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n the mid-1980s, a network of Frencttomprehensive genomics tools; mutamiffymetrix chip (5). The resulting

(INRA and CNRS) researchers interested iplatforms described elsewhere in this issue,t@nscriptomic data has been gathered in the
the plant-rhizobium symbiosis began to seardhanscription factor platform for gRT-PCRM. truncatulaGene Expression Atlas,
for a model system to facilitate genetic studieanalyses (4), and proteomics reference maps(http://bioinfo.noble.org/gene-atlas/v2/),
of this interaction. As Arabidopsis could nothttp://195.220.91.17/legumbase/medicag@ public database regrouping expression data
be used, the network turned to the genweed-proteome/). for 55,000 genes obtained for more than 50
Medicago (Leguminosagl) and screened aAs part of the sequencing project, a physicdifferent conditions.
collection of annualMedicago species for map of the genome has been constructed, dnd 2007, a practicaMedicago Handbook,
several characters including genome size aadset of anchor markers identified which alloeombining methods and basic biology
regenerability in tissue culture, and decided t@apid mapping of unplaced markers. Thessections, was conceived and put online
focus on an autogamous species with raarkers are invaluable for defining genomi¢http://www.noble.org/MedicagoHandbook/)
relatively small genome sizeMedicago regions of interest and the sequences th&ge also (http://www.medicago.org/) for
truncatula The first plant transformation harbour. access to publiMedicagogenomics resources
experiments were carried out using aAs a sequel, a HAP Mapping project isncluding genomic sequence releases. Specific
Agrobacterium rhizogenes strain  and underway queries can also be sent to the Bionet
transgenic plants were obtained. Subsequentfittp://www.nsf.gov/awardsearch/showAwardNewsgroup foMedicago
efficient A. tumefaciens transformation .do?AwardNumber=0820005) (mailto:medicago@net.hio.net).
protocols have been published favl. that will permit high-density SNP mapping
truncatula M. truncatulawas also shown to and trait mapping by association genetidd) Lesins, K.A. and Lesins, I. (1979) Genus
be efficiently nodulated bRhizobium melilofi within  the M. truncatula germplasm Medicago(Leguminosae) A taxogenetic study.
in contrast to manyMedicago species. The collection. W. Junk Publishers, The Hague. _
potential ofM. truncatulaas a model legume Over the past 20 years, genomic resour epBe;’kig_EéGet al.(1990). Plant Mol. Biol.
was published in 1990 (). truncatulahas a development has been increasingly ambitious,,' ~ ' . . :
small diploid genome afa. 5 x 16 base pairs, Whilst in 1998 a collection of 900 ESTsS(?’gf;;: + D-R. (1999). Cur. Opin. Plant Bial
is self-fertile and produces large quantities df-transcripts) was reported, in  2008¢4) Kakar, K.et al. (2008). Plant Meth. 4, 18.
seed thus facilitating genetic analysis. Afteincorporating genomic sequence informations) Benedito, V. Aet al.(2008). Plant 55 504-513
the 1990 papei. truncatulawas one of two a 55,000 EST collection was used to create an
model legumes, the other beingotus
japonicus which were rapidly adopted.
Suitable genotypes (principally A17 Jemalon

gable 1. Development of genomics resources fitedicago truncatula

(J5), and R-108) were selected, and a serigshRsisource Date Publication

genetics and genomics resources AUTANT COLLECTIONS

developed (Table 1). In parallel, the suitabilitzamma-ray mutant collection 1995 SagangMal, Plant Sci. 111, 63-71.

of M. truncatulaas a subject for numeroliISEMS mutant collection 2000 Penmetsa, R.V. and CBoR,, Plant Physiol.
pathogen and symbiont systems and abiotic 123, 1387-1397.

stress studies was evaluated (3). Many grqupNA insertion mutants 2002 Scholte, bt.al, Mol. Breeding 10, 203-215.
have exploited for this and other Objecm‘C‘?ntltransposon insertions 2003| d'Erfurth, l.et al, Plant J. 34, 95-106.

large collections of accessions oM. 2008 | Tadege, Met al, Plant J 54, 335-347.
truncatulaand other annuafledicagospecie Fast neutron deletion collection 2009 Rogerst@l, Plant Physiol. 151, 1077-1086

held in Montpellier (France i i
(http://mww1.montpellier.inra.frfBRC-MTR/] TILLING mutant collection 2007 | Javot, Het al, Proc. Natl. Acad. Sci. USA 104,

’ ; 2009 | 1720-1725.
curator Jean-Marie Prosperi) and at SARDA, . .
Adelaide (Australia) Le Signor, Cet al.,Plant Biotech. J. 7, 430-441

(http://ressources.ciheam.org/om/pdf/c45/0(|)ff(3)ENE EXPRESSION i i i
0172.pdf). Proteome reference maps (suspensipr2005 Lei, Zet al, Mol. Cell. Proteomics 4, 1812-

M. truncatula is closely related to otherCEllculture) 1825.

f . roteome reference maps (seeds 20(3Gallardo, K.et al, Plant Physiol. 133, 664-682.
me.mbPTrs of th? Galegoid family of legum 34? P ) gallardo K.et al, Mol. Cell).l Proteomics 6
which include important crops such as pea, 2007 2165-2179. ' '
faba bean, chickpea, pigeonpea and lentil. T nscriptomics - Gene expression atiks 2008 BemediA. et al, Plant J. 55, 504-513.
extensive genomic synteny within this gr '%ENOME SEQUENCING

therefore allows for the rapid transfer |ef -
BAC library 1999 Nam, Y.Wet al, Theor. Appl. Genet. 98, 638-646.

:gggfgge acquired iM. truncatulato these Genetic linkage map 2002 ThoquetgePal, BMC Plant Biol. 2, 1.

o 2003. an intemational genomic sequermir}%’sequence-based genetic map of | 2004 Choi, H.Ket al, Genetics 166, 1463-1502.

consortium was launched to sequence |haedicago truncatula : :

gene-rich regions of theM. truncatula Sequencing the genespaceefdi- 2005 Young, N.Det al, Plant Physiol. 137, 1174-
: . e .| _cago truncatulaandLotus japonicus 1181.

genorln(?. Thr']s prOJet():It, dV\{Emh Isd “t?a“ 'é’ﬁwree sequenced legume genomes an2i009 Cannon, S.Ret al, Plant Physiol. 151, 970-977

completion, has enabled the proauction) Qhany crop species: rich opportunitie

for translational genomics

5 GRAIN LEGUMES N° 53 2009



_

F$66=9C 6C6--93, 6=.-9- 6-=6 3 6= F)
& & 9 N9 6 5 96 &9= 7 H 7

otus japonicusis a close relative of Lotushas been assembled. A high degree fifrmation and quality, rhizobial and
Birds-foot trefoil and the cultivatetl. colinearity and a substantial synteny exignycorrhizal symbioses, abiotic stress
corniculatus L. glaber L. subbiflorusand towards the genomes of other legumes sucbsponses, as well as hormone and long
L. uliginosus As the name implies it as pea (4), common bean and peanut (3). Tange signalling between root and shoot
originates from Asia and is widespread otransfer discoveries to crops unfit fortissues.
the Japanese islands, where the commgenetic analysis a bioinformatics based

name is Miyakogusa. Like for example pedegume anchor marker design was
clover and alfalfa it belongs to thedeveloped (1).Lotus has over the last

papilionoid clade of the legume family.decade contributed the discovery of novdl) Fredslund, Xkt al.(2006). BMC Genomics 7,

Compared to other legumes, faponicus
has biological features that are desirable

an experimental organism (Table 1) and wanvestigate the basis of secondar
therefore chosen as model plant (2) (Fignetabolite production and anthocyanin an

genes involved in diverse biological207.

processes. Several research grouﬁg‘) Handberg, K. and Stougaard, J. (1992). Plant

1A). All Lotusspecies studied form nitrogenproanthocyanin  pathways involved
fixing root nodules of the determinate typedisease and insect interactions. Other focysg 442.449.

as do soybean and common bea@reas are flower and leaf development, seed

Interestingly, they can be divided in tw

groups, those that nodulate effectively with Lotus japonicuscharacteristics

Mesorhizobium strains and ineffectively

with Bradyrhizobia, and those responding True diploid

opposite.

Lotus - a pasture and fodder crop

The main Lotus species with high forage
value arelL. corniculatus L. glaber, L.

subbiflorus and L. uliginosus The four
species grow in natural or cultivate

Small genome

Self-fertile

Short generation time

Ample seed set

Large flowers
IManual crossing

pastures and their areas of distribution Vargerennial plant

according to soil and climatic conditions
The adoption ofLotus species for pasture-
crop rotation contributes to the sustainab
agriculture in marginal areas (Fig.1B an
C). Compared to other forage legume
Lotus species have a number of advantal

egrowth from stem base
" Propagation from nodal cuttings
| Agrobacteriuntransformable
éegeneration of transgenic plants
ymbiosis with rhizobia and mycorrhiza

STannin and secondary metabolites
S

Genomic colinearity to different legume crops
Genetic variation in mutants, ecotypes and dipteldtives

that make them successful. Firs
characteristics such as growth under lo
phosphorus availability, adaptability to aci
soils and saline soils, growth under freque
water deficit or flooding have determine(
their adaptation to adverse ecologic
conditions. Second, tannin conte
preventing bloating in grazing ruminan
animals is important. However, thes
cultivated species are not amenable f
genetic studies: they are cross-pollinate
self-incompatible, and some are tetraploid.

Lotus research perspectives

A substantial part of thelL. japonicus -

genome corresponding to ~ 90 % of t
gene space has been sequenced, large
sets of Lotus expressed sequences tag
(ESTs) are available in public databases a
high throughput transcriptome, proteo
and metabolome studies have b ‘
performed. Resources for genetic a
genomic research ih. japonicushave been
developed, and an integrated genetic map

2, 487-496.
) Hougaard, B.Ket al. (2008). Genetics 179,

in(4) Stracke, Set al (2004). Theor. Appl. Genet.

Table 1. Model plant charac-
terstics of Lotus japonicus

Figure 1 : Picture of the
model legumelotus Japo-
nicus and its close cultiva-
ted relative Lotus cornicu-
latus. A Nodulated Lotus
Japonicusplant grown in a
Petri dish. B, Lotus corni-
culatusin pasture. C,Lotus
corniculatusin experimen-
tal plot (Photos B and C by
Monica Rebuffo)
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es, soybean is a model legume agaimglenomic evolution. The recently assemble@verall, soybean has long been an important
Not so long ago, soybearGlfcine soybean genome and the chromosomatop plant to study developmentally. As
maX and pea Risum sativum were the ‘clock’ that elegantly illustrates the positiontechnology has advanced, so too has its use
model species for legume physiology. Thegf genes and segmental duplications in thes a model system for molecular and ge-
provided tremendous insight into legumgenome will also benefit such studies (7). nomic research. Welcome back soybean!
development that could be extrapolated tSoybean also has a strong agronomic re-
other less-researched legumes such ssarch base and has a large germplasm in-
beans, peanuts, alfalfa and the other 18,08uding robust mutant (e.g., 2) and TILL-
legume species. Soybean has always belN populations (e.g., 3, PM Gresshoff and
an important research crop, being the modt Batley, unpublished). It is also readily
economically significant legume in theamenable to Agrobacterium rhizogenes
world. However, in recent years some limimediated transformation required for over-
tations at the molecular level had left soyexpression and RNA interference studies
bean somewhat on the backburner of lede.g., 6). Functional genomics approache€,) Cannon, S.Bet al. (2009). Plant Physiol. 151,
ume research in favor of the more molectsuch as Virus-Induced Gene Silencin§70-977.
larly-friendly Medicago truncatula and (VIGS), are also well established in soybea) Caroll, B.J.et al. (1985). Proc. Natl. Acad.
Lotus japonicus and have proven to be instrumental in identi (éC)I'CLéiASrZ' 34325;?1(2268) BMC Plant Biol. 8
So how and why did the transition of soying the function of candidate genes (e.g., 8). 9 per, J. ' ' T
bean from important research crop plant t6ompared Wlth th_e much smalll?t trunca- (4) pelves, A.Cet al. (1986). Plant Physiol. 82,
‘model legume’ occur? For one, the soybeatula and L. japonicus the relatively large 5gg-590.
genome has now been completely sesize of soybean is also advantageous, engy Djordjevic, M.A., et al. (2007) J. Proteome
quenced and is readily availablébling large quantities of tissue to be harRes. 63771-3779.
(http://www.phytozome.net/soybean) (7)vested for transcriptomic, metabolomic an¢f) Hayashi, Set al. (2008). Mol. Plant-Microbe
This has completely eliminated many of th@roteomic studies. It also makes soybedpteract.21, 843-853.
difficulties previously caused by the largedeal for most nodule, root, shoot seed arfd) Schmutz, Jtal.(2010). Nature, 463, 178-
size of_ the soy_bean genome. As a r_e_sugmbryo investigations, in add_ltlon to _graft-s) Zhang, C. and Ghabrial, S.A. (2006). Virology
gene dlsc_:overy in soybean is more efficiering (4) and xylem sap analysis experimen 44, 401-411.
and feasible than ever. Furthermore, whe®).
used in concert with next generation tran-
scriptomic technologies (e.g., 454, lllumin: g
and SOLID platforms), the soybean genon ||
provides a powerful high-throughput an
non-targeted approach to gene expressi
studies.
Together with the complete genome s
quences of Medicago truncatula
(http://www.medicago.org/genome) ani
Lotus japonicus
(http://lwww.kazusa.or.jp/lotus), the soybea
genome also provides an excellent resour
for comparative legume genomics (1). Othu
legume genomes, such as that of the legu
tree,Pongamia pinnataare also likely to be
fully sequenced in the near future, furthe
benefiting this area of research.
Historically, genetic research using soybe:
was complicated by an ancestral genon
duplication event that resulted in there beir
two copies of most genes. However, th
too has been overcome by the sequencing
the soybean genome, and thus genetic inv
tigations using soybean are no longer disa
vantageous. Instead, studies into sequer
divergence and functional redundancy of tt
duplicated soybean genes will no doubt t
highly informative in regards to gene an

Figure 1 : Photo-
graphs of soybean
plants and parts. A)
Growing  seedlings;
B) a mature trifoliate
leaf; C) roots and
root nodules formed
on a supernodulating
mutant; D) cross-
section of a mature
nodule filled with
nitrogen-fixing bac-
teroids; E) mature
pods; F) mature
seeds; G) whole (left)
and dissected (right)
flower; H) field of
soybean plants.
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Common beansRhaseolus vulgarid.) nome (650 Mbp), an autogamous matingpteresting or promising genotypes of com-
is the most important grain legume foisystem and is a true diploid (2n=22) withoutnon bean. In addition, a physical map has
direct human consumption (23 M tons/yearthe complex chromosomal rearrangementsgen constructed for common bean based on
and provide major amounts of protein andide-scale duplications and genome expawne of these BAC libraries and a whole
mineral nutrients to people in tropical andion found in some other legumes (5). All ofenome sequencing project has begun at the
sub-tropical countries of Africa and Latinthis has simplified genetic analysis of thdGI/DOE facility in the United States with
America (3). Their vitamins and complexspecies and benefits rapid progress in madditional sequencing planned through a
starches have health benefits as well. THecular assisted breeding and selecticcbnsortium of Latin American countries.
crop represents 57% of the food legumgdAB or MAS). Common beans are alsdOverall, common beans have an active re-
consumed worldwide, is widely adaptablelosely related to other cultivatéthaseolus search community around the world which
over a range of production sites, is grown ospecies R. acutifolius [tepary bean],P. means that the pace of genomic discovery
every continent except Antarctica and isoccineugscarlet runner bean] arR®l luna- has been accelerating.

consumed both in developed and developirigs [lima bean]) and to legumes in theThe genetic tools described above have been
countries. Annual consumption per capitRhaseoleaetribe (Glycine max[soybean]; put to use in common bean for a large num-
can reach as high as 66 kg/year in parts G&ajanus cajaripigeonpea];Vigna unguicu- ber of gene tagging studies and quantitative
highland Africa where the nutritional role oflata [cowpea],V. radiata[mungbean],) and trait loci (QTL) analysis (1, 7). To the bean
beans is second only to maize. Meanwhilas such are useful for comparative genomitseeding community this research is imme-
Brazil is the largest producer overall fol{4). The remainder of this review describediately applicable for crop improvement and
lowed by Mexico and large exporting couneommon bean genetics and genomics frohras been of high priority. In the context of
tries include Argentina, Canada, China antthe perspective of international agriculturatleveloping country stresses, gene identifica-
the United States. Apart from farms in theesearch and the role that genome technokien has led to tagging of important viral
developed world, most bean production igies, sequencing and model status can hafll®an common mosaic, bean golden yellow
for subsistence or regional sale and is pran crop improvement for and in developingnosaic and related geminiviruses), fungal
duced on small farms ranging from 1-10 haountries especially as they relate to nutr{angular leaf spot, anthracnose, ascochyta
in size often in marginal environments suctional quality and adaptation to abiotic andblight, root rots, white mold) and bacterial
as drought prone areas, acid/low fertilitpiotic stresses. (common bacterial blight, halo blight) dis-
soils or on steep hillsides. eases as well as several insect pests
Due to the crop’s widespread acceptancehe first genome technology to have afgbruchids, pod weevils). QTL analysis has
and ample genetic resources consisting impact on common bean has been genetieen conducted for these biotic resistances
two gene pools and up to seven races, varigarkers and maps. Common bean hasaa well as for abiotic stress tolerances
ties and landraces of common bean akeell-developed genetic map and a larg@luminum toxicity, intermittent and termi-
grown in many environments at differennumber of molecular markers specific to thaeal drought, low phosphorus) and nutritional
altitudes and with different climate regimespecies. These include a core of RFLRBuality (mineral and phytate content) traits.
(8). As a crop species, common bean wasobes that represented among the first SE1AT has implemented a marker assisted
domesticated separately in South and Cequences cloned in the species and moselection program for specific resistances to
tral America giving rise to the Andean andecently added microsatellites and singlungal and viral diseases, with ramping up
Mesoamerican gene pools and then spreadcleotide polymorphism loci. Both ge-to evaluate up to 10,000 individual segre-
to many secondary centers of diversitynomic and genic microsatellites have beegants per season, and is planning selection
Notably, some genotypes are adapted tteveloped from database searches, enrichied QTL to improve drought tolerance and
drought and others to abiotic stresses sutibraries for (GA) and (ATA), repeats, nutritional quality. Finally, QTL and gene
as aluminum toxic soils or low phosphorusDNA and EST sequences as well as diretzigging studies have been important compo-
levels while many sources of resistance tor in silico screening of un-enriched librar-nents of degree training in various countries
specific diseases and insects have be@s or BAC end sequences. SNP markeand within regional networks for the crop.
found over the past 75 or more years dfave been derived from EST sequencingandidate gene identification for the traits
research on the crop. Co-adaptation of digfforts and have been implemented witmentioned above is leading to better mark-
ease races and common bean gene powdsious platforms such as heteroduplegrs for use in MAS. The scheme for the
allows researchers to exploit inter-gene podligestion and bead arrays. In terms of geliscovery and validation of gene-based
crosses to find resistance. Meanwhile newetic tools to support marker developmennarkers with their subsequent use in tradi-
sources of resistance can be searched forand gene discovery, over 80,000 EST séional and marker-assisted or “molecular”
the 75,000 plus accessions of common beanences have been developed for the speciseding is outlined in Figure 1 with exam-
and close relatives held in germplasm banksxd over 10 BAC libraries have been corples of drought tolerance and nutritional
around the world such as at the Internationatructed for wild and cultivated accessionquality traits that are important in terms of
Center for Tropical Agriculture (CIAT). of the crop which can be useful for targetethe international agricultural context of
Common bean has a relatively small genap-based cloning of traits from specificommon beans. While complex in terms of
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physiology, drought tolerance mechanisms
could be explored by understanding the
underlying transcription factors and stress
response pathways involved in adaptation to
this stress (6). Functional genomics may
also assist in exploring nutrient uptake

Traits of interest: Product definition
Drought tolerance, Nutritional quality
= L

which affects the nutritional quality of com- J..I
mon bean or the secondary metabolites of ""

Genetic stocks (eg. deep rooting,
water use efficient, high Fe/Zn content)

common bean seeds many of which are
health related compounds (2). Detailed ge-
netic studies have already made headway in
understanding the symbioses of this crop
with Rhizobiumand mycorrhizae. Further-
more, next generation sequencing and re-
cently developed TILLING and EMS
mutagenesis protocols hold the promise of
speeding up gene discovery through accu-
mulation of sequence information and mu-
tant analysis. The only limitation to func-
tional genomics in the crop is lack of knock
out or transformation system for common
bean.

Finally, marker repertoire and genetic un-
derstanding of common bean can be en-
hanced by comparisons with other related
Phaseolid legumes in the process known as
comparative genomics. Both PCR and hy-
bridization-based markers have been trans-
ferable to a certain extent between common
bean, cowpea and soybean depending on the
degree of sequence conservation of the
genes being studied. Recent examples of
synteny analysis show alignment between
regions of the common bean and soybean
genomes even at disease resistance loci that
are fast evolving and interestingly, most loci
in common bean have a pair of orthologs in
the soybean genome, since this is an ances-
tral tetraploid with a duplicated genome. In
conclusion, common bean is both a crop and
model legume with important scientific and
societal reasons for further study and results
from genetic research will have an impact
on a crop that is very important to small
farmers for income generation, food security
and agricultural sustainability.

(1) Blair, M.W.et al.(2007). In: Marker-Assisted
Selection. Current status and future perspectives
in crops, livestock, forestry and fish, 81-116 (ed.
E. Guimaraes). FAO.

(2) Blair, M.W.et al. (2008). Israel J. Plant Sci.

55, 191-200.

(3) Broughton, W.Jet al. (2003). Plant Soil 252,
55-128.

(4) Cannon, S.Bet al.(2009). Plant Physiol. 151,
970-977.

(5) Gepts, Pet al.(2008) In: Genomics of Tropi-
cal Crops, 113-143 (Eds. P.H. Moore and R.
Ming), Springer, New York, USA.

(6) Ishitani, M.et al.(2004). Field Crop Res. 90,
35-45.

(7) Miklas, P.N.et al.(2006). Euphytica 147,105-
131.

(8) Singh, S.P. (2001). Crop Sci. 41, 1659-1675.
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Figure 1. Scheme for transla-
tional genomics using candi-
date genes for drought toler-

ance and nutritional quality

based on initial product defini-

tion followed by a phenotyping

phase, a gene discovery and
validation phase and a crop
breeding phase. Arrows indi-

cate feedback and feed-
forward flows of genotypes
(right) and gene-based mark-
ers (left).
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A ny experiment is necessarily involvingsystem for understanding the regulation ¢
a model: it is a simplification for the flowering time. Studies inArabidopsis
purpose of description. The biologicathalianathen permitted the molecular char
‘model systems’ seem to be more than thigicterisation of many genes involved in thi
they provide a justification for study basegbrocess, but recently there has been a res
on facility, the consequence of resourcesence of interest and insight gained fro
developed by a community of coordinateghea where mutants are now characterised
researchers. This can have a profound irthe molecular level (see 10 for an excelle
pact on the science that is undertaken simeview). For flower development per se
ply because science requires funding armygomorphy has been gained and lost ¢
funding agencies seek value for money asultiple occasions, so comparison of th
well as scientific excellence. Pea is not welienes involved in the regulation of flora
positioned in this political context becaussymmetry in diverse organisms can al
its research community is small and the croghed light on independent evolutionary
is not one of the top ten commodities. pathways as has been studied by Wemngl. ~ Picture of a pea flower used as model
The recent ‘Grain Legumes’ Integrated?9). system to study the genetics of the
Project sought to forge an alliance betweefinother evolutionary process representeegulation of flowering time

arable crop legume research and modelsy multiple gains and losses is the emer-

Whether this will, in the end, be of benefigence of compound or dissected leaf forms

remains to be seen, but along the way sorfrem simple (entire) leaves and vice versa.

significant resources for pea were develA consequence of the taxonomic distribu-

oped, notably a TILLING population (4), ation of these forms is that structures given

BAC library (used in 6) and characterisatiothe same name may not necessarily be

of the relationship between accessions #trictly homologous. Hofer and colleagues

EuropeanPisum germplasm collections (in have developed pea as a genetic system in

prep). No doubt too, as the cost of the gemvhich these processes can be studied at a

eration of sequence-based marker sets dwelecular level and shown its similarities

clines, this will eventually be funded in peao, and differences from, related develop-

allowing us to build on the syntenic relamental programmes either in other species

tionship that has been established between other organ types. Most recently this

pea and the sequenced legume genomes\brk has taken a direct approach to the

3, 7, 11). These resources should help in ti@olation of the peaTendril-less gene,

facilitation of research activities, but stillknown only by its phenotype and absent

fall short of establishing pea as a ‘moddbrm, or uncharacterised in, model systems

system’. Nevertheless pea does have somith extensive genome sequence (6).

areas where it is an exemplary researcfhe control of flowering is a consequence

system, and these encouraged Caretosl. of the interaction between those processes

(2) to include pea among those legumebat recognise environmental cues and those

described as ‘models’. that regulate floral (or inflorescence) devel
Here | draw attention to areas where | thinkpment. As such we can expect that, fqt) Aubert, Get al.(2006). Theor. Appl. Genet.
pea is indeed an exemplary experimentaiverse organisms, those genes that contribl2, 1024-1041.

system and where significant biologicalted to either process in a common anceslg??ocgyyonv S.Bet al. (2009). Plant Physiol. 151,
insight has been made in the last few yearswill be shared components of this regulaz!~">"’-

The area of most recent excitement ha®n. However the way in which these inter£53c)i ngkqaf'igilégggg 4Proc. Natl. Acad.
concerned the (_:haracterlsatlc_)n of strigolaact may b_e different in dlffere_nt 0rganisms .y pajmais, Met al.(2008). Genome Biol. 9,
tone hormones in the regulation of bud outeflecting independent evolutionary pathsgs.

growth (5, 8). This seems especially interfhis is clearly seen in the comparison of thg) Gomez-Roldan, \et al.(2008). Nature 455,
esting as it has emerged at least in part frogenetic control of flowering in pea andi89-194.

the interaction between those studying pe&rabidopsis thaliang10). (6) Hofer, Jet al.(2009). Plant Cell 21, 420-428.
and newly emerged ‘model’ species rice and (7) Kald, P.et al.(2004). Mol. Genet. Genomics
Medicago truncatulaThis hormonal system 272, 235-246.

regulates not only bud outgrowth, but sig- (zigOUmehara, Met al. (2008). Nature 455,195

nals between plants and their mycorrhizal (9) Wang, Zet al. (2008). Proc. Natl. Acad. Sci.

symbionts, hinting that the regulation of USA 105, 10414-10419.

growth may be a component of a set of co- (10) Weller, J.Let al.(2009). J. Exp. Bot. 60,
regulated processes that were important for 2493-2499.

plants in the initial colonisation of land. (11) Zhu, H.Y et al. (2005). Plant Physiol. 137,
Pea genetics was for many years the model 1189-1196.
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genetic map is a representation of genetinakes it straightforward to compare differentill be essential to validate this approach. Com-

markers on a chromosome in linear ordemaps to detect congruency of QTLs position arlning both will lead to high efficiency in the
with distances between them expressed as peffects. The colinearity of the maps allows immeaunt for gene treasures in the model legume.
cent of recombination or centimorgans. A physdiate access to candidate genes underlying a Q¥
cal map is defined as an ordered set of largea given cross by identifying the correspondingt) Choi, H.K et al. (2004). Genetics 166, 1463-1502.
DNA fragments, usually BAC clones, representegion on the Jemalong-Al7 sequence (figuf@) Djébali, N.et al.(2009). Mol. Plant Microbe Inter-
ing the physical linear order of genes along thiB). This set of genetic maps was developed @St 22, 1043-1055.
genome with distances expressed as base pairslaboration and is now widely used as it allo )Egllkoga, Ol.e;gldgzogl). Planégézlgﬁ“lg'l‘r’s% .
Hence genetic and physical maps put landmar&scess to several alleles for each locus (e.g. 2 Me:g ’ Jﬁt :t.;l (202)'6) ngﬁzﬁcs 172 2'5 11.9555
on a genome and are valuable tools for ge®. The physical maps fyrther define the DN )Nan{ Y.Wet al.(1999). Theor. Appl.’Genet 08,
hunting. sequence between genetic markers and are esggg-646.

tial to rapid identification of genes at the loafis (7) Pierre, J.Bet al.(2008). Theor. Appl. Genet. 117,

Maps as molecular tools that allowed the onset interest (e.g. 4). 609-620.
of the Medicago truncatulagenome sequencing Association genetics based on re-sequencing(@ Stewart, S.Aet al. (2009). Mol. Plant Microbe
project. large number oM. truncatulalines (HapMap Interact. 22, 1645-1655. ,
The backbone needed for the sequencing projgrbject) is a promising new method for identify{%) Thoquet, Pet al.(2002). BMC Plant Biol. 2, 1.
of M. truncatulawas provided by a genetic magng interesting genes. Genetic and physical ma| LE%gg'lg'l'\gif;l%gos)' Proc. Natl. Acad. Sci.
of 93 Fk individuals from a cross between Al17 ' '
and A20 (1_). Ge_netlc and cytogenetic analy 5 lmm
produced eight linkage groups, correlated w L
eight chromosomes by means of FISH w s
mapped BAC clones (3).The up-to-date vers : :
of this map is available or
http://mww/medicago.org. Large DNA fragmel s
libraries of the Jemalong-Al7 genome (BA SADZA0E4 s Jemalong A17
libraries mth1 (6) and mth2) allow the generati it
of the physical map. Adding 378 BAC-derive & % Ry
microsatellites markers anchored genetic ¢ < * & P Ml
physical maps (5). The physical map now co AR ~LR8 ey H
prises 1370 contigs (44 292 BACs) and rep | F11008 | | salsesazs | | pzaota Dza31546 | [TNB3|  DzAdss | THa.18 |
sents 466 Mb, i.e. 93% of the genome length i | T i
total of 571 of these contigs are embedded i Montpeflier DZA 315.26 | \i:u DZA 456
the actual sequence pseudomolecule (gen:
assembly V3, http://mww.medicago.org).

‘D2Azat2| [aw  TM121| [Tneas Toulouse +
! 4 x Tunls

ILR13

[TN111|  Fs30059|  TNe.22 |

‘F1_g LRI0OE

T i *
Feaooss | | Twazs |

LRy LR1Zi

B: e L T

Maps as genetic resources for gene hunting. r SHETRTE ot -l'-TrE'l!ll-. T T

Linkage maps record segregating alleles ¢ ] [

identify positions of loci/genes that contribute | L jl = A
B |

aTLl

phenotype expression. Two distinct strategies
possible. The first involves producing high de
sity linkage maps of large,Fpopulations in
which the phenotype segregates, such as ti - | | B WTEL?
used by Yanget al. (10). However, this strateg'
is time- and resource-consuming, and inadeqt
for the study of phenotypes that require replic 3
experiments because of strong environmel | SRR e LS TR PR PR B S ;l-

Linkags group

effects. An alternative solution is based on a s LR Lea

of medium-density linkage maps of Recombin ; e

Inbred Line (RILs) populations centred on J ""':f;';’“g F83005.5 e

malong-Al7 (figure 1A). The parental lines we A —
DZA315.16 DZA45.6

chosen for their phenotypic diversity and thc..
contrasted pedo-climatic sites of origin (9 angtigure 1. Genetic mapping inMedicago truncatula: from markers to candidate genes.

Huguetet al, unpublished). The maps are ana_ Set of available RILs populations. Montpellier: populations developed by Prosperét al,
chored on thé/. truncatulasequence: each MTE Rennes: populations developed by Baranget al, Toulouse - Tunis: populations developed by
genetic locus consists of a set of microsatelliteuguet et al.and Aouaniet al Dashed arrows: in progress, dark arrows: Egeneration or more.
sequences located on a given BAC, putativelg Congruency of QTLs positions and subsequent infence of candidate genes from popula-
polymorphic in different crosses. This approaclions using sequenced Jemalong-A17 line as parentiae.
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Comparative genomics is important fogenes (1, 3 and Seret al. in prep.). IT proach in a comparative mapping program
plant breeding because most cultivatetharkers have primer pairs complementaryf the Grain Legumes Integrated Project
species have large and/or polyploid gee exon sequences which flank one or mo(&LIP; funded by the EU) to analyse
nomes, making them difficult to study atntrons. Using conserved exonic sequencagntenic relationship between grain legumes
genetic level. For some, such as groundnugyarantees that the same genes, or the mg@and Serest al.in prep.).

this is confounded by low levels of poly-bers of a same gene family are amplifiedds more genomic sequence becomes avail-
morphism due to a genetic bottleneck at thend the amplification of less conserved imable for diverse species, computer-based
time of domestication. Model plants, fortron sequences assures a high degree méthods (i) are also used to compare con-
experimental convenience, can providpolymorphism. Primer design is a cruciatent and order of genes between species.
information for crops quickly and cheaply.consideration and generally it is carried ouequence alignment identifies homologous
Comparative genomics can predict genas follows: positions and the content and proximity of
order in large segments of a genome if colFhe template sequences for IT primers ateomologs can define orthologous genomic
linearity is demonstrated. Arabidopsis cDNA, EST and tentative consensus (TQegions.

thaliana is a model for many aspects okequences of single and low copy number

plant biology, butMedicago truncatuleand genes from several species. Their copy

Lotus japonicusserve as models for leg-number is generally determined by forming

umes that share other attributes (such as rdwimology clusters; sequences with few

symbiosis) and they also serve as structudabmolog members are selected for further

genomic models. analysis. Using computer programs the con-

Comparative genetic mapping should ussensus sequences are aligned to genomic

orthologous DNA sequences. Such these asequences to identify introns. If there is no

coding regions which have not undergonikegume genomic sequence available, then

genomic rearrangement and are under coArabidopsis thalianacan be used because,

servative selection maintaining function anth most cases, the exon-intron structure of

a high degree of sequence identity. Ortholdromologous genes is conserved. PCR prim
gous sequences can be detected (i) by crosss designed to the exons flanking intrond) Choi, H.K.et al. (2004). Proc. Natl. Acad.
species genetic mapping or (i) by computaare used to generate genetic markers in dffci. USA 101, 15289-15294. _
tional methods. (i) In several legume stuckerent species. Their map positions are ang) Ellwood, S.Ret al.(2008). BMC Genomics
ies, intron-targeted (IT) PCR-based genetiyzed to reveal collinear genomic segment 3) Fredslund, Jt al. (2006). BMC Genomics 7,

markers were used to map orthologoud primers have been generated by this a 07
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For many years, generating phenotypipopulation of several thousand mutagenisddtion of mutagenised plants could be gener-
variation in crops has relied on inducegblants one can normally identify a spectrurated for community screening (3). Other
mutations, but producing novel variation t@f mutations in one’s gene of interest. Théorms of reverse genetics such as post-
feed into breeding programmes is becominigigh throughput nature of the method&ranscriptional gene silencing (RNA inter-
more and more difficult. In the post-means that such technologies can be offeréetence; RNAI) or virus-induced gene si-
genomics era, as we are forced to mows services for the research community (e.lgncing (VIGS) have been used successfully
away from empirical approaches, undefttp://revgenuk.jic.ac.uk). There are populan both models (6, 7), but are not suitable to
standing how genes work (functional getions of plants available for the moddé¥s high throughput methodologies and whole
nomics) has become paramount to fututeuncatula (1) andL. japonicus(2) (Figure genome analyses (8). A major disadvantage
crop improvement. Leading the way forl) and now for a number for legume cropfor manipulating crops in the current climate
legumes has been development of reveras well (3). TILLING has been used to lookusing insertional mutagenesis is that it in-
genetics at the whole genome level in botht the function of many genes to date, espeelves genetic modification. All plants are
of the adopted legume models. cially those involved in symbioses (4), andusceptible to chemical mutagenesis, how-
In conventional mutagenesis programmesgrovides a suite of mutant alleles particuever, so now we have a choice to transfer
breeders look for particular traits or phenoarly useful in structure-function studiesknowledge gained about gene function from
types in a population of mutagenised plantbhe disadvantage of TILLING is that itmodels to legume crops by either GM or
(so called ‘forward genetics’), but inproduces a series of alleles, of whicimon-GM technologies.

‘reverse genetics’ one can target particulaoughly 5% will give a complete loss of

genes and obtain mutants for them. Since @ene function, so one may not be able te
plant species are susceptible to mutagenesismask the true function of the gene. (1) Le Signor, Cet al.(2008) Plant Biotech. J. 7,
this allows knowledge about genes fronDther forms of mutagenesis have been uség0-441. ,

models to be transferred directly to crops. Iim the models to develop reverse geneti¢d) Perry, J.Aetal.(2003). Plant Physiol. 131,
this process of understanding gene functioplatforms (3), bqt pgrhaps t.he one provin ) Tadege, Met al (2009). Plant Physiol. 151,
one particular method has been extremetp be most effective is insertional mutagen 178-984.

helpful since it involves non-GM technol-sis whereby a small piece of DNA (from a4y pery, Jet al.(2009). Plant Physiol. 151,
ogy, and that method is TILLING bacterium or transposable element) is in2g1-1291.

(Targeting Induced Local Lesions IN Geserted into a gene to disrupt it and generagg) Tadege, Met al. (2008). Plant J. 54, 335-347.
nomes). TILLING relies on chemically null alleles. Although TILLING is available (6) Asamizu, Eet al.(2008) Plant Physiol.147,
induced mutations that can be identified bin M. truncatulg insertional mutagenesis2030-40.

comparing the mutant sequence to that bias also proved very valuable in this mode{?) Constantin, G.Det al (2004). Plant J. 40,
the wild type. Since the researcher has ideResearchers have been able to use a re%%—z‘%l'

tified their gene of interest, this is relativelyransposon from tobacco to disrupt gen) Yound. N.D.and Udvardi, M. (2009). Curr.
. . . h - pin. Plant Biol. 12, 193-201.
straightforward (see insert). By screening function efficiently (5) so that a large popu-

Those from one WT and one mutant
strand form a mismatch because of the
mutant sequence and this mismatch ¢an
be recognised by a particular cleavage
enzyme known as CEL1. Treating the
PCR mix with CEL1 produces labelled
products of reciprocal sizes that add up to
the original size of the target sequence.
The cleavage products can be separated

on a DNA sequencer and the mutatipn
identified, which can then be tracked Figure 1. A M, population of Lotus japonicusplants. These individual plants will provide

back to an individual mutant plant. the seed families from which mutant plants for targt genes will be isolated by TILLING.
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I nsertional mutagenesis allows mutagenén Medicagqg MEREL is a copia type

sis of an organism using a known DNAretroelement that transposes only durin@) Benlloch, Ret al.(2006) Plant Physiol. 142,
element (such as a transposon) that is itissue culture and which can be used as942-983. _
serted randomly in the genome of this oromplementary genetic tool to the alread(?) Brocard, Let al. (2006) CAB Reviews: Per-

ganism. It is a powerful genetic tool that hasxisting mutant collections.
been used in several organisms to disrufe expect that the growing amount of in

pectives in Agriculture, Veterinary Sciences,
Nutrition and Natural Resources. 1, No. 023, 7

and tag genes. Having insertion mutarformation and discoveries made using inse%e)'Brocard Let al.(2008) Handbook of New

collections allows the easy identification ofional mutagenesis in model legumes shou

chnologies for Genetic Improvement of Leg-

the tagged genes and consequently the elube transferable to other legumes specig@ges (Ed. P.B. Kirti), C.R.C. Press, Boca Raton,
dation of their functions in the organismwhere genetic and genomic approaches axew York.

being studied. In plants, insertionahot easily achievable if not impossible.

mutagenesis using either T-DNA, trans-
posons or retrotransposons, Anabidopsis
rice, maize andAntirrhinum, has been very
helpful for identifying developmental mu-
tants and the associated molecular functions.
These collections can also be used as re-
verse genetic tools in order to obtain mu-
tants in any gene under study for which the
sequence is known (3).

In legume plants, mutagenesis programs
were first developed in order to decipher the
complex interaction with rhizobiaThese
mutant collections are now used to under-
stand other aspects of legume biology.
TILLING and De-TILLING platforms for
legumes were established fdvledicago
truncatula Lotus japonicus, Pisum sativum
and soybean using Ethylmethane Sulfonate
(EMS) mutagenesis, fast neutron bombard-
ment and gamma rays (see Wang T. in this
issue).

Insertional mutagenesis has been used in
both M. truncatulaandL. japonicusto iso-
late mutants affected in symbiosis or devel-
opment. T-DNA and transposon tagging
using Ac/Ds elements allowed the isolation
of a limited number of mutant,(3). How-
ever, the copialike retrotransposon from
tobaccoTntl has been used successfully in
M. truncatulaand generated a plethora of
insertion mutants (1, 6, 7, 10, 11 and figure
1). Tntl transposes only during tissue cul-
ture with insertions preferentially in tran-
scribed regions of the genome (4, Uhtl
can be used for both forward and reverse
genetic screens iM. truncatula and an
international consortium has permitted the
generation of 15,000 independdmttl lines

(4) d'Erfurth, l.et al.(2003) Plant J. 34, 95-106.
(5) Fukai, Eet al. (2008) Plant Mol. Biol. 68,
653-663.

(6) Marsh, J.Fet al.(2007) Plant Physiol. 144,
324-335.

(7) Pang, Yet al. (2009) Plant Physiol. 151,
1114-1129.

(8) Rakocevic, Aet al.(2009) Plant Physiol. 151,
1250-1263.

(9) Tadege, Met al. (2008) Plant J. 54, 335-347.
(10) Tadege, Met al. (2009) Plant Physiol. 151,
978-984.

(11) Wang, H.et al. (2008) Plant Physiol. 146,
1759-1772.

Figure 1. AMedicago truncatulaTntl taggedStamina pistilloidiamutant.

which are estimated to contain approxi- The flower in this mutant develops normal first whot organs (sepals) but it is inde-

mately 375,000 inserts (10,
http://bioinfo4.noble.org/mutant/). In addi-

terminate in the second whorl; instead of developi petals a proliferation of new
flower meristems appears. These new meristems develmto flowers which follow

tion, endogenous active retroelements have the same pattern as the primary flower. As a resujtthe flower is mainly composed

been recently identified irM. truncatula
(MERE) (8) andL. japonicus(LORE (5).

of a proliferation of sepals. (P. Ratet’s laboratoy unpublished)
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Transcriptomics is a modern technology
of experimental genomics that allows
to monitor the expression of thousands of
genes in parallel in a single experiment,
ideally resulting in genome-wide snapshots
of gene expression. Traditionally, transcrip-
tomics platforms rely on microarrays that
carry gene-specific probes. These microar-
rays are queried using fluorescence-labeled
transcript sequences from tissues of interest,
and the recorded fluorescence per probe is
proportional to the expression of the corre-
sponding gene.

The development of widely available tran-
scriptomics tools for model legumes dates
back to the "First International Conference
on Legume Genomics and Genetics: Trans-
lation to Crop Improvement"

in Minneapolis-St. Paul/USA, held in the
year 2002. During this conference, a group
of European and US researchers decided to
order a set of 16,000 70mer oligonucleoFigure 1. Legume gene identification modules. Relemaexperimental techniques
tides from a commercial facility, at that timeand their interdependencies are depicted with pathays related to transcriptomics
Qiagen-Operon, to set up a community mishown in grey. Integrated via bioinformatic platforms, knowledge on candidate ge-
croarray for the model legumMedicago nes relevant for particular conditions of legume llogy can be derived.
truncatula(5). These oligos were targeted at

the complete expressed genome availabig. truncatula transcriptomics data (1). Par-

from the DFCIMedicago truncatulaGene allel to microarrays and GeneChips, a real-

Index. Over the years, several thousartime RT-PCR platform has been designed

oligonucleotide microarrays were printed ifor M. truncatula This platform ultimately

the US in the frame of an NSF project and aims at targeting all transcription factor

the Center for Biotechnology, Bielefeldgenes and provides an unprecedented sensi-

University. Microarray production and ac-ivity as well as specificity in monitoring the

cess in Europe from the beginning was oexpression of key regulators during legume

ganized in the frame of several Europeadevelopment (4).

collaborative projects, building on networksVhereas array and RT-PCR approaches

established for the earlier development atpresent closed platforms relying on known

cDNA arrays (6). Data integration and datgequence information, techniques such as

availability developed into a key issue in theerial analysis of gene expression (SAGE)

forthcoming years, and web-based platformsre now available that are able to decipher

such as EMMA (2) and Truncatulix (3)legume transcriptomes without prior se-

were set up to allow data mining. guence knowledge (7). This approach, to-

In recent years, legume transcriptomicgether with the high-throughput sequencing

tools were upgraded towards a more gef conventional cDNAs, benefits from the

nome-wide scope, with GeneChips beingurrent revolution in ultrafast DNA se-
current working horses both for the modefuencing. Here, technologies such as 454
legumeM. truncatulaand also for soybean.and Solexa-sequencing yield up to severéll) Benedito, V.Aet al. (2008). Plant J. 55, 504-
In case of the model legumstus japoni- million reads in a few days, providing theb13. o

cus efforts to construct transcriptomicsopportunity to characterize the genome_(«zg Donéjg“p' M.t al.(2009). BMC Bioinformat-
tools also relate to the development of Gawide transcriptome of any legume withou U .
neChips, although these are not availabthe need for an available genome sequenc 3) Henckel, Ket al. (2009). BMC Plant Biol. 9,
from the Affymetrix community pro- Together, and compined with proteome al )' Kakar, K.et al.(2008). Plant Methods 4, 18.
gramme. Efforts at the Samuel Roberts Nanetabolome data via integrated bioinformags) kuster, H. (2003). Grain Legumes 38, 23.
ble foundation led to the development of is platforms, transcriptomics has the potens) Kiister, H.et al. (2007). Phytochemistry 68,
Medicago Gene Expression Atlas, a datatial to deliver sets of candidate genes far9-32.

base of expression profiles that turned out fanctional studies (Figure 1), making use df7) Matsumura, Het al. (2008). Methods Mol.
be a popular and easy-to-use tool for mininggume mutant collections. Biol. 387, 55-70

Legume
genome
and transcript

Microarrays
GeneChips

Proteomics
Metabolomics

Functional
genomics

Functional
genomics

Knowledge
on relevant
candidate

15 GRAIN LEGUMES N° 53 2009



TOOLS AND RESOURCES

C $6336=F9& 3. )$-F9 F#F- ! )-
)-69 *+:$ . $ 3 9:*+++=G 9" 7 HG

I n the 1990s, significant advances in prdProteomics to investigate processes con-(legumin) globulins. The Figure 1 shows a
teomics, including the refinement of two-4rolling seed protein accumulation 2-DE reference map for matuhd. trunca-
dimensional gel electrophoresis (2-DE) and thdost legume seeds are large, rich in protetnla seeds and the reconstruction of post-
development of sensitive mass spectrometffrom 20% to as much as 40%), and thereliyanslational modifications leading to the
methods for protein identification, were made. losed as protein sources for human food ad@position of mature vicilins. Unlike leg-
the last decade, major genomic resources hammal feed. The protein composition (i.eimes, the seed proteome of Arabidopsis (an
become available foGlycine max(soybean), the proteome) of the seed varies accordirmlseedBrassicacey adopted as the univer-
Lotus japonicugjapanese trefoil) anblledicago to environmental conditions and genetisal model system for plant biologists, is
truncatula (barrel medic), thus allowing theconstitution. Such changes often modify thmainly composed of 12S (cruciferin) globu-
proteomics technology to be successfully applieder value of seeds. By allowing a dissedins of molecular weight ranging between 16
to legume plants. tion of seed protein composition and of thand 35 kDa (6). The differences in storage
A detailed analysis of the proteins present iestablishment of the different protein fracprotein composition between legume spe-
various tissues at different developmentdions during seed development on theies and Arabidopsis reinforce the useful-
stages (leaf senescence, root symbiosis, seadther plant, proteomics is expected taess of developing a legume-specific model
development and germination) has been pexecelerate discoveries of the genetic arid investigate processes controlling seed
formed for several legume species (6€33. molecular determinisms of seed proteiprotein accumulation in these plants.

max Pisum sativunandM. truncatulg. 2-DE accumulation. Such discoveries will help to ) ) . )

maps are now available for these tissues (prove seed quality and/or to stabilize it iy FOt€Omics to investigate the genetic de-
and can be used in two different ways. The fluctuating environment. terminism of seed composition

one aims at identifying proteins whose level &-DE maps have been assembled for seeds@fNetic variations can be detected by the
accumulation changes during specific stagesveral model legumesM( truncatula, L. POSition of proteins in 2-DE gels, as influ-
of development. These proteins form the mgaponicus) and crops R. sativum G. max, ©€nced by sequence polymorphism, and/or by
lecular signature of the corresponding tissue hiipinus albusL.) (2-5). For example, the. the variation in amount of a given protein in
a particular stage. Their function can be furtheativum and M. truncatula seed proteome different genotypes (genetically determined
validated by means of mutants for the correnaps comprise 156 and 224 identified prgiu@ntitative variations). A proteomic study
sponding genes. This approach contributes tiins, respectively. These maps are available!8t this area dealing with genetic variability
our understanding of how metabolic networkittp://imww.inra.fr/legumbase/peaseedmap/f0r Seed protein content and composition in
are regulated at the protein level during deveind : http:/www.inra. frlegumbase/medicago€ model legume plartd. truncatulawas
opment. The second concentrates on the anadged-proteome/ performed. Fifty lines ofM. truncatula
sis of the protein complement of the tissue at4a cross-comparison of the 2-DE seed magi€rived from ecotypes or cultivars of di-
given stage. In particular, this approach ainfsr P. sativumand its closely related modelV€"S€ geographical origin, were grown un-
at identifying proteins that were subjected tepeciesM. truncatula reveaied similarities d€r Uniform conditions, and variation in seed
post-translational modifications. To illustratén storage protein accumulation/depositiorP"0€IN composition and quantity was investi-
the information gained by proteomics in th@he most abundant protein spots were dgated (7). Lines contrasting for qualitative
legume biology field we will take as an examtected between 30 and 80 kDa. They corrd@its and seed protein content were identified
ple the dissection of seed protein compositiospond to the principal storage proteindhat could be used to derive mapping popula-

in which we have been particularly involved. namely the 7S (vicilin, convicilin) and 11sons and characterize PQLs (protein quantity
loci) that explain part of the variability in spot

MW (kDa) intensity (8, 9). This powerful approach com-
v 5 bl P 6 7 8 bining plant proteomics and plant genetics can
97— - : . ere help us elucidate the genetic control of seed
=B ® Vicilins protein composition, which can be exploited
66 | o= for lequme crop improvement.
k 2 Cleavage sites
a5 T © s | * * (1) Nagaraj, Set al. (2001). Proteomics of Legume
p % B> = Plants. In Plant Proteomics, 179-189 ISBN:
NH. g L B Flcoon 9780470369630.
(2) Hajduch, Met al (2005). Plant Physiol. 137, 1397-
2 Processing during 14109.
31— seed development (3) Gallardo, Ket al.(2007). Mol. Cell. Proteomics 6,
2165-2179.
(4) Dam, Set al.(2009). Plant Physiol. 149, 1325-1340.
21 ik B v | (5) Bourgeais, Met al.(2009). Proteomics 9, 254-271.
I® ) (6) Gallardo, Ket al.(2001). Plant Physiol. 126, 835-
848.
g (7) Le Signor, Cet al.(2005). Plant Genetic Resources
14 = 3,59-71.

(8) Damerval, Cet al.(1994). Genetics 137, 289-301.
(9) Bourgeois, Met al. (2007). & European Confe-

Figure 1. 2-DE gel of total soluble proteins from dy mature seeds oM. truncatula rence on Grain Legumes, Lisbon.

showing the different polypeptides constituting themature vicilin.
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t is estimated that plants contain approxchemical phenotype that helps scientists
mately 10,000 to 15,000 metabolites pevetter understand the physiological anfl) Farag, M.Aet al.(2009). Plant Physiol. 151,

species and over 200,000 different metabdiochemical status of plants. Much like &093-1113. _

lites across all plants species. Over half stifihysician samples blood to profile glucos€?) Farag, M.Aet al.(2008). Plant Physiol. 146,

remain chemically uncharacterlzed. The keas an mdmgtor of health or diseas 3) Jiang, Qet al. (2010). Funct. Plant Biol., in

difference between metabolites, proteinsnetabolomics is used to profile hundreds ess.

and DNAis the relatively smaller moleculathousands of metabolites to  bettefs) Naoumkina, Met al. (2007). Proc. Natl.

size of metabolites. Primary metabolitesinderstand health and disease in plants.  acad. Sci. USA 104, 17909-17915.

serve as the basic building blocks of life antetabolomics is proving to be a novel too{s) Sanchez, D.Het al.(2008). Plant J. 53, 973-

are important energy sources. For examplfgr understanding metabolism and eved87.

living organisms utilize amino acids tomore so when integrated with other ‘omics(6) Sanchez, D.Het al. (2008). Physiol. Plant

construct proteins and enzymes (proteirtechnologies that profile large numbers 0§32, 209-219.

that catalyze specific chemical reactionsproteins (proteomics) and mRNA(7) Zhang, Jetal.(2005). Plant J. 42, 689-707.

Fats and carbohydrates, also known dgsanscriptomics). Currently, metabolomics

sugars, serve as key energy sourcés being used to identify novel metabolites

important for growth and survival. and specific genes involved in their

Plants also contain a diversity of secondatyiosynthesis (1) in the model legume

metabolites which are not critical for susMedicago truncatula This technique is

taining life, but provide a competitive ad-dentifying differential chemical defense

vantage for the plants in their environmentesponse mechanisms in response to herbi-

These compounds function as specializethres and fungi (2, 4). Metabolomics has

chemical defense agents and/or as importdmten used to describe drought tolerance

chemical signals. Examples of antimicrobianechanisms in transgenic alfalfa (7) and

(i.e. chemicals that are deterrents tolover (3). It is revealing insights into salt

bacterial and/or fungal infection) andtolerance in the model legumé.otus

antiherbivory compounds (deterrents tgaponicus (5, 6). Metabolomics is being

animals or insects eating the plants) includgesed to study the specialized biochemistry

alkaloids such as nicotine and caffeineof specific plant organs such as root hairs

Chemical attractants such as volatileand border cells during nodulation, the

emitted by flowers to attract pollinators obiochemical composition of pollen, and the

compounds secreted into the soil which afgiosynthetic capacity and chemical content

recognized by Rhizobia during rootof leaf trichomes.

nodulation are examples of beneficialn summary, metabolomics is one of the

signaling molecules. youngest ‘omics’ tools. However, it is

Metabolomics is the large-scale qualitativelefinitely proving to be a valuable tool in

(i.e. the chemical identification/naming ofcurrent plant biotech. It is certain that

each metabolite) and quantitative (i.e. measietabolomics will continue to serve as a

uring the quantity of metabolites presentkey discovery and descriptive technology

profiling of primary and secondary metabowell into the future.

lites that provides a high resolution bio-

ntens. o Figure 1. Metabolomics uses series of so-
H107] . - . .
!l phisticated instrumentation, such as ultra
2] high pressure liquid chromatography cou-

pled to mass spectrometry (UHPLC-MS),
i to profile complex mixtures of metabolites.
15 A profile is provided for a representative
I legume extract. Each peak represents a
least one unique metabolite and the height
of each peak is representative of its
relative abundance in the complex
mixture. The cumulative metabolite profil-
f ing data represents a high resolution bio-
R chemical phenotype extremely useful in
understanding fundamental biochemical
JLD responses to genetic engineering, biotic
stress, abiotic stress, symbiosis, and plant
disease/defense.

oo~ T T T T T T T T T T
oo 2.5 2.0 ] 100 12.9 15.0 17.9 20.0 22.5 Time [min]
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Ecophysiology aims at analysing angerature and vernalisation (1, 2). The analy
modelling the relationships existingsis of carbon and nitrogen fluxes within thél) Moreau, Det al.(2006). Plant Cell Environ.
between plants and their environment. Theglant provided an evaluation of tidedi- 29, 1087-1099. _
environmental factors can be abiotic (solazago-Sinorhizobium symbiosis ~perform- (2) Moreau, Det al.(2007). Plant Cell Environ.
radiation, temperature, water, mineral nutriance according to light and nitrate condizd 213-224.

S . U . .(3) Moreau, Det al.(2008). J. Exp. Bot. 56,
ents) or biotic (pests, diseases, beneficial tions (3). These tools are of importance i £09-3522.
detrimental micro-organisms) and they castandardizing and monitoring expectegy) sajon, Cet al.(2001). Agronomie 21, 539-
also include the impact of agricultural pracgrowth conditions in the ‘omics’ studies. Inggo.
tices. Plant growth is characterised by a sparticular, it has been shown that the env{s) Salon, Cet al.(2009). Compte Rendus
of different major “integrated functions” ronmental conditions (in terms of light andBiologies, 332, 1022-1033.
such as water or nutrient (mainly carbomitrate) under which the Medicago- (6) Tardieu, F. (2003). Trends Plant Sci. 8, 9-14.
and nitrogen but also phosphorus and susinorhizobiumsymbiosis is usually grown (7) Voisin, A.S.et al. (2007). Ann. Bot. 100,
fur) uptake, water, nutrient or metabolitecan result in N deficiency (3). Moreover 1525-1536.
allocation within the plant, seed reservecophysiological models provide a frame-
formation, etc. The relative importancevork analysis to break up complex vari-
and/or focus associated to each of thesbles, such as yield, into intermediate vari-
functions depend widely on the species arables representing physiological processes
upon the issue addressed. From a spat{glich as nitrogen uptake as a function of
scale point of view, the organ level is prefnodule biomass, carbon uptake as a func-
erentially targeted, but it can be narrowetlon of leaf area and light) (3, 5, 7). As
down to the cell level or widened to thesuch, our models are useful tools for quan-
plant or crop level. From a time scale pointitative genetics and plant breeding. A
of view, the analysis accounts for dynamigenotype can therefore be defined as a spe-
patterns, with a daily to weekly time inter<ific combination of model parameters of
val, across specific growth periods or durmathematical functions representing either
ing the entire growth cycle. The ecophysispecific meta-mechanisms or response
ological analysis involves identifying, for acurves to the environment. Detection of
specific plant function, the meta-QTLs can be conducted on these model
mechanisms determining the plant's reparameters, thus implicitly accounting for
sponse to environment through responske genotype—environment interaction.
curves to either environmental factors oFinally, ecophysiological modelling by
plant signals (6). As such, ecophysiologicaccounting for interactions between proc-
models reveal emerging properties at thesses and with the environment allows
whole plant level resulting from the interacidentifying key processes in the crop N
tion between processes either within theitrogen performance, buildingn silico
plant or with the environment. ideotypes and thus identifying essential
In legumes, the yield and quality of thecombinations of traits for breeding.
harvested seeds not only depend on carbon
uptake by photosynthesis but also on nitro-
gen uptake through the legume-Rhizobia
symbiosis, which is strongly dependent on
soil nitrate availability. In our team, the
ecophysiological analysis is therefore fo-
cused on the characterisation of the inter-
acting carbon and nitrogen fluxes within
the plant, from the uptake of nutrient in the
environment, to their accumulation in the
finally harvested seed. Pea has been and
remains our first model plant (4) as it has
been the major legume crop in Western
Europe from the 1980's onward. Since
2000 our knowledge is being transferred to
Medicagotruncatulabecause of its evident
interest as a model plant for the genomic
community. As such, ecophysiological
tools were first developed to characterise
M. trunctulashoot vegetative and reproduc-
tive development as a function of air tem-
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eneficial from all points of view broader host range. Genetic studies ddundreds of genes are involved in nodule

The rhizobium-legume symbiosis isrhizobia and model legumes have estaldevelopment and function
established between certain nitrogen-fixingshed that the ability of rhizobia to be recWhen rhizobia infect their host plants they
soil bacteria collectively called rhizobia, andgnised and to nodulate a legume is goware kept separated from the plant cell by a
plants of the legume familyF@baceag erned by chemical signalling between themembrane, a fact that may be important for
Recognition between partners leads to nodpartners. The key signals for most plantnaintaining the symbiotic relationship. In
lation — the development of root noduleshizobium couples are Nod factors, lipothe nodule the bacteria differentiate into
infected with rhizobia. In these structureshito-oligosaccharidic molecules (LCOs¥orms, called bacteroids, that express only a
the rhizobia fix atmospheric nitrogen inproduced by rhizobia in response to legumgub-set of genes, mostly those involved in
return for a carbon source derived fromoot exudates. Differences in Nod factonitrogen fixation and adaptation to the plant
photosynthesis. As a result, plant growth istructure are largely responsible for hoshicro-environment (1). These include the
independent of a mineral nitrogen source ispecificity, although surface or secretedif genes leading to activity of the nitrogen-
the soil, which explains why legume plantpolysaccharides are also bacterial compdixing nitrogenase enzyme that has a high
are often among the first to colonise pooments necessary for infection, possibly asnergy requirement and sensitivity to oxy-
soils and why legume grain, forage anduppressors of the plant defence system. glen. Legumes have evolved mechanisms to
fodder crops can be grown with no addethe past few years, genetic studies largely @ecommodate these properties through the
nitrogen fertiliser. It has been estimated thatodel legumes have identified key compaostructural and biochemical characteristics of
world-wide, biological nitrogen-fixation in nents of Nod factor perception and signahe nodules.
agricultural systems alone fixes 40-60 miltransduction (5). These include a certaiNodules are highly differentiated organs,
lion tonnes of nitrogen annually, comparetlype of receptors (LysM-RLKs) involved inorganised into zones with different func-
to the 100 million tonnes of nitrogen fertil-recognising Nod factors, which are relatetions. There is considerable variation in
iser that is chemically synthesised (3). Corte receptors involved in defence responsdiseir size and structure among legumes, but
sidering that the production and transport dd chito-oligosaccharides produced byhe two major model speciedviedicago
nitrogen fertilisers account for a substantiglathogenic fungi. How legumes discrimitruncatula and Lotus japonicus are repre-
part of the crops’ total energy inputs and fonate between pathogens and symbionts wgentatives of legumes forming the two main
1-2% of the world’s annual energy coning similar receptors is currently undemnodule types. Transcriptomic and proteomic
sumption, the culture of legume plants istudy. Remarkably, several genes acting justudies have identified hundreds of genes
clearly economically and environmentallydownstream of Nod factor receptors alsthat are activated (or repressed) during
advantageous. Also, although much of theontrol establishment of the symbiosis witmodulation and which are associated to dif-
nitrogen fixed by legume crops is harvestedndomycorrhizal fungi, indicating that theferent developmental stages and to different
for feed or fodder, the remainder becomehizobium-legume symbiosis has evolvedones of the nodule. Plant genes which are
available in the soil for subsequent plantsom this ancient and widespread symbiosiessentially expressed in nodules are called
grown in rotation. A wider use of legumes nodulin genes. They often represent special-
together with increased legume crop pro-
ductivity and quality under low fertiliser
conditions are obvious steps in the neces
sary transition to sustainable agricultural
systems. In this regard, improving symbiotic
nitrogen fixation is an important target for
research. Recent work on model legumes i
unravelling the mechanisms leading to sym
biosis and should lead to new strategies t
make symbiotic nitrogen fixation more effi-
cient.

Rhizobium-legume recognition involves
chemical signalling

Genome sequencing has revealed that rhiz
bia are a collection of largely unrelated
bacterial species that have acquired the pq
tential to nodulate legumes and to fix nitro-
gen, through the acquisition of specific
genes, called thenod and nif genes (4).
Many rhizobia can only nodulate a few Positive impact of rhizobium-inoculation on soybeargrowth in the absence of nitro-

legume species whereas others have a mucgen fertiliser (George Sommer/INRA
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ized members of multi-gene families and arfor genetic improvement in both partners :
involved in a variety of processes includingnd in identifying efficient partner combina-Acknowledgment : Work in the authors’ labora-
cell division and differentiation, infection, tions (2). tory is supported by INRA, CNRS and by con-

signalling, defence responses and metabollhie discovery of Nod factors has alreadgzitﬁel%rg th&:ég?nc&@g;\;ce é\l\?&og]zlsel Gdlsl AIE

exchange. _ !ed to a usefu_l appli_cation, since rhizobiag‘yC Signalling, SYMbiMICS) and the European

In a mature nodule, essential membrariaoculants enriched in the appropriate No ommunity (NODPERCEPTION). We thank

transporters are involved in the efficienfactors have been used since 2005 on ovetgtherine Masson and Etienne Journet for criti-

exchange of carbon to the bacteroids andillion hectares of agricultural land to im-cally reading the manuscript.

fixed-nitrogen to the plant. Then, nitrogenprove yield of major crops such as soybean,

rich amides and ureides are synthesized fpeanut and alfalfa. Better knowledge of No¢B) Graham, P.H. and Vance, C.P. (2003). Plant

transport to the shoot. Genetic and physidactor signalling and of the mechanism&hysiol. 131, 872-877.

logical studies have shown that the plamegulating nodule formation and activity(4) Masson-Baivin, Cet al. (2009). Trends Mi-

and bacterial metabolisms are intimatelgould be further exploited to favour nodulacroPiol- 17, 458-66. .

coordinated at the nodule level and are aldimn by specific rhizobial strains, improve :) Oldroyd, G.E.D. and Downie, J.A. (2008).
- s . . . - ~Annu. Rev. Plant Biol. 59, 519-546.

regulated by the photosynthetic activity ofor symbiotic efficiency in different envi- (1) Barnett, M.J. and Fisher, R.F. (2006). Sym-

the shoot and the developmental stage of thenmental conditions. The relationship begigsis 42, 1-24.

plant. tween nodulation and mycorrhization coul@) Den Herder, G. and Parniske, M. (2009). Curr.
also be exploited to produce mixed inocuopin. Plant Biol.12, 491-499.
Nodulation, a highly regulated process lants to improve phosphorus and other nutri-

Nodulation is very sensitive to environ-ent uptake in addition to nitrogen nutrition.
mental conditions, such as soil acidity, salffranscriptomics and proteomics approaches
heavy metal, drought and biotic factors sucbn model legumes and their symbionts have
as pest and pathogen attack. Nodule formeevealed the complexities of the gene net-
tion is inhibited by the presence of mineralvorks leading to an effective symbiosis. A
nitrogen sources in the soil and is furthemajor challenge is to identify those genes
controlled by endogenous plant processethat could lead to an improvement in symbi-
In this way the plant controls its investmenotic efficiency: the development of func-
in the energy-demanding processes of nodtienal genomics platforms and efficient
lation and nitrogen fixation, according to iteecophysiology and phenotyping methods in
needs. Recent genetic studies have showrodel legumes are providing methods in
that a mechanism of auto-regulation of nodwhich this can be done. In addition, the
ule number also mediates N-inhibition ofxploration of natural variation, greatly
nodulation and involves systemic signallindacilitated by next generation sequencing
between the root and the shoot. A key contechnologies, represents a promising strat-
ponent is a shoot LRR-RLK receptor that iggy, notably for identifying genes involved
involved in detecting a signal sent from thén the adaptation of symbiosis to various
root and then sends back a signal to the roetvironments.

to inhibit nodulation. Although not all the

details of this regulation are known, plant

hormones could be involved as mobile sig-

nalling components. More generally plant

hormones are important mediators of nodu-

lation and infection, with either positive
(cytokinin and auxin) or negative (ethylene,
abscisic acid and methyl jasmonate) roles.
In the nodule, further controls operate on th
symbiosis. The plant has been shown t
control the differentiation of rhizobia into
bacteroids and has evolved mechanisms f
sanction bacteria that do not efficiently fix
nitrogen. Despite recent progress, many
the key components underlying thes
mechanisms remain to be identified.

Future challenges and applications

Nitrogen fixation in the field is notoriously F;
variable, depending on the bacterial strain'—':
the plant genotype and the environment

be limited by the presence in the soil of
competing, less-efficient rhizobia and by Nodulation of the model legumeMedicago truncatulawith a nodule section (right)

residual nitrogen. Generally legumes haveshowing rhizobia coloured in red and the expressionf a Nod factor receptor gene in

not been bred with symbiotic efficiency in blue.
mind. There is thus considerable potential
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he large majority of cultivated and wildsymbiosis. Although the picture is still frag-PsSYM8, PsSYNI9and an additional three
plant species harbour arbuscular mymentary, the identification of simultaneoushave been identified inL. japonicus
corrhiza (miikes=fungus, rhiza=root) in theimycorrhiza and nodulation mutants also i(LjCASTOR, LjNUP85, LjNUP133 They
root systems. Legumes are no exceptioM. truncatula and L. japonicus has con- encode proteins that are directly or indi-
These fungi, belonging to the phylunfirmed that genetic programmes driving theectly involved in signal transduction net-
Glomeromycota, exist in symbiosis withtwo root symbioses partially overlap (2, 4works necessary for mycorrhiza establish-
vascular plants in most terrestrial ecosyst). The arbuscular mycorrhiza symbiosisnent since their inactivation gives a pheno-
tems throughout the world. Apart from speappeared in terrestrial plants over 400 mitype in which fungal development is limited
cies ofLupinus all genera in the Fabaceadion years ago, well before the hypothesize the outer epidermal or exodermal cell
benefit from arbuscular mycorrhiza, whichorigin of nodulation in legumes (60-70 mil-layers of roots. Their function argues for a
enhance nitrogen fixation and primary prolion years ago). This, together with the exisole of calcium-sensing in the perception of
ductivity by providing plants principally tence of some shared genetical, transcrifitngal signals (‘Myc’ factors) during early
with a means of better soil exploitation fotional and ultra-cytological features betweemteractions between roots and arbuscular
nutrients (particularly Pi). In this contextithe two root symbioses in legumes, hawmycorrhizal fungi. However, not all plant
arbuscular mycorrhiza research initiallyepeatedly led to the suggestion that part afutants have stable phenotypes and varia-
focussed on crop legumes because of théfre plant cell programme accommodatingons between mutated alleles for my-
economic impact. Soybean and clover wengitrogen-fixing bacteria in nodules wascorrhiza development have been reported
early models for physiological studies ofecruited from pre-existing functions infor some of the.. japonicusandM. trunca-
mycorrhiza-legume interactions, followedarbuscular mycorrhiza. tula genes (4, 7). More infrequently de-
by pea with the first discovery in the 1980&lthough arbuscular mycorrhiza are nonscribed are mutants which allow coloniza-
of mycorrhiza-deficient genotypes in a nonspecific and legumes can associate withten of the inner root cortex but where ar-
nodulating mutant background. Howeverbroad array of Glomeromycota species, theuscule formation is defectivelj¢yclops
these crop legumes have large genomes gmabcesses of root colonization and symbid®ssym3%, rate of arbuscule turn-
it was necessary to wait for the implementasis development are conserved betwe@ver/senescence is alteredLjnicbco,
tion in the 1990's of the model legumedlifferent plant species. Schematically, &#ssym33, Pssym#0r mycorrhiza coloniza-
Medicago truncatula and Lotus japonicus hyphae of the fungal symbiont coming frontion is increasedsnn (2, 4, 7). In most
which have small genomes and are amena-spore or a mycelium network in the soitases, the mutated gene, or the function of
ble to forward and reverse genetic analysegifferentiates an appressorium at the rothe encoded protein, has not yet been identi-
for large scale research into plant genetigpidermis, from which a penetration hyphaged.
programmes regulating the mycorrhizaénters the root. Once inside the root, inteBver the past few years, studies mainly in
cellular hyphae grow into the inner corteM. truncatulaandL. japonicushave identi-
where the fungus forms highly branchedied a broad number of plant gene categories
structures, called arbuscules, within roahat are transcriptionally modulated during
=% & cortical cells. The formation of arbusculeshe development of arbuscular mycorrhiza,
induces transcriptional and metabolic actigiving clues as to how cell functions may be
vation of host cell contents which undergoegulated during interactions. The most
. K i rearrangement with the proliferation of orcomprehensive data so far are related to
53 ganelles and membrane systems. This cuydlant-derived reprogramming for compati-
: =8 " minates in the formation of an extensivéility between mycorrhizal partners. They
WL cas = B ' T ; . s
25| |l v . symbiotic interface between plant and funinclude nodulin-related gene activation,
20 4 7 ibvwl- gal cells, assumed to be the site of nutrieattenuated or localized defence responses
F exchange between the two symbionts. with root penetration or intracellular arbus-
: A A Screening of mutant collections, principallycule formation, and membrane intrinsic
15| | W ° in the model legumeM. truncatulg L. ja- transporters essential for phosphate transfer
27 ponicusand pea, has been instrumental iat, and maintenance of, the symbiotic inter-
v the identification of distinct plant loci whichface (3, 4, 7). Mycorrhiza-defective mutants
are required for different steps of my-of model legumes are valuable tools for pin-
corrhiza establishment. At present, threpointing plant and fungal cell programmes
homologous genes required for early stepsvolved in symbiotic mycorrhiza interac-
of root penetration by a mycorrhizal fungusions. Research has mainly focussed on
have been cloned and a predicted functigrlant mutants affecting the initial events
identified in L. japonicus (LjSYMRK, leading to root penetration where inactiva-
down-accumulated proteins (Abdallah, LjPOLLUX, LjCCaMK, LjSYM1p M. trun- tion of Fhe gorresponding plant genes inter-
Recorbet & Dumas-Gaudot, unpub- catula (MtDMI1, MtSYM2/DMI2, feres .W|.th 5|gna!-percept|oq responses to the
lished data). MtSYM13/DMI3 and pea RsSYM19, symbiotic fungi and extinguishes plant
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Figure 1. Two dimensional gel electro-
phoresis of differentially accumulated
proteins in membrane enriched fractions
(microsomes) of mycorrhizal compared
to non-mycorrhizal roots of Medicago
truncatula : D and N indicate up- and
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stimulatory effects on fungal gene activitysimilarities and evolutionary divergence
(4, 5, 7). By introducing mycorrhiza-between cell programmes in nodule and) Aloui, A. et al. (2009). Proteomics 9, 420-
defective M. truncatula and L. japonicus mycorrhiza symbioses. In addition, deepé’r33- ) )
mutants into large-scale gene expressianalysis of signalling networks regulatin zi)cr%ggﬁoﬁé%}eé 4%" (2007). Appl. Biochem.
stu_dles, based on tools issuing from trarplant_defence_ responses to arbusgul_qr méé') Deguchi,’Y.et al. (2007). DNA Res. 14,117-
scriptome (3, 4) and genome sequencing corrhizal fungi will contribute to delimiting 133
(www.medicago.org/genome/;boundaries in the symbiosis-pathogenesig) Gianinazzi-Pearson, \ét al. (2006). Symbi-
www.kazusa.or.jp/lotus/; continuum. Furthermore, the extensivetic interactions. Arbuscular mycorrhiza. In:
www.affymetrix.com/support/technical/datasynteny of pea and alfalfa with ti\. trun- "Medicago truncatula Handbook" (eds. U.
sheets/medicago_datasheet.pdf), it will beatula genome (Kaloet al., this issue) Mathesius, E.P. Journet, LW. Sumner.
possible to further unravel the role of planmakes extrapolation of on-going basic myottp://www.noble.org/MedicagoHandbook/pdf/Ar
genes in signal exchange pathways withicorrhiza research to agriculturally importan?“scq'ar_Myco,”h'Za'pdf' .

the symbiosis, propose maps of metabolicrop legumes feasible. 5) Gianinazzi-Pearson, \ét al. (2009). In: My-

ircuit hich drive th biotic int corrhiza : Functional Processes and Ecological
circuits whic rve the symoiotic interac- Impact, 33-45 (eds. Azcon-Aguilar C., Barea

tions and define those which specifically JM. Gianinazzi S., Gianinazzi-Pearson V.).
respond to symbiotic stimuli. The availabil- Springer Verlag, Berlin, Germany.

ity of genomic databases and plant mutants (6) Mathesius, U. (2009). J. Proteomics 72, 353-
are also providing opportunities for large- 366.

scale profiling of the mycorrhiza-related (7) Parniske, M. (2008). Nature Rev. Microbiol.
proteome, ranging from wide display pro- 6, 763-775.

teomics to more focussed characterization
of subcellular membrane compartments (6,
Figure 1). Research input based on these
different strategies t¥l. truncatulahas, for
example, identified several appressoria-
responsive proteins belonging to categories
involved in recognition and defence re-
sponses, as well as membrane proteins re-
lated to the functioning of the established
mycorrhizal symbiosis (4, 6).

Legumes have also been instrumental in
research on the ability of arbuscular my-
corrhiza to confer additional benefits other
than phosphate acquisition to plants, includ-
ing resistance or tolerance to biotic and
abiotic stresses. For instance, using pea as a
model system, it has been shown that arbus-
cule development is necessary for the my-
corrhizal symbiosis to reduce root infection
and damage by the destructive pathogen
Aphanomyces euteichesfor which no
highly resistant cultivars or efficient control
methods are available (Rispail et al., this
issue). A link between the presence of ar-
buscules, mycorrhiza-related chitinase and
chitosanase isoforms and bioprotection has
suggested a possible role of these proteins i
this phenomenon. In this context of biopro-
tection, pea andV. truncatula have also
been exploited as model plants to investi-
gate how arbuscular mycorrhiza impact on
plant tolerance to soil pollutant stress
(Figure 2). Investigations of the molecular
basis of the protective effect against cad-
mium pollution have so far concluded that
toxicity may be counteracted through the
mycorrhiza-dependent synthesis of proteins
involved in alleviating damage from oxida-
tive stress thus conferring low sensitivity to
the metal (1).

Model legumes will continue to provide
opportunities for identifying cell circuits

driving plant-fungal compatibility essential g re 2 Medicagotruncatula growing in a heavy metal-contaminated sand/soil sib

to mycorrhizal formation and functioning. yate: NM, without mycorrhiza; M, with mycorrhiza ( courtesy E. Jacquot-Plumey).
They are also instrumental for evaluating
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Plants are exposed to a number of enviAlthough in general nitrogen-fixing bacteriasignalling mechanism, but a regulation at
ronmental stresses both under naturale more tolerant as free-living cells thathe local level, as demonstrated for both
and agricultural conditions. In plant physiolunder symbiotic conditions, the success dfopical and temperate legumes (4). This
ogy, stress is usually defined as an externdile symbiotic system largely depends on tHecal regulation suggests that the search for
factor that exerts a disadvantageous inflyplant stress tolerance. nitrogen compounds exerting a role on the
ence on the plant. Some of the most conthe regulation of SNF under drought stresggulation of SNF should be mainly focused
mon environmental factors causing stress involves a number of factors, namely, interat root nodule level.

plants include water deficit, salinity, chillingnal G, availability, nitrogen feedback regu-Another proposed regulatory mechanism is
and freezing, heat, and flooding. Amondation and carbon limitation, whose interacvia control of carbon flux within nodules.
them, water deficit is considered one of théons are not fully understood. In additionNodule-enhanced sucrose synthase, a key
environmental factors more severely influthe regulation of SNF has been recentlgnzyme metabolising sucrose toward glyco-
encing plant growth and crop productivityshown to depend on the plant species undgsis, has been shown to be the first nodule
According to the “World Atlas of Desertifi- study, as differential response mechanisnenzyme activity that declines under drought
cation”, 47% of the terrestrial land surfacéo drought have been found in grain anth tropical and temperate grain legumes.
can be considered dry land, with one sixthasture legumes (Table 1). This sucrose metabolisation decline leads to
of them are classified as hyper-arid, includ- an accumulation of this substrate and a con-
ing deserts such as the Sahara (6). Furth&®egulation of SNF under drought stress comitant depletion of organic acids, mostly
more, one out of five developing countriesn grain legumes malate, in nodules. Therefore, a limitation
is estimated to suffer from water shortag8ignalling for SNF regulation has been reef carbon supply for bacteroid respiration
for agriculture by 2030 (2). lated to a nitrogen feedback mechanismvould be responsible for the observed de-
Plant responses to water deficit are conBeveral molecules have been suggested diine in nitrogenase activity (4).

plex, involving adaptative changes and/oplay a role in this regulation, although so far

deleterious effects (1). The process that &vidences for potential candidates are indRegulation of SNF under drought stress
most affected by water deficit is plant celfect and speculative. To date, most of thesethe model legume:Medicago truncatula
growth. The more severe the water deficit istudies have been carried out in soybean ahldpasture legumes such lgedicago sativa
the larger the number of cellular processekere is scarce information about the role @nd M. truncatula the drought-induced
affected, including inhibition of cell divi- these compounds in temperate legumedown-regulation of nodule sucrose synthase
sion, cell wall formation and protein syntheMoreover, the decline of SNF under drougttias been shown to occur after SNF inhibi-
sis. As a consequence of loss of turgor preBas been shown not to involve a systemiton and concomitant to an accumulation of
sure, growth is inhibited and a limitation in
leaf expansion occurs. The second mog

important consequence of decreased wat Grain legumes Pasture legumes
availability for plants is a reduction of pho- -

tosynthesis due to abscisic acid-mediatefl Water potential at severe drought -1.5 MPa -2.5 MPa
stomatal closure. ) Degree of inhibition of SNF High High
Nitrogen-fixing legumes are especially sen

sitive to water deficit and other environ-| Degree of inhibition of photosynthesis High Moderat
mental stresses. Figure 1 shows the metab P-Oxidative damage High Moderate

lite exchange in nitrogen-fixing temperate
legumes and carbon and nitrogen metabq- Effects on nodule metabolism:
lism in nodules. Under drought, symbiotic
nitrogen fixation (SNF) is rapidly inhibited, Sucrose Accumulation Accumulation
previous to the decline in photosynthesis.

negative impact on SNF has been als
shown for other abiotic stresses such as salt, Malate Strong decline Accumulation
low temperatures and flooding. The effectd

Sucrose synthase Strong decling Maee elecline

of a particular abiotic stress on SNF ca Most likely cause of the inhibition for(;:::?grr:)iltljrﬁgztl(i)rg- bactg::)Fi)da Irrnrgfgkt)(())lgsrr
occur at different steps of the symbiotic y . P -
tion and nitrogenase

interaction: infection, nodule development

and nodule functioning. Under drought, Tapie 1. Summary of the general physiological and nebolic responses to drought

both formation of new root hairs and elon- gyess of several legumes. This overview is based mogressive drought experiments
gation of previously differentiated root hairs c4rieq out under controlled conditions using soyban (Glycine may and pea Pisum
are limited and, as a consequence, the devely,iiy ) as representatives of grain legumes, and barrehedic (Medicago trunca-
opment of new plant-bacteria interactionsy,|a) and alfalfa (M. sativg, as pasture legumes (see reference 5 for more aiétd

and infection threads is greatly reduced.yiscyssion). SNF, symbiotic nitrogen fixation.
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malate. In a recent study, the regulation of
SNF in drought-stressedM. truncatula
plants has been analysed using a combina-
tion of physiological, metabolomic and
proteomic approaches. It was then con-
cluded that the inhibition of SNF M. trun-
catula under drought stress appeared to be
related to an impairment of bacteroid me-
tabolism and nitrogen-fixing capacity, rather
than to a limitation of carbon respiratory
substrate to fuel bacteroid nitrogenase (3).
In this sense, the regulation of SNF Nh
truncatuladuring drought shows more simi-
larities with other species such s sativa
suggesting a possible common regulatory
response among pasture legumes. In addi-
tion to this different SNF regulation model,
a number of physiological and biochemical
studies strongly suggest that medics are
more tolerant to drought than grain legumes.
Medicago species are able to reach lower
water potentials than grain legumes, main-
taining better photosynthetic rates and plant
biomass production.

A better understanding of these regulatory
mechanisms will enable the optimisation of
legume SNF under different abiotic stresses,
positioning legumes, even more, as essential
crops for a sustainable agriculture.
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Figure 1. Simplified representation of the metaboti exchange and carbon and nitro-
gen metabolism in nodules in nitrogen-fixing tempeate legumes. ETC, Electron
Transport Chain; Lb, Leghemoglobin; Nase, NitrogenaseOAA, Oxaloacetate; PEP,
Phosphoenolpyruvate; TCA, Tricarboxylic Acid Cycle.
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Grain and pasture legumes such as pganomes which are nearly completely seesistance. In some instances single resis-
and alfalfa are challenged by manyuenced and for which many genomic tool&ance genes have been identified, such as for
pathogens and pests which strongly affetiave been generated (13). Thus, they offeresistance té>homa medicaginiand Colle-
their yield worldwide. Genetic resistance igreat opportunity to improve our undertotrichum trifolii (13). By contrast, resis-
considered the most desirable contrdtanding on legume resistance mechanisremce to Aphanomyces eusteichedMy-
method since it is more cost effective andnd to identify effective resistance genesosphaerella pinodesUromyces striatus
environment-friendly than the alternativeacting against these pathogens and pests. Peronospora trifoliorumor Erysiphe pisi
chemical-based methods. Mining legum&ungal and oomycete pathogens are tlappears mainly partial and controlled by
crop germplasm collections has identifiedargest and most diverse group of pathawnultiple QTLs associated with different
many resistance sources in legume crops fgens. They are responsible for the mostefence mechanisms. ResistanceEtopisi
which the corresponding genetic loci, odramatic legume crop yield losses worldwas shown to be controlled by several de-
quantitative trait loci (QTL), have beenwide.M. truncatulais a potential host for a fence mechanisms including papilla forma-
located on genetic maps (e.g., 16). Howarge variety of necrotrophic and biotrophidion, hypersensitive response and post-
ever, the large genetic distance existing ifungal and oomycete diseases includingolony establishment mechanisms (12)
most cases between the identified genetamthracnosis, fusarium wilt, root rot, as{Figure 2). A root stele reinforcement
markers and the resistance QTLs, and tlwechyta blights, mildews and rusts (13jnechanism controlled by a QTL potentially
general lack of knowledge on resistancéigure 1) M. truncatulagenotypes show- encoding a proteasome-related protein was
mechanisms in legumes limit greatly the useg differential responses to these pathogenfso recently shown to be responsible for the
of genetic markers to confer resistance tmom susceptible to resistant have been idepartial resistance of thel. truncatulaAl7
grain legumes. The model legumdstrun- tified (e.g., 9, 12). These serve as a basis fgenotype toA. eusteiche$s). Interestingly,
catulaandL. japonicusare affected by most the characterisation of underlying resistanaiis QTL mapped to chromosome 3 where a
pathogens and pests limiting grain and pasiechanisms at the cellular and molecularecond major QTL foA. eusteichesesis-
ture legume vyield (Figure 1). These legumkevels as well as for the identification oftance, namedAER1 was also identified
speC|es are self-fertile with small diploiddefence genes and QTLs responsible f¢tl). At the molecular level, transcriptomic
= == gl and  proteomic studies indicated that the
efficient defence reaction d#l. truncatula
requires the coordinated expression of sev-
eral defence-related proteins. These studies
also highlighted the crucial role played by
the pathogenesis-related (PR) proteins, and
in particular PR10, as a resistance determi-
nant at least again#. eusteichesnd C.
trifoliorum (13). Several studies also
showed that phytohormones including ethyl-
ene and ABA, and signalling molecules
such as KO, are important defence determi-
nants against fungal pathogens (2, 4, 10).
Legumes are also affected by bacterial
pathogensM. truncatulaand L. japonicus
can be infected by several bacterial patho-
1S gens including Ralstonia solanacearum
J P A8 Pseudomonas syringaand Xanthomonas
- - campestrisA recent study showed that one
M. truncatulaline, F83005.5, was resistant

Figure 1. Photographs of the model legumMedicago truncatulainfected by different ~ t0 MostR. solanacearunisolates (18). The
diseases. A, Flowering spikes dD. crenatainfecting M. truncatula.B. Early stage of ~associated resistance mechanism, controlled
O. foetidaon M. truncatula roots. C. M. truncatula — Uromyces striatugnteraction in by several QTLs, restricted bacterial infec-
resistant or susceptible genotype. Resistance isteleted by HR-related necrotic spots  tion to the root tip by preventing vascular
on the leaf surface (left leaf) while susceptibleegiotype is covered by rust pustule bundle colonization of the pathogen (17,
and colony (right leaf). D, E. M. truncatula - Erysiphe pisisusceptible interaction. 18). In a recent study, Bozs6 and co-
The picture show susceptible genotype covered by pdery mildew colonyat whole ~ Workers (1) compare the gene expression
plant (D) or leaf level (E). F.M. truncatula- Fusarium oxysporuntf. sp. medicaginis, ~Pattern induced by the most important de-
The picture compares healthy non infected plants ofl. truncatula (left plant) with ~ fence mechanisms, that is the basal defence
diseased plant showing necrotic and dead leaves dnt plant) (Photo A and B~ Mechanism, and the hypersensitive response
courtesy of M. Fernandez-Aparicio). during the non-host interactiod. trunca-

25 GRAIN LEGUMES N° 53 2009



ON GOING RESEARCH

tula — Pseudomonas syringa#&s expected, A B
they found that infection with the bacterial

pathogen led to profound and largely over-
lapping changes in gene expression and in
volved genes from several functional groups
including cell signalling, transcription factors
and defence-related genes such as PR10 (1).
Nematodes are also an important cause 0|
yield losses in legumedd. truncatulaand

L. japonicuscan be colonised by several
types of nematodes including the stem
nematodeDitylenchus dipsacand the root-
knot and cyst nematodes of thieloidogyne
and Heteroderagenera (3, 13). Screening
M. truncatulaand L. japonicuscollections
revealed differential infection responses,
ranging from susceptible to resistant, to
several of these nematodes. Such genetif [
diversity is being used to map and identify|
genes and/or QTLs involved in resistance to
nematode infection, and to better characterisg
the associated resistance mechanisms (3).
Although less studied, legumes are als
susceptible to viral diseases. Despite theFigure 2. Resistance mechanisms acting against aerial fungpathogens. The cartoons
damage they cause, very little is known exemplify the resistance mechanism encountered dug the M. truncatula — Erysiphe pisi
about virus resistance mechanisms. In leg-as an illustration of the resistance mechanism actg in air-borne fungal pathogens. The
umes, virus resistance has been mainly tar-mechanisms include the pre-penetration resistance eshanism (A), the penetration
geted in the economically important and mechanism (B), the hypersensitive response (C) anthe post-colony establishment
emerging model legumes pea and soybeanmechanism (D).

for which several resistance QTLs have

been found and in some cases pyramidizeidlly selected as model legumes to gain
(e.g., 8). FoM. truncatulaandL. japonicus insight into molecular aspects of the symbicl) Bozsd, Z.et al. (2009). Plant Mol. Biol. 70,
the only reports published to date indicatedtic interaction with rhizobium and AM 627-646. _
that M. truncatulacould be infected by the fungi. More recently, the use of these modé?-)gClozlgltz, F.et al. (2004). Plant. Mol. Biol. 55,
Pea early browning viru¢PEBV) andSub- legumes has been enlarged to study ot e

terranean clover mottle virugSCMoV) asgpects of legume biology, such asy gral Egildaydham’ Met al. (2008). J. Neumatol.
while L. japonicus could be infected by quality or resistance/tolerance to stress §)' Djebaii, N.et al. (2007). J. Phytopathol. 155,
Arabis mosaic virugArMV) and Tobacco taking advantage of the many tools deveg3s-640.

ringspot virus (TRSV) but not by legume- oped for them. Collections of these specigs) Djebali, N.et al. (2009). Mol. Plant-Microbe
infecting virus (6, 15). The screening oVa have been screened for resistance agaitrgeract. 22, 1043-1055.

truncatula core collection against SCMoVthe most important legume pathogens ant) Grenlund, M.et al. (2008). Virus Res. 135,
identified one resistant line expressing thpests allowing identification of several345-349.

typical hypersensitive response which wasources of resistance. The initial characteril?) Lozano-Baena, M.Det al. (2007). Plant
found to be controlled by a single gene locateshtion of these new resistance sources I@byf)lgr'ot‘:sﬁig“:?'al (2008). Crop Sci. 48
on chromosome 6 in a region containing typeated useful resistance QTLs, that can senv§; cog =~ - Lo el 45,
cal resistance gene sequences (14). _ to confer resistance in legume crops, ang) moussart, Aet al. (2007). Eur. J. plant Pa-
In semi-arid regions worldwide, parasiticallowed more fundamental research to deghol. 117, 57-69.

plants of theOrobanchespp. includingO. pher legume resistance mechanisms. Intgt:0) Penmetsa, R.\et al. (2008). Plant J. 55,
crenatg O. aegyptiacaandO. foetidadras- estingly, response to most pathogens am@0-595.

tically decrease legume yieltfl. truncatula pests led to the activation of common patH11) Pilet-Nayel, M.-Let al.(2009). Phytopathol-
has been proposed as a model to study thays involving amongst others PR genedy 99, 203-208.

Orobanchespp. — legume interaction (7)and phytohormone signalling. These studi¢s2)_Prats, Eet al. (2007). Phytopathology 97,
(Figure 1). To improve our understanQing oifdentifi_ed a series of candidate genes wit ;)9;25’;]’ Net al.(2010). Field Crop Res.

the M. truncatula - O. crenatanteraction, potential for improving disease resistance i 15, 253-269

transcriptomic and proteomic approat;hel%umeg These candidate genes should @) sagib, Met al.(2009). Crop Pasture Sci. 60,
were performed allowing the identificationvalidated through functional analysis beforagg-489.

of many candidate genes f@. crenata their use for genetic improvement of legumél5) Schumpp, Cet al.(2007). J. Plant Res. 120,
defence (13). These approaches indicategops either directly through genetic trans51-654.

that M. truncatularesistance t@. crenata formation or indirectly by MAS. (16) Sillero, J.Cet al.(2010). Field Crop Res.

involved genes belonging to different func- 115, 297-307. _

tional categories mainly associated with (17) Turner, Met al.(2009). Plant Physiol. 150,
1713-1722.

delflenC(TI 'nCILéqf'.ng geneﬁ of the PR fa”.’"'ej' (18) Vailleau, Fet al.(2007). Mol. Plant Microbe
cell wall modification, hormone-associate: Interac. 20, 159-167.

genes and transcription factors. o (19) Weerasinghe, R.Rt al. (2005). Proc. Natl.
M. truncatula and L. japonicuswere ini- Acad. Sci. USA 102, 3147-3152.
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I n the last three decades comparative magenetic maps have been developed only fported by Choet al. (3) and Zhwet al. (16).
ping studies revealed that species - deapilionoid species. Cross-species gene specific markers were
pending on their evolutionary relationship tegume genomics focuses mainly on twased to identify homologous genome seg-
preserved similarities in the content andconomically important legume groupsnents among eight legume speciis {run-
order of genes in their genomes consiste(@oyle and Luckow 2003); (i) two catula alfalfa, L. japonicus pea, chickpea,
with similarity by descent, but increasinglyHologalegina legume$/edicago truncatula soybean, mungbean and common bean).
disrupted as time passes. Originally comand Lotus japonicus,for which tools for Using theM. truncatula genetic map as a
parative genome analyses used genetic mdpactional genomics have been developagference genome these eight genomes were
developed with molecular markers but inand the sequenceing of the gene-rich ealigned and a simplified legume consensus
creasingly genome sequenceshromatic parts of these genomes is undenap created. Based on the analysis of the
(www.plantgdb.org/prj/Genome_browser.plway and (ii) due to its economical imporgene content of 63 sequenced BAC (large
p) make comparisons direct and more extetence comprehensive genomic resourc@ssert containing) clones, Chat al. (3)
sive. At first heterologous markers (markerhave been developed for soybe&@ly€ine reported collinearity between the two model
derived from one species but used in amax, a Millettioid Ilegume) legume specieBl. truncatulaandL. japoni-
other) were used to compare genetic map@yww.soybase.org). cus for the first time. The map position of
but later comparison of the function of The Hologalegina clade is split into twathe corresponding BAC clones showed that
mapped genes in different species arltheages, the first is representedlntusfor the genomes of both model legumes are
analysis of their relationship came to thgenomic studies, and the second contaihgghly syntenic and the chromosomal rear-
fore. The availability of extensive EST andvell known legumes such aBledicagq rangements resulting in different chromo-
genomic sequence data enables compufgifolium, Melilotus Lens PisumandVicia. some numberM. truncatula2n=16;L. ja-
based analysis of a vast number of gen@e species in Hologalegina and Millettioichonicus2n=12) was interpreted as translo-
and genomic regions. These analyses aligitades separated around 54 million yeastion of chromosome arms. The high qual-
almost the whole genomes of different speago while the divergence dfledicagoand ity sequence of the reference legume ge-
cies and so give precise insights into chrd-otus is dated about 51 million years agmomes allowed the computer-based com-
mosome evolution. The difference betwee(¥). The split between theVicieae parison of large genomic regions by analys-
macrosynteny (at the level of genetic mapgrontaining Pisum) and Trifolieae ing vast numbers of map-anchored BAC or
and microsynteny (within small-scale ge{containingMedicagq tribes is estimated at TAC clones (2) which reinforced and com-
nomic regions) is becoming indistinct usin@0-25 million years ago. This phylogenetipleted the comparative study performed by
in silico methods. relationship is reflected in the correspondin@hoi et al. (3). The schematic presentation
The three legume (Fabaceae) subfamiliesgenomic collinearity; the most conserveaf large-scale chromosomal rearrangements
CeasalpinioideagMimosoideaeand Papil- synteny was detected between the moketween the two model species produced by

ionoideae— contain about 20 000 species;losely related species. the integration of these studies is shown in
almost all the economically important grain Fig. 1. The difference in centromere number
and forage legumes fall into the seve@omparative genomics between model between the two species is the result of
clades of the Papilionoideae subfamilylegumes chromosomal rearrangements between

Genetic studies are principally focused ofithe most comprehensive macrosyntenyledicagochromosomes 3, 7, 5 and 6 and
these species, so cross-species markers amalysis between legume genomes was festus chromosomes 1 and 2 (Fig. 1). Ana-

I | I ! B T | A e ;
U e —— m ;-ﬂmml Bj:j Y s
R Y ‘ '2‘ R AR N A

PS5 N &
J o 1 =1 e -Elllllgl Iczllazl-III-EEMIII
] (o] I | R [

Figure 1. Schematic representation of large-scalg/steny blocks betweerM. truncatula (Mt), L. japonicus(Lj), Pisum sativum(Ps)
and Glycine max (Gm) chromosomes and chromosome segments. Bars lwithe same color or pattern show homologous
chromosomal regions and arrows in the boxes indicatthe orientation of the chromosomes (short arm -ohg arm) in the case of
Medicagoand Lotus. The bars do not reflect the relative sizes of chmosome or chromosome segments and the break poirdé
chromosomes are indicated approximately.
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lyzing the gene content of ten pairs of largtools become more widely available map-
insert clones showed almost identical genang by synteny will no doubt become a tool
content and the homologous genes showeéttegrated with others facilitating the char-
the same order and orientation (3). Comacterisation of gene function in legumes.
parison of the microstructure of 276kb of

the MtDMI2(NORK)/LjSYMRKregion simi-
larly revealed a nearly complete conservdl) Borisov, A.Y.et al.(2003). Plant Physiol. 31,
tion in gene content and order (6, 10, 16). 1009-1017.

Soybean (2n=40) has a highly duplicateb?)_ Cannon, S.Bet al. (2006).Proc. Natl. Acad.
genome and one genome duplication fol2%" USA 103,14959-14964.

. . 3) Choi, H.K. (2004). Proc. Natl. Acad. Sci.
lowed its divergence from oth&haseoleae g, 101, 15289-15294.

species (12). These genetic rearrangemens$ cronk, Q.et al. (2006). Curr. Opin. Plant
resulted in a partially duplicated genomeigl. 9, 99-103.

which makes the detection of macrosynteng) Cullimore, J. and Dénarig, J. (2003). Science
between soybean and other legumes comp#e2, 575-578.

cated. However, the study performed b{f) Endre, Getal.(2002). Nature 417, 962-966.
Choi et al. (3) revealed eleven coIIinear(leo'"Ei‘ihgt‘v1 V.et al. (2005). Plant Physiol. 127,
i:?urlnaeggc?rit&e?gigtl.’]i)?qul'?:erl:ag?gsr%lten ) Hofer, Jet al.(2009). Plant Cell 21, 420-428.

b L A d b 9) Kalo, P.et al. (2004). Mol. Gen. Genomics
etweenL. japonicusand soybean was ana-7, 535 46,

lysed by mapping the same cDNA clones of o) kevei, z.et al.(2005). Mol. Gen. Genomics
the genetic map of both species (13) which74, 644-657.

also detected several synteny blocks. Dgét1) Mudge, Jet al. (2005). BMC Plant Biol. 5,
spite the lower level of collinearity at chro-15.

mosome level, several studies confirmed tH&2) Shoemaker, R.Gt al. (2006). Curr. Opin.
high degree of microsynteny betwean PlantBiol. 9, 104-109. ,
truncatula and soybean (11, 15). The dral 153) Ig‘;b(’k“ra' Yet al. (2008). Breeding Sc. 58,
genome sequence of soybean was releasgg)' :

) - Wang, Zet al. (2008). Proc. Natl. Acad. Sci.
in 2008 and the gene-rich space of the othgga 105910414_18419_)

model legumesM. truncatula and Lotus (15) van, H.H.et al. (2004). Genome 47, 141-
japonicuswill be finished in the near future. 155.

The substantial conservation in gene ordét7) Zhu, H.et al. (2005). Plant Physiol. 137,
betweenMedicago speciesand pea identi- 1189-1196.

fied genetic rearrangements between the

two genomes which account for the differ-

ence in their chromosome number (8 for

Medicagoand 7 for pea; Fig. 1) (3, 9). The

structural rearrangements betwedhedi-

cagoandPisumchromosomes indicated that

the 10-fold difference in their genome size

is not the result of large scale genome multi-

plication in pea.

Synteny as a tool in gene isolation

Given what we know about the collinearity
of legume genomes we might expect this to
have been used widely in the isolation of
legume genes. However, this has not yet
been fully implemented, and to date collin-
earity has simply been a clue as to which
genes are likely orthologues that can be
further analysed. For example this was the
case for the pea symbiotic gen&ym2
Sym10 and Sym19 (reviewed in 5) and
Sym35(1) and similarly genes involved in
the regulation of flowering and flowering
time (reviewed in 7). A project aimed at the
isolation of the peaAfila gene using com-
parative mapping and positional cloning has
been underway for some time, and although
extensive microsynteny has been found this
work has yet to be published. At the same
time direct approaches to gene isolation
using deletion mutants has been successful
(8, 14), and as genomic and post genomic
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A nnual medicsNledicagospp.) are
important pasture crops, native of

96 F63°

6 # 6=6

tion, with an average of 20-30 pods. Seeds
have been multiplied in field plots and sent (1) Cook D.R. (1999)Current Opinion Plant
Mediterranean Basin. Annual medics are to Centro de Recursos Fitogenéticos, CRF-Biology 2, 301-304.

alsonaturalized in southern Australia, wherdNIA, Madrid.

they accidentally introduced in the nine-
teenth century. Their spread there was en-
couraged initially by the application of su-
perphosphate and then by the breeding and
release of improved cultivars. Annual med-
ics have also been introduced later on to
other parts of the world with Mediterranean-
type climates, e.g. parts of South Africa and

(2) Nair R.M.et al, 2006.

In : Medicago truncatulddandbook.
http://www.noble.org/MedicagoHandbook/
(3) Rispail N. et al., (2009Field Crop Res.115,

253-269.

Chile. Nowadays annual medics grewn
on over 4.5 million hectares with a number
of cultivar registered and available to farm-

ers (2). However in their area of origin, their
cultivation and utilisation has been ne-

glected with risk of genetic erosion
In addition to this obvious interest of annual

medics as pastures, one of thé trunca-

tula has become a model for studying vari-
ous aspects of legume genomics and biology

(1, 3). Both the economic interest as pas-

tures and as model legume, reinforce the
need to collect and preserve endangered

germplasm from the Iberian Peninsula. We
performed several field trips during 2005,
2006 and 2007 across Spain and Portugal
collecting samples. A dry plant specimen

from each population was deposited at the

Herbaria of the Botanical Garden of Cor-
doba. Mature pods were collected from as

many plants as possible from each popula-

Hnstituto de Agricultura Sostenible, CSIC,

Apdo. 4084, 14080, Cérdoba, Spain
2Departamento de Ciencias y Recursos Agrarios,

Univ. Cérdoba, Spain

*Corresponding author:

diego.rubiales@ias.csic.es

Species No. of collected| No. of popula-
populations tions with seeds
available
M. arabica(L.) Hudson 18 6
M. ciliaris (L.) All. 3 3
M. doliata Carming. 50 30
M. intertexta(L.) Miller 6 5
M. italica (Mill) Flori 16 9
M. marinal. 3 1
M. littoralis Rohde ex Loisel. 3 0
M. minima(L.) Bartal. 45 5
M. orbicularis(L.) Bartal. 89 44
M. polymorphal. 97 63
M. rigidula (L.) All. 31 26
M. satival. 35
M. scutellata(L.) Miller. 5
M. truncatulaGaertner 48 18
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Proteomic and metabolomic analysis of drought-stresed nodules: new players in the
regulation of nitrogen fixation in Medicago truncatula

. 36 6)-76

Legume plants are unique in their ability to egsiblsymbiotic
relationships with soil bacteria (rhizobia), allogithem to live in
nitrogen-poor soils thanks to the process of nérofixation. How-
ever, nitrogen fixation is quickly inhibited undarrange of biotic
and abiotic stresses, particularly drought. Theils@n of nitrogen
fixation under drought is a complex process in Wwhechnumber of
factors interact. One of the possible regulatiorchmaaisms sug-
gested is a reduction of carbon supply availabtette differenti-

evidence of a possible impairment of bacteroid bwtam and
nitrogen-fixing capacity as the most plausible esofsthe inhibition
of nitrogen fixation inM. truncatula On the other hand, the in-
volvement of other nodule enzymes such as planhior@he syn-
thase, essential for the synthesis of sulphur-@oingaamino acids,
led us to investigate the effects of drought steessulphur metabo-
lism in nodules. In summary, this work has proviésilence for a
differential regulation of nitrogen fixation in tigasture legumé/.

ated form of the symbiotic bacteria (bacteroid)e do a decrease intruncatulaunder water-limiting conditions.

one of the plant enzymes responsible for the clgavd sucrose in
nodules; sucrose synthase. Although the carboraliimh mecha-
nism has been experimentally shown to operateganes such as
pea and soybean, this model has been recentlyeolgalll in the
case of alfalfa. Is the limitation on nodule cartsupply specific to
grain legumes? The main objective of this thesiskweas to ana-
lyse the response to drought stress of the paktgmneMedicago

truncatulaat the nodule level in order to gain further insggnto

this regulation process. The proteomic analysidrofight-stressed
nodules allowed us to identify a number of drougisponsive pro-
teins. Among them, the content of nodule sucrosghsge was
found to decline, but not as dramatically as presip observed for
other legumes. An integrated proteomic and metabicl@nalysis

of nodules subjected to drought and a subsequeoveey provided

Environmental Sciences Dept., Universidad Publeddvarra, Pamplona,
Spain. (estibaliz.larrainzar@unavarra.es)

Supervisors: Esther M. Gonzalez and Cesar Arrese-Ig

Date: June 2009

Understanding the mechanisms involved in the respse to cadmium ofMedicago

truncatula in symbiotic interaction with
molecular analyses

Glomus intraradices physiological and

6 63F)

Cadmium (C8" is a toxic heavy metal whose accumulation
increasing in ecosystems. Environmental contanonathy this
metal has major consequences for agriculture ardigphealth.
Phytoremediation is a potential route for the démmination of
polluted soils. The colonization of plant roots &sbuscular my-
corrhizal fungi (AM) can improve this process amgtrease the
tolerance of the colonized plants to metal strésghis work, we
have combined physiological and molecular appraatbelecipher
the mechanisms involved directly or indirectly frettriple interac-
tion “Medicago truncatula-Glomus intraradiceadmium”. To
have a global vision, the approaches mentioned ealhave been
used both for roots and aerial organs. The morgicdd and
physiological studies have revealed the sensitvitthe legumeM.
truncatula Jemalong 5 towards €82 ppm), resulting in reduction
of root and aerial biomasses. Furthermore, thi&t®mpanied by a
reduction in the number of leaves, the surface afeserial organs
and the levels of pigments (chlorophylls a and ¢h @arotenoids). In
addition to an improvement in all the physiologipatameters stud-
ied, we have shown that arbuscular mycorrhizal sgeib (AMS)
preferentially allocates biomass production to aeorgans rather
than to roots, and increases the capacitiotruncatulato accu-

t® a phytoextraction strategy. The non-targetedepmic approach
revealed proteins whose accumulation showed sagmifi changes
following the various treatments, including 30 gios in roots and
23 proteins in aerial organs that were identifigd_B8-MS / MS and
MALDI-TOF. Following analysis of the functional ditution of
these proteins, we have demonstrated the involvewwfeAMS in
the up-accumulation of proteins potentially respilesfor the alle-
viation of Cd * toxicity by decreasing oxidative stress. The tate
study of the expression of genes involved in defehas ruled out a
global regulation of these genes in response to AMi® identifica-
tion and quantification of isoflavonoids in root§ M. truncatula
following the various treatments also highlightée fpotential in-
volvement of these molecules in response to cadratuess.

mulate C4*. AMS, therefore, conferson the plant a certainrioleyniversity of Burgundy, Dijon, France/University Blanar, Tunis

ance towards cadmium stress, attenuating phytoegidcts of C4*
by the dilution of its content in plant tissuesdatirecting the plant
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Supervisors: Prof. Samira Aschi-Smiti and Dr. Eiddumas-Gaudot
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Use of transposable elements to discover symbiogienes andvice versa

6 6CF&.A)&

The symbiotic interaction between legumes &tdzobialeads to
the formation of a new organ: the nodule. The mdecmecha-

methylation status analysis of this element showeat the hy-
pomethylation duringn vitro culture correlates with the activation

nisms involved in this interaction are not yet @ilaracterized. To of expressionv of this retroelement (2).

better understand this process, tWo truncatulainsertion mutant

collections (T-DNA andrntl) have been generated. We have chat) Marsh, J.Fet al.(2007). Plant Physiol. 144, 324-335.

acterized two mutants from these collections.
The nod phenotype of the mutatrik148results from théntl inser-

(2) Rakocevic, Aet al.(2009). Plant Physiol. 151, 1250-1263.

tion into theMtNIN gene. We have demonstrated, in collaboration

with G. Oldroyd's laboratory (UK) that this mutastlocked in the
late steps of the Nod factor signalling pathway ahat MtNIN

plays a crucial role in infection thread formatiand in nodule or-
ganogenesis (1). We have also phenotypically andautarly char-
acterised the somaclonal early hatutantms219 The mapping of
the mutation led to the identification of an active truncatula
copialike retroelement calledMERE1-1for Medicago RetroEle-

mentl-1 as an insertion in the symbiotSP2gene. This 5.3 kb |sv- CNRS, Gif sur Yvette, France

retroelement is the first active retroelement descr in M. trunca-
tula. MERE1-1activation occurs only duringn vitro culture. The

Supervisor: Dr. Pascal Ratet
Date: 15 December 2008

Nitrogen nutrition of winter pea-wheat intercrops (Pisum sativumL. — Triticum
aestivumL.): analysis, modelling, and propositions for N-nranagement strategies

& -6

Cereal-legume intercrops are gaining increasingeéstein Europe
because of low-input preoccupations, preservatioanwironment
and biodiversity. Previous studies have shown thtrcropping
performances are highly dependent on soil N aviitiabThis prac-

tice could provide interesting applications to depecrops for
multi-service outcomes along with lower inputs (adarly N).

However, very few references are currently avadaiol guide N
management of intercrops for contrasted produdtogets.

The objectives of this work were (i) to use currknbwledge on
winter pea-wheat intercropping in order to studyetier N fertili-

zation could be a helpful tool to manage such antgaping towards
production targets under a conventional agricujt(ifeto improve

knowledge on the response of intercropping to uifie N-

availability scenarios (N-resource sharing; inhdsitand reversibil-
ity of Symbiotic Nitrogen Fixation (SNF)); (iii) tgive propositions
towards decision rules about N-management of pesatvinter-
crops for different production goals.

Our field experiments demonstrated that N-fertiicra is an effi-

cient tool for managing pea-wheat intercroppingtahty for the

contribution of the cereal to the total intercraelg, which is nowa-
days a badly controlled criterion. N-supply favalieereal growth
to the detriment of the legume. The cereal is noompetitive than
the legume for mineral N resources if N-applicatarcurs before
the beginning of pea seed filling. However, theemsity of the re-
sponse to the date of N-fertilizer application &iable depending

:)-

and seed filling. Nitrate exposure always decreaded specific
activity of nodules. Moreover, the ability to reeovSNF after ni-
trate removal is partly dependent on the level cdv@ilability to
nodules. Thus, pea SNF can recover when a shontitgribition by
nitrate occurs before seed filling stages, whicimiagreement with
our own field observations.

A crop model, AZODYN-IC, was built to simulate pe&eat inter-
cropping. It is based on two single crop modelsZ@®YN and
AFISOL for wheat and pea, respectively). Its maiteiests are (i)
to be able to satisfactorily simulate responseuahsintercrops to
various soil mineral N availability dynamics in erdo be used as a
decision support tool; (ii) to use simple formalsto simulate re-
source sharing (light, water, and nitrogen), tiglitiking light shar-
ing and N-acquisition, (iii) to run with the solesp parameters.
This model was used to extend field experimentatimnsimulating
a wider range of N-management strategies (sowimgities x N-
supply rates x N-supply dates) using numerous tiimdatasets.
This work was able to give propositions towardsiglen rules for
N-management of intercrop according to soil N méheontent at
the end of winter, contribution of wheat in intenprbiomass at the
end of winter, estimation of N-mineralization frahe end of winter
to harvest, and the rate and date of N-application.

on the gap between the intercrops in growth dynsrard stage of | aporatoire d’Ecophysiologie Végétale et Agroécaogcole Supérieure

development. This is determinant for N-sharing 8NF response.
Experiments under greenhouse conditions investig#te inhibi-

d’Agriculture, 55 rue Rabelais, BP 30748, 49007 énsgCedex 01, France
Supervisors : Marie-Héléne Jeufffand Guénaélle Corre-Hellbu

tory effect of nitrate and the ability of pea SNFrecover through a *Laboratoire d’Ecophysiologie Végétale et Agroécigogcole Supérieure
structure — function analysis according to différstages of nitrate d’Agriculture, Angers, France

exposure. Nitrate reduced the rate of nodule d@stabent when
nodulated roots were exposed to nitrate during tedige phases
while it damaged existing nodules when applied rdufiowering
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INRA UMR 211 Agronomie INRA AgroParisTech, Thiveiv@rignon,
France.
Date: 10 December 2009
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Identification of genes and QTLs related to domestation and yield-related traits in
Vicia faba L. and synteny with other legume crops

& 20)?;). =F

There is tremendous interest in using comparatigppimg to iden-
tify genes responsible for quantitative variatidrcomplex traits of
agricultural and evolutionary importance. The aiafsthis study
were: (i) to produce the most saturated gene-bgseadtic linkage

originally designed from genes on the sdvhdruncatulaBACs were
found to be grouped together in corresponding symi@reas in lentil
and faba bean, although faba bean and lentil ste@mmon rear-
rangement relative td/. truncatula The outcome suggests shared

map of faba beanVcia fabal.) reported so far, using orthologousancestral chromosomal changes in faba bean aricctampared tavi.
cross-species markers fromedicago truncatula, Pisum sativumtruncatula and confirms their phylogenetically closer relasbip as
Lupinus albusand Glycine max and to assign the linkage groupseported before (2). A similar pattern was obsemwitd P. sativurmand

(LGs) to specific chromosomes, (ii) to analysegimstenic relation-
ship between faba bean aMl truncatulg L. culinaris P. sativum
andL. albus,(jii) to identify putative QTLs associated withrdestica-

Lupinus but the reduced number of common markers preyemse
from verifying unambiguously the collinearity.
Sixty-five QTLs were identified and characterised 20 domestica-

tion and yield-related traits, and (iv) to studg #tability of the detectedtion and yield-related traits. Twelve QTLs, conlirg five traits,

QTLs for their future application in marker assistelection oVicia.
The genetic linkage map was constructed using }8A4es derived
from a cross between lines Vféquinatype) and V{27 gaucijuga
type). A number of intron-targeted gene-based anaterkers de-
veloped within the comparative mapping program oLIRG
(http://lwww.eugrainlegumes.org/) and additional keas provided
by Dr. Oliver’s group (2) were used in the analy@sp Map was
used to compare the genetic mapd/ofabaandM. truncatula L.

(beginning of flowering, flowering length, pod lehg number of
ovules per pod, and number of grains per pod), waable in the
two years of evaluation. Through comparative magpiith previ-
ous reports /. faba(l), inL. japonicus(3) P. sativum(4), andL.
culinaris (5) it was possible to identify possible homolagisith
similar QTLs detected in other species althouglse¢heutcomes
should be ratified in future studies.

culinaris, P. sativumandL. albus.Ordered loci from faba bean andl) Ellwood et al. (2008) BMC Genomics 9, 380.

other legumes LGs were listed vertically and hortatly, and dots
positioned at the intersection of the locationghaf corresponding
markers in each of the genetic maps. Compositevialtenapping
(CIM) and multiple interval mapping (MIM) were ustmicheck the
presence of a putative QTL with QTL-Cartographe2,s. software.

Two hundred and fifty-eight markers were attributed.6 LGs and
five of the largest arrays could be assigned teiipehromosomes
thanks to the use of 199 common markers previoospped in
Vicia. The total length of the map was 1.875,1 cM. Therage
distance between markers was 7,26 cM.

The inclusion of 167 ESTs markersMédicage Pisum Lupinusand

Glycineallowed a comparison of our map with some of thegemes.
The common orthologous markers were distributedormly princi-

(2) Avila et al. (2005) Agric. Conspec. 70, 56-73.
(3) Gondo et al. (2007) Genome 50, 627-637.

(4) Weeden N. F. (2007) Ann. Bot. 100, 1017-1025.
(5) Fratini et al. (2007) Span. J. Agric. Res. 3-356.

University of Cordoba, IFAPA- Alameda del Obispar@oba, Spain
(sercruz@colpos.mx, serafin.cruz.ext@juntadeandaks)

Supervisors: Ana M2 Torres Romértv2 Carmen Avila GomézJosé
Ignacio Cubero Salmerdn

LIFAPA- Alameda del Obispo, Area de Mejora y Biotelagia, Cordoba,
Spain

2UCO, Dpto. Genética / Dpto. de Mejora Genética,-BSIC, Apdo. 4084,
14080 Coérdoba, Spain

pally along the main LGs that were essentiallynezli. Thus, markers Date: October 2009

Regulation of soybean nodulation induced by CLE pdples

The ability of legumes to enter into a symbiotitatienship with
nitrogen fixing soil bacteria called rhizobia iseoof their defining
characteristics and is essential to their abilitygtow in limiting
nitrogen conditions. The host plant regulates neduimbers to
avoid excessive nodulation, which is detrimentabtant growth.
This regulation can be triggered by rhizobia infattevents or by
the perception of nitrogen in the soil. Followimdaction, the initial
nodule cell divisions triggered by the bacteriauogl a systemic
Autoregulation Of Nodulation (AON) mechanism in tplant. The
current model for AON involves a root-derived dfici(Q) of AON
that is perceived in the shoot by an LRR receptoadéncalled
NARK. This triggers the production of a shoot-gled inhibitor
(SDI) that is transported back to the roots whegevents further
nodule development. Due to the high degree of anityl between
NARK and the LRR receptor kinase, CLAVATA1 Arabidopsis
it has been proposed that NARK may perceive a sirfigand/s to
that interacting with CLAVATALl, a small peptide e
CLAVATAS. My PhD research focuses on Q and the rthlat
CLAVATAS/ESR related (CLE) peptides play in the redida of

32
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nodulation in the model legume, soybean. We haentified candi-
date CLE genes that respond to inoculation andtoataitreatments
and propose that these induce AON in soybean. Weusing re-
verse genetics approaches such as gene silencidg ower-
expression studies to learn more about the rokethandidates play
in both systemic rhizobia-induced AON and locakati-induced
nodule regulation. The availability of the complstgybean genome
has enhanced our ability to conduct non-targetate gexpression
studies by means of next-generation sequencingidéémfies using
the lllumina GAII platform. We will use this techiogy to further
develop a bioassay to detect long-distance moleaifmals in-
volved in AON as well as to identify novel genegirag down-
stream of NARK in the leaf.

Australian Research Council Centre of Excellenaelftegrative Legume
Research, University of Queensland, Australiae{d@ug.edu.au)
Supervisors: Brett J. Ferguson and Peter M. Gréissho

Expected date: August 2012

GRAIN LEGUMES N° 53 2009



ﬂ

Characterising the inhibition of legume nodulationby low pH conditions

, 3)K

Through symbiosis with soil bacteria called rhizmbiegumes are
able to form nitrogen-fixing root organs known asiuales. Nodule
formation is tightly regulated by the plant and ¢teninhibited by a
number of external factors, such as soil acidityisTs of great im-
portance as much of the world’s legume crops, siscboybean, are
grown in acidic soils. Despite this, the precisehamism by which
acidic conditions inhibit soybean nodule developmeamains
poorly characterized. Indeed, from a plant perspecthe effects of
acid soils on nodulation events are relatively wvan, having
largely been overlooked to date. Previous investiga have typi-
cally reported the problem to be associated witheeidisrupted
plant and rhizobia growth, plant-rhizobia signaliaugd/or rhizobia
infection. We have identified that the inhibitiof wodulation by
acidic conditions may be controlled by the plantrbbver, this
control may have a systemic component based ornnfiadfrom
studies using split-root, mutant-based, and petieleding ap-
proaches. Furthermore, we show that a critical st@ng nodule
initiation and development after which nodulatienio longer in-
hibited by soil acidity. Next generation deep segumy will be
used to determine expressional changes and idemtifel genes
functioning in acid-stressed, rhizobia-infectedyt=man roots. The aystralian Research Council Centre of Excellencéritegrative Legume
role of the soybean Nod Factor ReceptemNFR1a under acid Research, The University of Queensland, St. Luiisbane, QLD, Austra-
stress will also be investigated using the revegesetics technique, lia.
RNA.I. * coauthors: Ferguson, B.J., Indrasumunar, A., Goggdh.M.

Supervisors: Brett J. Ferguson and Peter M. Gréissho

Expected date: August 2011

Non-acid treated (left) and acid treated (right)tsoshowing no inhibi-
tion of nodulation of the soybean supernodulatiartamt,nod4 by acid
soil.

Tissue and cell type analysis of molecular eventsidng the early stages of soybean
nodulation

16>6 1)

Legumes develop nitrogen-fixing root nodules thfoagsymbiotic formed to help identify their cellular expressioe( epidermis,
association with soil bacteria commonly known agzabia. Nodu- pericycle or cortex) and the precise timing thayttare activated
lation provides legumes with nitrogen for growtldatevelopment, during nodulation.

allowing them to grow in nitrogen-poor environmeatsd making
them valuable biological nitrogen fertilisers. lecent decades,
nodulation research has led to the discovery afraber of genetic
and biochemical components that are required fauleodevelop-
ment. These studies have indicated that a coortind¢velopment
between epidermal and cortical/pericycle cellsheftoot during the
early stages of nodulation is necessary for thenéion of fully
functional nodules. However, there is still verifldi known about
how these different root cell layers interact agdcéronise their
responses in order to form functional nodules.dditton, many of
the nodulation genes reported are yet to be idedtih crop leg-
umes, such as soybean (Glycine max). Based on segji@mol-
ogy and expression analysis, we have identifiedralber of candi-
date genes in soybean that act during early staigeedule devel-
opment. To identify novel genes acting during theyestages of
soybean nodulation, we have undertaken root trggisaone analysis
via high-throughput next-generation sequencing rteldgy using
the lllumina GAII platform. The genes identifieding this ap- Australian Research Council Centre of Excellenaelfitegrative Legume
proach are not only likely to be important for niadion, but may Research, The University of Queensland, St. Lu@iaD 4072, Australia.
also provide clues regarding the components inebinecell-to-cell (s.hayashi@ug.edu.au)

interactions occurring during the early stages oflule develop- Supervisors: Ferguson, B. J. and Gresshoff, P. M.

ment. Detailed expression analysis of candidategevill be per- ExPected date: July 2011
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Development of a bioassay for the characterisatioand identification of the soybean

nodulation inhibitory factor SDI

> L)

Nodule development in legumes is an energy andurescexpen-
sive process. Consequently, the plant has a cosystém in place
to regulate nodule numbers. This control systekm@mvn as Auto-
regulation of Nodulation (AON). During the earlyages of nodule
development, an elicitor signal, Q is produced.sGubsequently
transported to the leaf where it is detected byWettbn Autoregu-
lation Receptor Kinase (NARK) in the leaves. Thisdedo the
production of a new signal called the Shoot-derikédbitor (SDI),
which is transported to the root where it arrestshir nodule de-
velopment. We have developed a petiole-feedingsisima for the
characterisation and identification of SDI in sogbelants (Fig. 1).
This assay enables the feeding of aqueous solutpiesst plants,
including dyes and radiolabelled tracers to deteenthe movement
of the fed constituents, hormones and leaf extraxctslentify the
suppressive effect on nodule numbers. Feedingdrtficts from
Bradyrhizobium japonicuAnoculated wild type Glycine max cv.
Bragg) or NARK mutant plants tdNARK hypernodulating mutant
(nts111§ test plants demonstrated that suppression aciwionly
present in wild type leaf extracts. We have alsmatestrated that
SDI is small, NARK-induced, stablé&khizobiumand Nod factor-
dependent and likely not an RNA or protein molecéiralytical
techniques, including mass spectrometry and NMR,careently
being used to identify the SDI molecule in soybksaf extracts.

3)-K

Australian Research Council Centre of Excellenaelfitegrative Legume
Research, The University of Queensland, St Lu@@24Australia
*Coauthor: Ferguson, BtJZhang, H, Capon, R.3, Gresshoff, P.M.
Australian Research Council Centre of Excellenaelfitegrative Legume
Research, The University of Queensland, St Lu@@24Australia

?Institute for Molecular Bioscience, The UniversityQueensland, St Lucia,
Queensland 4072, Australia

Supervisors: Brett J. Ferguson and Peter M. Gréissho

Expected date: September 2010

Figure 1. The petiole feed-
ing bioassay allows the
feeding of aqueous solu-
tions to be continuously fed
into recipient plants with-

out the need for constant
user supervision. It is being
used to identify the Shoot-
derived Inhibitor signal

involved in regulating

legume nodule numbers

Root Plastids involvement in arbuscular mycorrhizalsymbiosis. Cellular and

molecular characterization

? =6,.

Despite the recognized importance of non-phototittiplastids in
a wide array of plant processes, the role of rémstjals in arbuscu-
lar mycorrhizal symbiosis remains to be exploreding electronic
microscopy, we have clearly identified in corticalls of M. trun-
catula roots four main types of plastids with a predomu® of
amyloplasts. In contrast, AM-colonized corticallsdbiad a prolif-
eration of plastids without internal membranes @faktids with
internal tubular membranes at the expense of aragtp This
morphological change suggests therefore a remarksidcializa-
tion of plastid metabolism in cells colonized by Afngi. The
metabolism of these plastids is involved in thetlsgais of a yellow
pigment, mycorradicin, the accumulation of which kha&ve meas-
ured by HPLC in mycorrhizal roots. Mycorradicin agauation is
concomitant with fungal arbuscule development. Tdusrelation,
coupled with morphological changes of root plastidscurring in
mycorrhizal roots, suggests that the developme®Mfsymbiosis
requires a profound upheaval of plastid metaboli$he study of
the root plastid proteome then proved fundamemtallliowing us,
using GeLC-MS/MS, to establish the first repertofya root plasti-
dome: 266 proteins of known or putative plastidiagin were iden-
tified, including 30 proteins for which no homolbgd previously
been identified as plastid-localized. These newdichies might
play a role in the sentinel function that plastiday use in plants to
react tobiotic and abiotic stress. The qualitative comparisf my-
corrhizal and non mycorrhizal root plastidomes tded 29 plastid
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proteins as induced or up-regulated in responsbetdAM symbio-

sis. These proteins are involved for their gregonts in fatty acid

and amino acid metabolism. The stimulation of lipidtabolism in
mycorrhizal roots confirms the results of our wdtractural observa-
tions of a shift from carbohydrate metabolism (aopldsts) to a
more pronounced lipid metabolism (plastids with ufab mem-

branes). Taken together, the data obtained sugtpesdids to be key
organelles for maintaining functional AM interactio

University of Burgundy, Dijon, France
SupervisorsProf. Benoit Schoefs and Dr. Eliane Dumas-Gaudot
Date: 7 July 2009
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