataBase

Putative A.
thaliana
Orthologues

1- SEED COAT

1212.m00019

MYB R2R3

TC97994

16-20 DAP

TC288716 GBIAAS10022.11416190941AY519552 MYB transcription factor
{Arabidopsis thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 1497 Score = 315 bits (688), Expect(4) = 16-97
Identities = 121/148 (81%), Positives = 136/148 (91%)

At109540

1162.m00011

AP2/ERF

TC104338

24-36 DAP

TC283385 UPIBBM_ARATH (Q6PQQ4) Protein BABY BOOM (AtBBM),

omplete
Length = 1756 Score = 454 bits (995), Expect(4) = e-130
Identities = 188/233 (80%), Positives = 206/233 (88%)

At5g17430

1274.m00002

Transcription factor MADS Box,K-box

AC137823

12-14 DAP

TC293355 UPISEP2_ARATH (P29384) Developmental protein SEPALLATA2
(Agamous-like MADS-box protein AGL4), complete
Length = 1309 Score = 178 bits (385), Expect(4) = 1e-62
Identities = 75/100 (75%), Positives = 90/100 (90%)

At3g02310

727.m00020

Homeodomain-like;MYB R2R3

TC108487

12-14 DAP

FSCR

TC293983 UPIMYB4_ARATH (Q9SZP1) Transcription repressor MYB4
(Myb-related protein 4) (AMYB4), complete
Length = 1013 Score = 322 bits (698), Expect(3) = 1e-91
Identities = 122/131 (93%), Positives = 129/131 (98%)

At4g38620

1372.m00012

Transcrij

Aux/IAA_ARF_dimerisation

AL381971

20-24 DAP

SCRLF

TC280496 UPIARFS_ARATH (Q8RYC8) Auxin response factor 19
(Auxin-responsive protein 1AA22), complete
Length = 3807 Score = 897 bits (1960), Expect(4) = 0.0
Identities = 359/472 (76%), Positives = 396/472 (83%)

At1g19220

732.m00026

)transcr

TC94673

16-20 DAP

SCFR

2- SEED COAT + ENDOSPERM

1020.m00007

Zn-finger-like, RING type

AC143340

16-20 DAP

TC287763 UPIO65683_ARATH (065683) BZIP transcription factor ATB2,
complete Length = 1314 Score = 155 bits (333), Expect(2) = 56-43
Identities = 67/93 (72%), Positives = 85/93 (91%)

Atdg34s590

EoSC

TC289525 UPIATXR5_ARATH (Q8VZJ1) Histone-lysine N-methyltransferase
ATXRS (Trithorax-related protein 5) (TRX-related
protein 5) (Protein SET DOMAIN GROUP 15) , complete
Length = 1360 Score = 107 bits (229), Expect = 5e-2

1296.m00013

Basichelix-loop-helix dimerisation region bHLH

AC148528

12-14 DAP

EoSC

NP235826 GBIACO011807.4IAAG13058.1 Hypothetical protein
Length = 903 Score = 85.9 bits (182), Expect(4) = 6e-30
Identities = 35/44 (79%), Positives = 39/44 (88%)

721.m00015

Noapicalmeristem(NAM)protein

BF645682

12-14 DAP

EoSC

TC284111 UPIO81790_ARATH (081790) NAM / CUC2-like protein, complete
Length = 1654 Score = 297 bits (644), Expect = 2¢-80
Identities = 115/166 (69%), Positives = 134/166 (80%)

969.m00001

Zn-finger,Doftype

TC95605

20-24 DAP

EoFRSC

TC284700 GBIAAM61191.11215368591AY084628 H-protein promoter binding
factor-2a {Arabidopsis thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 1818 Score = 165 bits (361), Expect(7) = 4e-70
Identities = 61/91 (67%), Posit

1347.m00004

Zn-finger,CCHCtype

AC151709

16-20 DAP

REOFSC

NP455327 GBIAC005561.3IAAM15062.1 putative retroelement integrase
[Arabidopsis thaliana] Length = 3648
Score = 75.8 bits (159), Expect(4) = 3e-40
Identities = 28/55 (50%), Positives = 38/55 (69%)

879.m00019

Zn-finger,CCHCtype

AC135606

24-36 DAP

EoSCRL

NP180276 GBIAL138658.1(CAB75932.1 putative protein
Length = 4020 Score = 103 bits (222), Expect(2) = 7e-22
Identities = 53/140 (37%), Positives = 83/140 (59%)

3- ENDOSPERM

1147.m00025

Zn-finger,Doftype

AC146855

12-14 DAP

TC288872 UPIDOF56_ARATH (Q9FMO3) Dof zinc finger protein DOF5.6
(AtDOF5.6), complete Length = 1562
Score = 142 bits (305), Expect = 1e-33
Identities = 49/63 (77%), Positives = 56/63 (88%)

783.m00019

ZF-HDhomeoboxproteinCys/His-
richdimerisationregion

AC125474

12-14 DAP

. i

TC290930 RFINP_178358.1115226993INM_126310 transcription factor
{Arabidopsis thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 1205 Score = 103 bits (219), Expect(2) = 2¢-39
Identities = 35/50 (70%), Positives = 44/50 (88%)

1235.m00014

MybSt1

TC107215

24-36 DAP

. I

TC300443 UPIQILVSO_ARATH (QILVS0) Myb-related transcription
activator-like (MYB transcription factor), complete
Length = 1622 Score = 202 bits (443), Expect(5) = 2e-93
Identities = 90/140 (64%), Positives = 99/140 (70%)

853.m00019

DNA-bindingWRKY

AC135100

12-14 DAP

EoFR

TC286886 UPIWRK23_ARATH (022900) Probable WRKY transcription factor
23 (WRKY DNA-binding protein 23), complete
Length = 1852 Score = 152 bits (327), Expect = 2¢-36
Identities = 60/92 (65%), Positives = 69/92 (75%)

814.m00021

Myb,DNA-binding;Homeodomain-like

AC126794

12-14 DAP

TC290418 RFINP_850213.1130685749INM_179882 transcription factor
{Arabidopsis thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 1227 Score = 191 bits (415), Expect(2) = 2-62
Identities = 78/133 (58%), Positives = 96/133 (72%)

951.m00006

Helix-turn-helixmotif,lambda-

AC139525

12-14 DAP

TC294039 UPIQOLZRO_ARATH (Q9LZR0) Homeodomain-like protein,
complete
Length = 773
Score = 158 bits (339), Expect = 6e-39
Identities = 65/84 (77%), Positives = 74/84 (88%)

At5g03790

4- ENDOSPERM + EMBRYO

1347.m00026

Transcription factor CBF

AC151709

12-14 DAP

1376.m00008

AP2/ERF

AC144729

24-36 DAP

| TC296290 UPINFYB6_ARATH (Q84W66) Nuclear transcription factor Y subuni
B-6 (ANF-YB-6) (Protein LEAFY COTYLEDON
1-LIKE), complete
Length =705 Score = 205 bits (443), Expect = 6e-53
Identities = 81/96 (84%), Positives = 90/96 (93%

At5g47670

TC290286 UPIO81138_ARATH (081138) AP2 domain family transcription
factor homolog (AP2 domain transcription factor)
(ABl4:abscisic acid-insensitive 4) (ABI4), complete
Length = 1006 Score = 141 bits (302), Expect = 3-33

At240220

838.m00001

Noapicalmeristem(NAM)protein

AC131026

24-36 DAP

EFEo

TC290097 cup-shaped cotyledon 3 [Arabidopsis thaliana]
Length = 1105 Score = 218 bits (471), Expect(3) = 5e-81
Identities = 84/104 (80%), Positives = 92/104 (88%)

894.m00007

HSF/ETS,DNA

1SF)-

type,DNA-binding

TC111052

20-24 DAP

EFEo

NP306620 GBIAC083835.5/AAG50634.1 heat shock transcription factor,
putative  Length = 1047 Score = 235 bits (507), Expect(2) = 3e-81
Identities = 88/106 (83%), Positives = 98/106 (92%)
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Table 1 continued

Group|

Description

Annotatio
n

Cluster

Seed tissue pattern (Leaf L, Flower F,

Root R, Seed Coat SC, Endosperm Eo,

Embryo E)

Tblastx using AtGl DataBase

Putative A.
thaliana
Orthologues

4- ENDOSPERM + EMBRYO

904.m00009

Homeobox

AC137078

1214 DAP

FEOE

TC289709 GBIAAP37133.1I137909316/AY251394 WOX1 protein {Arabidopsis
thaliana} (exp: wgp=0; cg=0), complete
Length = 1125 Score = 153 bits (329), Expect(4) = 5e-41
Identities = 60/71 (84%), Positives = 66/71 (92%)

1099.m00005

probableDNA-bindingproteinT6L1.1-

Arabidopsisthaliana

AC146570

20-24 DAP

RFLEEo

TC288659 RFINP_564944.1118409132INM_105555 DNA binding {Arabidopsis
thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 1473 Score = 133 bits (285), Expect(3) = 1e-59
Identities = 60/92 (65%), Positives = 70/92 (76%)

849.m00014

Zn-finger, RING

TC107912

12-14 DAP

FREOEL

TC304386 RFINP_850517.1130679533INM_180186 DNA binding {Arabidopsis
thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 1616 Score = 178 bits (383), Expect(6) = 3e-81
Identities = 63/83 (75%), Positives = 73/83 (87%)

749.m00018

AP2/ERF

TC104693

12-14 DAP

FREEoL

TC296179 UPIQ8LC30_ARATH (Q8LC30) AP2 domain containing protein
RAP2.1 (At1g46768), complete
Length =790 Score = 138 bits (297), Expect(3) = 4e-37
Identities = 54/69 (78%), Positives = 59/69 (85%)

1407.m00028

AP2/ERF

TC102662

1214 DAP

FREEoL

TC293150 GBIAAF16760.116560760|AC010155 F3M18.21 {Arabidopsis
thaliana} (exp=0; wgp=1; cg=0), complete
Length = 1165 Score = 148 bits (318), Expect(2) = 7e-42
Identities = 58/67 (86%), Positives = 62/67 (92%)

5- EMBRYO

762.m00015

AC124214

16-20 DAP

TC290791 RFINP_195498.3130691602INM_119946 DNA binding {Arabidopsis
thaliana} (exp=-1; wgp=0; cg=0), partial (85%)
Length = 952 Score = 88.6 bits (187), Expect(3) = 8¢-32
Identities = 36/43 (83%), Positives = 42/43 (97%)

1018.m00015

TranscriptionalfactorB3

AC143338

16-20 DAP

NP452946 GBIAC007266.5|AAD26893.1 hypothetical protein [Arabidopsis
thaliana]
Length = 2700 Score = 35.4 bits (71), Expect = 0.040
Identities = 15/62 (24%), Positives = 29/62 (46%)

1240.m00018

(bZIP)transcri

AC149134

20-24 DAP

TC307477 UPIQILES3_ARATH (QOLES3) Promoter-binding factor-like
protein (ABA-responsive element binding protein 3) (AREBS), complete
Length = 1763 Score = 181 bits (393), Expect(s) = 3e-81
Identities = 79/93 (84%), Positives = 85/93 (91%)

1299.m00024

TranscriptionalfactorB3

AC149131

16-20 DAP

TC297773 UPIO82411_ARATH (082411) FUSCA3, complete
Length = 1066 Score = 230 bits (497), Expect(3) = 1e-67
Identities = 92/120 (76%), Positives = 107/120 (89%)

At3926790

920.m00011

DNA-bindingWRKY

BI309213

20-24 DAP

FRLE

TC291152 UPIWRK13_ARATH (Q9SVB7) Probable WRKY transcription factor
13 (WRKY DNA-binding protein 13), complete
Length = 922 Score = 194 bits (418), Expect(2) = 3e-50
Identities = 75/96 (78%), Positives = 83/96 (86%)

At4g39410

6- SEED COAT + ENDOSPERM + EMBRYO

1194.m00007

Basichelix-loop-

helixdimerisationregionbHLH;Helix-loop-helixDNA

binding

BI310616

16-20 DAP

E0ESC

TC293021 RFINP_568666.1118422702INM_124039 DNA binding {Arabidopsis
thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 1208 Score = 133 bits (284), Expect(3) = 6e-64
Identities = 53/71 (74%), Positives = 64/71 (90%)

965.m00015

Zn-finger,Doftype

TC104194

20-24 DAP

EoERSC
F

TC285754 UPIDOF52_ARATH (Q@3ZL5) Dof zinc finger protein DOF5.2
(AtDOF5.2), complete
Length = 1804 Score = 188 bits (414), Expect(7) = 5e-79
Identities = 74/104 (71%), Positives = 82/104 (78%)

At5g39660

878.m00030

Myb,DNA-binding;Homeodomain-like;MADF

AC135565

24-36 DAP

FEE0SC
R

TC282414 GBIAAP37748.1130725452|BT008389 At5g28300 {Arabidopsis
thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 2046 Score = 137 bits (296), Expect(5) = 6e-94
Identities = 53/62 (85%), Positives = 57/62 (91%)

At5g28300

935.m00020

Zn-finger,CCHCtype;HITZn-finger

TC98775

24-36 DAP

EoFLSC
ER

TC305201 homologue to UPIQ3EBD3_ARATH (Q3EBD3) Protein At3g02065,
partial (22%)
Length = 509
Score = 70.1 bits (147), Expect = 9e-12
Identities = 24/33 (72%), Positives = 30/33 (90%)

1020.m00006

Zn-finger-like,PHDfinger;FYVE/PHDzincfinger;Zn-

finger,RING

AC143340

12-14DAP

EoRSCF
EL

TC289525 UPIATXR5_ARATH (Q8VZJ1) Histone-lysine N-methyltransferase
ATXRS5 (Trithorax-related protein 5) (TRX-related
protein 5) (Protein SET DOMAIN GROUP 15) , complete
Length = 1360 Score = 79.4 bits (167), Expect = 1e-14
Identit

742.m00011

bZIPtranscriptionfactor

TC94788

24-36 DAP

RLEoF
SCE

TC284026 UPITGA2_ARATH (P43273) Transcription factor TGA2 (HBP-1b
homolog) (AHBP-1b) (AtbZIP20), complete
Length = 1649
Score = 368 bits (808), Expect(2) = e-133
Identities = 155/223 (69%), Positives = 187/223 (83%)

At5g06950

No Amplification

192.m00189

MYBtranscriptionfactor-related

AC140030

24-36 DAP

TC290212 RFINP_177115.1115222362INM_105625 MYB105; DNA binding
{Arabidopsis thaliana} (exp=-1; wgp=0; cg=0), complete
Length = 1181 Score = 270 bits (584), Expect = 6e-72
Identities = 103/114 (90%), Positives = 114/114 (100%)

833.m00018

Zn-finger,CCHCtype

AC130807

24-36 DAP

NO AMPLIFICATION

NP453948 GBIAC006570.6/AAD20658.1 putative retroelement pol
polyprotein [Arabidopsis thaliana]
Length = 4836 Score = 309 bits (670), Expect(5) = e-99
Identities = 126/210 (60%), Positives = 157/210 (74%)

1158.m00005

bZIPtranscriptionfactor

BI310836

24-36 DAP

NO AMPLIFICATION

TC286600 UPIQ9SINO_ARATH (Q9SJINO) Abscisic acid insensitive 5 (ABI5)
(BZIP protein), complete
Length = 1713 Score = 168 bits (367), Expect(5) = 5e-85
Identities = 77/117 (65%), Positives = 87/117 (74%)

At2g36270

coat are co-expressed with genes involved in amino acid
and secondary metabolism. Two of the six TFs expressed in
endosperm (WRKY, 853.m00019 and MYB, 814.m00021)
are co-expressed with the same set of genes, mainly related
to sugar metabolism (e.g. a sucrose synthase, TC85400),

signalling and transport, and one (1235.m00014) is co-
expressed with genes of lipid metabolism and late
embryogenesis abundant proteins.

Of the five TFs preferentially expressed in the embryo,
two groups could be identified. One is composed of two TFs
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Fig. 5 Functional classification of genes co-expressed with different
transcription factors in the three seed tissues (embryo, endosperm and
seed coat). All TFs expressed in one seed tissue at 14 DAP are
represented along with the corresponding cluster of co-expressed
genes (microarray dataset from Gallardo et al. 2007). The number of
co-expressed genes is indicated along with the cluster, and the
annotation into functional classes according to Mapman (Usadel et al.
2005). Co-expressed TFs having the same co-expressed genes are
listed together. Seven TFs have not been represented in this figure: for

(bZIP, 1240.m00018 and bHLH, 762.m00015) associated
with numerous biological processes (e.g. metabolism,
DNA/RNA and protein regulation, cell organization,
transport) but not with seed storage proteins. The other
group contains three TFs co-expressed with seed storage
protein genes: a WRKY factor (920.m00011) and two B3
domain factors, (1018.m00015 and 1299.m00024).

Discussion

Large scale profiling of transcription factors during
seed development

This study represents the first high throughput real-time
quantitative RT-PCR profiling of legume transcription
factors throughout a developmental process and the most
comprehensive profiling study of TFs in developing seeds.

@ Springer

three (783.m00019, 727.m00020 and 1372.m00012), there were no
co-expressed gene profiles in this microarray dataset and four TFs,
(1212.m00019, 732.m00026, 1147.m00025 and 951.m00006), are
only co-expressed with one target. A list of co-expressed genes
belonging to the “development, storage and LEA proteins” functional
class is detailed for three TFs (1299.m00024, 1018.m00015 and
920.m00011). The complete list of co-expressed genes (with TC and
name) for each TF is given in Supplementary Table S5

In total, of 712 M. truncatula putative TFs examined, 512
(72%) were expressed at least at one stage during seed
development. This result supports earlier observations that
a majority of TFs are expressed constitutively throughout
the plant but at very low levels in most cell types (Walling
et al. 1986) which may be overlooked in DNA microarray
analyses (Chen et al. 2002; Czechowski et al. 2004). The
high sensitivity and broad linear response range of this
technology has allowed us to identify the low abundance
TF transcripts including those that could be associated with
developmental transitions (Putterill et al. 1995; Long et al.
1996; Mayer et al. 1998). However, among the 512 TFs
expressed during seed development, 343 were not differ-
entially expressed from 10 to 36 DAP. The remaining 169
were classified into six clusters covering major develop-
mental stages. Based on profiling data, TFs were associated
with late embryogenesis processes (41 TF genes); the
transition between embryogenesis and seed filling (28); the
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synthesis of vicilin (15), legumin K (15) and legumin A
(22), and with desiccation (48) (Figs. 1, 4).

We have carried out a more detailed analysis of 41 TFs
which showed the highest relative expression, on the
assumption that they are less likely to be substitutable by
other genes, and that functions would be more readily
attributable to them. First, by determining the seed tissue
distribution of the 41 TF transcripts, 17 were found to be
preferentially expressed in a particular seed tissue at one
stage (14 DAP). Second, a comparison of this sub-group of
17 TFs with the expression profiles of 16,000 M. truncatula
genes, (Mtl6kOLIl microarray dataset, Gallardo et al.
2007), allows us to propose hypotheses about biological
roles for these factors.

A comparison between expression profiles of these
M. truncatula TFs and their putative orthologues in
Arabidopsis suggests conserved and distinct elements of
transcriptional regulation during seed development.

Conservative transcriptional regulation between legume
and Arabidopsis seed development

Out of 41 TFs, we found 19 putative orthologues in Ara-
bidopsis according to amino acid sequence alignments.
Using the ATH1 22K array data (www.genevestiga-
tor.ethz.ch), we observed that the majority of these (15/19)
show similar expression patterns to the closely related
M. truncatula sequences (Table 1 Supplementary data
Table S6). Two of them are known to regulate seed size in
Arabidopsis (Garcia et al. 2005) and are preferentially
expressed in the seed coat (Table 1). One encodes an
Auxin Response Factor-type (1372.m00012, Table 1)
which could be involved in determining seed size (Schruff
et al. 2006) and the second is a bZIP factor (732.m00026,
Table 1), related to ATB2 (Rook et al. 1998), could
influence hexose concentration, known to control seed size,
by activation of cell wall invertase. Its expression during
the early stages of seed filling supports a role for this factor
in the control of assimilate supply to the embryo with
invertases as possible targets.

Two further M. truncatula TF genes expressed during
seed filling encode a CCAAT binding factor (1347.m00026,
Table 1) closely related to LEAFY COTYLEDON I(LECI),
which coordinates embryo morphogenesis and maturation
phases in Arabidopsis (Lothan et al. 1998; Kagaya et al.
2005) and an ABI4-related sequence (1376.m00008,
Table 1). ABI4 is a regulator of sugar and ABA-mediated
gene repression, with effects on seed maturation in com-
bination with LEAFY COTYLEDON genes (Brocard-
Gifford et al. 2003). Another embryo-expressed TF encodes
a B3 domain transcription factor, putatively orthologous
to FUSCA3 (FUS3) (1299.m00024, Table 1) (Tblastx,
score = le—67), which is a direct regulator of seed storage

protein gene transcription in Arabidopsis (Parcy et al.
1997). It may be significant that this gene is co-expressed
during seed filling with another B3 domain factor
(1018.m00015, Table 1), as in Arabidopsis embryo two B3
domain factors, FUSCA3 and ABI3, act in synergy. A
hierarchical clustering of expression profiles of these B3
domain genes with the Mt16kOLI1 microarray dataset
identified four encode vicilin-type seed storage proteins and
an oleosin among the six co-expressed genes (Fig. 5).

Legume specificity in transcriptional regulation during
seed development and differences in the fine regulation
of legume and Arabidopsis seed storage protein gene
expression

All the TFs identified as preferentially expressed in the
seed coat identified have putative orthologues (i.e.
sequence homology plus similar expression profile) in
Arabidopsis, suggesting similar mechanisms of regulation.
In contrast, for 63% (26/41) of the other M. truncatula TFs,
there was no unambiguous corresponding orthologue in
Arabidopsis (Supplementary Table S6), despite finding
putative orthologues in other legumes, raising the possi-
bility of “legume-specific” TFs (Graham et al. 2004).

As an example, three out of the five embryo TF genes
lack obvious orthologues among Arabidopsis sequences or
other NCBI accessions. These TFs, belonging to three
different families (bHLH, B3 domain and bZIP), are
expressed during seed filling with an embryo and seed
specificity. Whereas in Arabidopsis the two major storage
globulins and the albumins are co-ordinately transcribed
(data from the ATHI1 22K array available at www.gene-
vestigator.ethz.ch), implying a common transcriptional
regulation, in legumes vicilins and legumins accumulate
successively (Meinke et al. 1981; Walling et al. 1986;
Gatehouse et al. 1986; Boulter et al. 1987). Although this
phasing has been widely observed in legumes, the mech-
anism of regulation involved has not been investigated, but
may involve different TFs.

Models for transcriptional regulation of vicilin
and legumin genes

Previous studies on other dicotyledonous species, essen-
tially on Arabidopsis, suggest a model for coordinate
transcriptional regulation of seed storage protein synthesis
(Fig. 6a). M. truncatula factors corresponding in tissue-
specificity and timing of expression to the main players in
this model have been indicated. Before seed filling storage
protein promoters are thought to be repressed by a mech-
anism involving the bZIP factor ROMI1 (Chern et al.
1996b) [see M. truncatula candidate gene 1010.m00004 in
Fig. 6(b) A]. During seed filling, storage protein gene
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(A) :
BEFORE SEED FILLING:

A ROM1

TATA Box

ROM2 H

A, .

ABISEEL b2IP s
AACA GBox RY

Fig. 6 (a) Regulatory elements and interacting factors implied in
regulating Seed Storage Protein gene promoters: A synthetic model
for the transcriptional regulation of Seed Storage Protein (SSP) in
dicotyledonous plants, based on data from Arabidopsis and Phaseolus
vulgaris (Chern et al. 1996a, b; Reidt et al. 2000; Diaz et al. 2002;
Kroj et al. 2003; Kwong et al. 2003; Lara et al. 2003; Bensmihen
et al. 2005; Kagaya et al. 2005; Suzuki et al. 2007; Tsukagoshi et al.
2007). Boxes represent conserved sequence motifs: AACA motifs,

transcription is promoted by the combined action of the B3
domain proteins LEAFY COTYLEDON2 (LEC2)
[Fig. 6(b) B], FUS3 [Fig. 6(b) C] and ABSCISIC ACID
INSENSITIVE-3 (ABI3) [Fig. 6B, Reidt et al. 2000 and
Kroj et al. 2003], the latter in a complex with a bZIP
[Fig. 6(b) D, Lara et al. 2003]. The synthesis of these
factors is in turn activated by LEC1 and L1L [Fig. 6(b) E,
Kwong et al. 2003; Kagaya et al. 2005].

An interaction between the AACA box and a MYB
factor [Fig. 6(b) F] is also essential for seed storage protein
gene activation in cereals (Suzuki et al. 1998) and proposed
for Arabidopsis (Vicente-Carbajosa and Carbonero 2005),
and DOF factors [Fig. 6(b) G] are known to regulate storage
protein accumulation in cereal endosperm in association
with bZIP factors (Yamamoto et al. 20006). Finally, at the
end of seed filling, further bZIP factors, ROM2 (Chern et al.
1996a) or ABIS/EEL (Bensmihen et al. 2005) [Fig. 6(b) H]
have been implicated in shutting down seed storage protein
synthesis during seed desiccation. In parallel, the VAL B3
proteins that act to repress LEC/ or LIL genes (Suzuki et al.
2007) or other B3-domain genes may repress seed filling
genes in conjunction with the CHD3 chromatin-remodel-
ling factors (Tsukagoshi et al. 2007).

All TFs identified in the present study to be closely
related to putative regulators of storage protein gene
expression were expressed just before or during vicilin
synthesis. The later expression of legumin genes may

@ Springer

SSP Gene

VAL B3 genes : HSIZ, HSL1
and HSL2

11313131
s532 k3 DOF

(G) e— o

RY boxes and G boxes. Putative transcription factors and binding
sites are linked by arrows. (b) Possible M. truncatula orthologues
identified by the data presented here are indicated with letters (from A
to H) corresponding to transcription factors present in model with
their corresponding names and normalized expression profiles (colour
code for the expression profiles is indicated on the top right and is
explained in Fig. 1)

therefore involve other mechanisms. This could be a spe-
cific post-transcriptional activation of a TF, or chromatin
remodelling, as shown for phaseolin gene regulation (Li
et al. 2001). A further possibility might be the need for an
additional late-expressed factor, possibly from among the
37 TFs identified in this study (e.g. from cluster IV and/or
V) (Fig. 6 and Supplementary Table S4), which are co-
expressed with legumin genes.
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