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STATEMENTS

1)
Comparative genomics provides a means to answer important questions about evolutionary history,
includingoriginofspecies,adaptationtobioticandabioticfactorsandsurvivalfromextinction.

2)
Knowledge about adaptation to biotic and abiotic factors constitutes a basis for genetic
therapy/remediation in a broad sense comprising areas such as agriculture, ecology, medicine and
veterinary.

3)
In situ(on-farm) conservation of genetic resources of wild species and crop landraces is essential to
facilitatetheevolutionary processesunderlyingbiodiversityandcouldbestrengthenedinthefuturebythe
development of programs coordinating the activities of farmers, governments and the biotechnology
industries.

4)
Bio-molecular techniques offer a fast and reliable way to control the quality of export/import agricultural
productswithintheinternationalmarketsanitarystandards.

5)
Geneticengineeringofforagelegumesincludingtheintroductionofresistancetopathogens,adaptationto
environmental conditions such as drought, enhanced nutritional feed-value, and preservation of feedvalueunderstorageconditionswillresultinincreasedlivestockproduction.
6

)

Ofthe agricultural important mammalscow hasthe highest density ofmarkersassociatedwith QTLsand
economic trait loci(ETLs).Thisoffersthe possibilityfor positionalcloningof thesegenes bycomparative
genomics using the gene-rich human, mouse and rat genetic maps, which will markedly increase the
opportunitiestoimprovecattleproduction.

7)
Biotechnology should be criticized, by similar standards as any other scientific, cultural or socialactivity
thatdroveusintimefromtheprehistoriccavesintothemodemcontemporarysociety.

8)
"YsequeennuestrasvRJas seprodujo
Elmilagroinefabledelreflejo...
Enelsilenciodelanochemialma
Llegaa latuyacomoungranespejo."

DelmiraAgustini(1886-1914, Uruguay).
Fragmentfromthepoem"Intima"inEllibrvBlanco
(O.M. Bertanied.), Montevideo 1907.

Inthisthesis, the Medicago tmncatula Sym2-orthologousregionwasclonedanddelimitated to 350 Kbp,
providingasolidbasisforthecloningofthepea Sym2genebycomparativegenomics.

10)
It ishighly probable that the leucine-rich Cf4/Cf9-like pea cDNA RFLP marker PscLRR52-isolated inthis
thesis- is involved in Nod factor perception or /and signal transduction, and represents the pea Sym2
gene.

StatementsfromthePh.D.thesisentitled:
'Medicago tmncatula, anintergenomicvehicleforthemap-basedcloningofpea(Pisum sativum) genes.
ComparativestructuralgenomicstudiesofthepeaSym2-Nod3 region.'
GustavoSalvadorGualtieriGonzalez-Latorre.Wageningen,May21 2001.
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OUTLINE
Biological nitrogen fixation is a unique process that is only carried out by prokaryotes. In
some cases microbes fix nitrogen in symbiotic association with specific groups of dicot
plants. These prokaryotes produce the enzyme nitrogenase that reduces nitrogen gas into
ammonia. Chapter 1presents recent molecular phylogenetic studies of seed plants showing
that all nodule-forming plants belong to a single cladenamed Rosid I. Within this clade four
subclades out of six are able to form nodular symbioses. One of them contains the family
Leguminosae that is nodulated exclusively by bacteria of the gram-negative genera Azo-,
Brady-,Meso-aadSino-Rhizobium, whiletheotherthreecladescontainthefamilies Rosaceae,
Ulmaceae, Elaeagnaceae, Rhamnaceae, Betulaceae, Casuarinaceae, Myricaceae, Coriariaceae
and Datiscaceae that interact with the gram-positive actinomycete Frankia and are
collectively called actinorhizal plants. However, the tropical tree Parasponia belongs to the
Ulmaceae, but can only be nodulated byrhizobia. Thus,molecular phylogenetic studies show
that plants able to establish an endosymbiotic association leading to nitrogen fixing nodules
are more related than what their morphological features indicate. Chapter 1 describes and
compares legume and actinorhizal nodule ontogeny. It seems likelythat theprenodule formed
in actinorhizal symbioses is related to the nodule primordium formed in legume symbioses.
Moreover, this comparison suggests that the mechanisms underlying nodule development are
common to all nodule-forming plants.Furthermore, it isdiscussed that the nodulation process
is(inpart?)derivedfromprocessesthatarewidespread amonghigherplants.

One of the main questions addressed in this thesis, is whether microsynteny exists between
legume speciesandthisisanalyzed bycomparative genomics studies.Chapter2isa structural
comparative genomic study on two plants belonging to the Leguminosae: Pisum sativum bv
viciae(pea) and Medicago truncatulaA17 line. The level of microsynteny of the pea"Sym2
region" and the orthologous Medicago region is studied. This chapter represents the
beginning of amicrosynteny-basedpositional cloning approach for the peaSym2 gene,which
controls Nod factor structure-dependent strain-specific nodulation. A marker which is tightly
linked to Sym2 was used to screen a M. truncatula A17 BAC library and three physically
unlinked contigs (named cl, c2 and c3) were constructed and extended by chromosome
walking to afinaltotal size of about 600 Kbp.These contigs were mapped genetically andby
FISH on M. truncatula A17 chromosome 5. RFLP analysis demonstrated that cl/c2 is the
Medicago S_ym2-orthologous genomic region. Furthermore, some of these RFLP markers
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revealed recombinations around the Sym2 locus and therefore delimitated the Sym2orthologous region within cl/c2. Moreover, the potential of Medicago truncatula A17 as
intergenomic cloning vehicle of pea genes located at microsyntenic regions is demonstrated
by the isolation-from a pea root hair library-of the cDNA PscLRR52,which contains a LRR
motif that is highly homologous to the LRR motives of the Cf4 and Cf9 [Licopersicon
esculentum] diseaseresistanceproteins.

In Chapter 3, the distribution of several sequences in cl/c2 and c3 is studied through the
construction of detailed contig molecular maps. This showed that the majority of the
sequences located in cl/c2 do not occur c3.This demonstrates again that cl/c2 is theSym2orthologous region. However, c3contains asequence that ishighlyhomologous to PscW62-l.
In addition, the Sy»j2-linked RFLP markers Mtg3552 and Mtc411 from cl/c2, and the c2
genomic subclone Mtg2.4, are also present in both cl/2 and c3.Moreover, it was found that
Mtg3552 and Mtg2.4, and PscW62-l and Mtc411, are physically clustered and that these
clusters have a similar order in cl/c2 and c3, respectively. Thus, the colinearity of these
marker clusters indicates that (a part of?) cl/c2 and c3 arose by genome duplication, rather
than by independent evolution. Similar duplications have been described in grasses and in
Brassicaceae.

In Chapter 4 the RNA differential display mediated the isolation of the pea RFLP markers
dd21.5 and Psc2.6 that are tightly linked to each other and located close to the nod3
hypernodulation locus that maps at a 2 cM distance from Sym2 inpea linkage group I.These
two markers are probably as close to Nod3 as the cl markers Mtc831 and Mtc923 are from
Sym2, because two recombinations map between dd21.5IPsc2.6 and Nod3, and
Mtc831IMtc923 and Sym2. Moreover, since the Medicago Sy/w2-orthologous region was
delimitated to about 350 cl/c2 Kbp (by markers Mtc831, Mtc923 and Mtg63EB4), it is
probable that the size of the Medicago physical region containing the Nod3, dd21.5, and
Psc2.6 homologues would be about this size range. Thus, the identification of BACs
composing this Medicago orthologous region was started in Chapter 4. By screening a M.
truncatulaA17 BAC library with marker dd21.5,BAC clone 21F22 was isolated. This BAC
contains the complete Medicago dd2].5-true orthologue Mtg21.5, which is a single copy
sequence. However, a Medicagodd21.5-distant homologue, not located in 21F22, is revealed
by low stringency Southern blots. BAC library screenings also revealed five BACs that cohybridize with both dd21.5 and Psc2.6. Thus, the tight linkage of these two pea markers is
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also observed for their Medicago homologues, demonstrating that (submegabase)
microsynteny exists between the genomic regions containing these sequences in the two
legume species. However, at the chromosome level a translocation (disturbance of synteny)
was observed. BAC 21F22 was mapped by a strong FISH signal on M. truncatula A17
chromosome 4. Additional weak signals were observed close to both telomeres of
chromosome 5. The mapping of 21F22 on chromosome 4 demonstrates a local loss of
chromosomal synteny-at the "dd21.5 region"-between Medicago chromosome 5 and pea
linkagegroupIthat areotherwise syntenicfor the"Sym2region"and"EU2 region". However,
itisnotknownyetwhetherthe five BACsthatcontainhomologues ofbothdd21.5andPsc2.6
form acontig with 21F22and map inchromosome 4,or iftheycontaintheMedicago dd21.5distant homologue and map somewhere else in the genome, e.g. on chromosome 5 where
21F22 reveals weak signals. In addition, it cannot yet be concluded if the MedicagoNod3orthologous locusis,asMtg21.5,located onchromosome4.
Thus, both Chapter 4 that focuses on microsynteny and chromosomal synteny around the
Nod3 locus, and Chapter 3 that focuses on microsynteny between the cl/c2 and c3 regions,
revealed thegenomedynamicsduringtheevolution ofthesetwoLeguminosae species.
In Chapter 5 a pachytene karyogram was established for M. truncatula A17, in which all
chromosomes can be identified based on chromosome length, centromere position,
heterochromatin patterns,andtheposition ofthreerepetitive sequences (5SrDNA,45SrDNA
andtheMfRl tandem repeat) visualized byFISH.Thecorrelation between linkage groupsand
chromosomes was determined by FISH of 20 BACs onpachytene chromosomes (with two to
fiveBACs per linkage group) and 3repetitive sequences. The physical and genetic distances
between these markers were compared. The FISH mapping resolution was studied in the
euchromatic cl/c2 S>w2-orthologous region of chromosome 5 and determined as 60 Kbp.
Thishighresolution createsthebasisfor theintegration ofmolecular and cytogeneticmaps.
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Abstract
In this review we will first describe the different steps leading to nodule formation,
and these will be compared with processes of non-symbiotic plant development and growth.
In general, aspects of both actinorhizal as well as rhizobial symbioses are described, but in
several cases, the emphasis will be on the Rhizobium-legume symbiosis because more
knowledge on this system is available. Subsequently, the phylogeny of nodulating plants is
described and a comparison is made between several aspects of legume and actinorhizal
nodulation. At the end of this chapter the relationship between nodule symbiosis and
endomycorrhizal symbiosis isdescribed, and itisdiscussed towhat extentthedevelopment of
root nodules involves unique properties, or whether processes and genes have been recruited
from commonplantdevelopment andtheendomycorrizal symbiosis.

Nitrogen-fixing rootnodules
Biological nitrogen fixation isaprocessthat canonlybeperformed byprokaryotes.In
somecasesthesemicrobes fix nitrogen insymbiosiswithplants.Inseveralofthese symbioses
a new organ is formed, the so-called root nodules, where the bacteria are hosted in an
intracellular manner. There, the bacteria make the enzyme nitrogenase by which they can
reduce nitrogen gas into ammonia. The bacteria that can establish a nodule symbiosis belong
totwo phylogenetic groups namely (Azo-,Brady-,Sino-)Rhizobium (here collectively called
rhizobia) [68]andFrankia[5].
Rhizobia are gram-negative soil bacteria that have the ability to interact with plant
species belonging to the Leguminosae family. In addition to these leguminous plants, the
tropical tree Parasponia belonging to the Ulmaceae has the ability to form nodules with
rhizobia [3].Incontrast, plant speciesbelongingto eight families ofangiosperms, collectively
called actinorhizal plants,canform rootnoduleswiththegram-positive actinomyceteFrankia
[5].
In addition to these root nodule endosymbiotic symbioses, certain cyanobacteria (e.g.
Anabaena, Nostoc) can establish a nitrogen fixing symbiosis with plants belonging to the
Gunneraceae [6].However, in this interaction already existing glands of the plant are used to
hostthenitrogen-fixing microbe.
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Infection
Theformation ofanitrogen-fixing nodulerequiresthatthebacteriamitoticallyactivate
certain root cells,which form the nodule primordia. Whichroot cellswill divide is controlled
by the host plant (seeNodule ontogeny and tissue organization). In addition to the formation
of primordia the bacteria have to enter the plant to infect primordial cells after which a
nitrogen-fixing nodulecandevelop.

To enter the root, both intracellular and intercellular mechanisms of infection have
evolved. The intracellular mode of infection is used in most Rhizobium-legume interactions
as well as in several of the Frankia symbioses. Theprocess begins with curling of root hairs
and in these curls the cell wall is locally hydrolyzed, the plasma membrane invaginates, and
new cell wall material is deposited at the site of infection [26, 34, 45].In this way, a tube
like structure, called an infection thread, is formed through which the bacteria can enter the
plant. Most probably, infection threads grow by vesicle incorporation at their tip [13] as in
growingpollentubes.

Figure1
Cross-section of a pea root one day after inoculation with Rhizobium
leguminosarum bv viciae. By in situ hybridization histone H4 mRNA is
visualized in panel A, while in panel B (dark-field illumination) it is visible as
white dots. H4 expression is specific for cells in the S-phase of the cell cycle.
Only the inner cortical cells progress through the cycle and will divide. The
outer cortical cells become arrested at the G2-phase. In these later cells a
phragmoplast-like structure is formed that is used to support the growth of the
infection thread. Arrows indicate xylempoles.
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A: Lobe of an actinorhizal nodule. The lobe is surrounded by a periderm (pd). Analogous to indeterminate
legume nodules, a zonation ofthe cortex can be defined [51].Zone 1 is formed bythe meristem.Zone 2 contains
cells that become infected by and gradually filled with Frankia hyphae, which subsequently form vesicles [56].
In the course of vesicle differentiation, «;/gene expression and nitrogenase production are induced [30, 51].The
onset of nif gene expression marks the shift to nitrogen fixation in zone 3. In the senescence zone 4, nitrogen
fixation has ceased, andplant cytoplasm and bacteria are degraded.
B: Indeterminate legume nodule. The central tissue can be divided into five zones [72]. Directly below the
meristem (I), in the prefixation zone (II), cells become infected. Rhizobia are enclosed by peribacteroid
membranes (PBMs) and start to differentiate into their symbiotic form, the bacteroids. In the interzone (II-III),
bacterial nitrogen fixation starts [77] and takes place throughout the nitrogen fixation zone(III). In the senescent
zone (IV),bacteria are degraded. The oxygen diffusion barrier isformed bythenodule parenchyma (np).
C: Determinate legume nodule. The central tissue is surrounded by a nodule parenchyma (in which the vascular
bundles are located), an endodermis and the outermost tissue is the nodule cortex. The central tissue is
surrounded by the same tissues as in the indeterminate nodules. All cells of the central tissue are more or less in
the same developmental stage. This figure waskindlyprovided byK. Pawlowsky [published in47].
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Figure 4
1-3. Comparisons of wild-type soybean nodule primordium and the response induced by Bradyrhizobium
japonicum mutant 3160[78].
1. Soybean nodule primordia (np) are formed in the outer cortex. When the primordium differentiates, nodule
vascular bundles (nvb) are formed that are located surrounding the central tissue. In the root inner cortex a
vascular bundle isformed that "connects"thenodule (primordium) withthe central stele(cvb).
2, 3.Nodule-like structure induced by inoculation with B.japonicum 3160. The nodule primordium is visualized
by hybridization ENOD40, and visible aswhite dots inpanel 3.Thenodule primordium (np) forms athin layer of
cells surrounding aprominent "connecting vascular bundle"(cvb).
4. Prenodule ofAlnus glutinosa inoculated with Frankia. A few cells are infected and these form the prenodule.
Frankia has amplified in the infected cells. The small globular structures in these infected cells are the vesicles
occupied by Frankia. This picture was kindly provided by Emile Duhoux. cvb, connecting vascular bundle; np,
nodule primordia; nvb,nodule vascular bundle;rvb,root vascular bundle; pnc,prenodule cell.

The infection thread must transverse several layers of root cortical cells when the
noduleprimordia areformed inthe inner layers oftheroot.Cortical cellsdonothave apolarorganized cytoplasm and, therefore, the cytoarchitecture of these cells has to be changed in
order to support the polar growth of infection threads. Before infection threads enter cortical
cells,the nucleus movesto the center of the cell and cytoplasm and microtubules rearrangeto
form a phragmosome-like structure, that is called the cytoplasmic bridge [69]. These
structures have a polar organization, with the bulk of the cytoplasm and the endomembranes
located at the outer sides. The cytoplasmic bridges are more or less radially aligned in the
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cortex, and in this way can guide the infection thread to the nodule primordium. These
cytological changes indicate that the cortical cells preparing for infection thread penetration
enter the cell cycle although they do not divide. By using a histone H4 probe it was
demonstrated that narrow rows of cortical cells enter the S phase, but since a mitotic cyclin
gene is not activated it was concluded that the cytoplasmic bridge-forming cells arrest at the
G2 phase (Figure 1) [79].Thus, intracellular infection is facilitated by a modification in the
celldivisionprocessincorticalcells.
Rhizobia and Frankia can also penetrate the plant intercellularly via gaps in the
epidermis or by penetration of the middle lamella between intact epidermal cells of the root
[10, 14, 32, 43, 49]. Such infections mostly continue via an intercellular pathway in the
cortex [43,49]; however, insomecases,combinedmechanismsdeveloped inwhich infection
startsviaan intercellular pathway, andthen switchesto anintracellular infection thread inthe
root cortex [62, 67]. The intracellular mode of infection seems to provide the plant a better
way to control and guide the growth of the microsymbiont, since the direction and speed of
infection threadgrowtharedetermined bythehost.
When the infecting bacteria reach the nodule primordium, they infect a number of
primordium cells. In the legume subfamilies Mimosoideae and Papilionoideae, rhizobia are
released into the cytoplasm by a process resembling endocytosis [4]. In this process, the
bacteria become surrounded by a plant membrane and together they form the symbiosome
[53]. These symbiosomes divide and the infected cells become fully packed with the
microsymbiont. On the other hand, in all actinorhizal symbiosis and in several legume
symbioses,bacteria arenotreleased from the infection threads [7,35,44]. Inthese symbioses,
the infected cells are filled with branching infection threads containing the microsymbionts.
After infection theprimordium developsintoanodule.

Nodule ontogeny andtissue organisation
Legume and actinorhizal nodules are ontogenetically and morphologically different
(Figure 2). Legume nodules have a stem-like anatomy with peripheral vascular bundles and
infected cells in the central tissue, and they develop from primordia that are initiated in the
cortex. Incontrast, actinorhizal nodules have aroot-like anatomy and develop from primordia
formed inthepericycle.
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Two types of legume nodules have been defined: the determinate and indeterminate
nodules. The indeterminate nodules originate from cell divisions inthe inner cortex and have
a persistent meristem at their apex [26]. Due to the continuous activity of this meristem the
nodule cells form a developmental gradient from the distal meristem to the proximal root
attachment site [72]. The different developmental zones can be characterized by the
expression ofspecific plant genesthatcanserveasmolecular markers[22].
Thedeterminate noduletypeoriginates from cell divisions intheoutercortexanddoes
not have a persistent meristem. The meristem of this nodule type ceases to divide at an early
stageofdevelopment.Asaresult, thenodulecellsareatarather similardevelopmental stage,
although some developmental zonation could be demonstrated by using molecular markers
[46].
Actinorhizal nodules have an indeterminate growth pattern, like the indeterminate
legume nodule. However, in contrast to these legume nodules,they are composed of several
lateral root-like structures (lobes) that lack a root cap. These lobes contain a central vascular
bundle and infected cells in their cortex [47]. Like lateral roots, the nodule lobes originate
from primordia that are formed in the pericycle. The only non-legume that is able to form
nodules with rhizobia, Parasponia, forms nodules that have a tissue organization and
ontogeny that is different from that of legumes, but it is very similar to that of actinorhizal
nodules. Because the formation of legume and Parasponia nodules involves the same
rhizobial signal molecules, the so called "Nod factors" [42] (see Rhizobial Nod factors), that
yet can produce different nodule types, this shows that the host plant controls which nodule
type will be formed. Furthermore, this shows that actinorhizal-like nodules and legume
nodules can be induced by the same bacterial signal molecule. This suggests that these
nodules might be more related than their morphology and ontogeny, at first sight, suggest.
Studies on the phylogenetic relationships of nodulating plants gives further support to this
idea.

Phytogeny ofnodulating plants
Whereas rhizobia almost exclusively form nodules with leguminous plants, Frankia
bacteria can interact with plant species of 25 genera belonging to 8 different families of
dicotyledonous plants.Traditional taxonomic studies based onmorphological traits, indicated
that these families were rather unrelated and distributed in four of Cronquist's six major
subclasses of dicotyledons: Magnoliidae, Dilleniidae, Rosidaeand Hamamelidae [12] (Figure
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3I).However, recentmolecularphylogenetic studiesofseedplants,based onthe sequencesof
therbcLgene,haveprovided analternative viewontherelationship of someplant groups [11,
60, 63]. These studies suggest that all plant families involved in actinorhizal symbiosis are
rather closely related and belong to the same clade, called Rosid I (Figure 3 II and 3III).
Furthermore, also the Leguminosae family as well as Parasponia belong to this clade. This
means that all nodulating plants are more closely related than previously thought and belong
to a single clade, where they are divided among 4 subclades (Figure 3III) [60].One of these
subclades contains legumes and non-symbiotic relatives, while the other three subclades
contain actinorhizal plants along with other non-symbiotic related taxa. Parasponia is a
member of the subclade that also includes actinorhizal plants belonging to the Rosaceae,
Rhamnaceae and Elaeagnaceae. Suchphylogenetic studies indicated that nodulating plantsare
rather related. However, the division oftheseplantsamongfour subclades,asshown inFigure
3, is still subject of discussion since other molecular phylogenies suggest that actinorhizal
plantsbelongtofour subclades instead ofthree[63].

It is worth noting that Gunneraceae, that interact with nitrogen-fixing cyanobacteria
[6],donotbelongtotheRosidIclade (Figure 3II). Asdescribed above,inthis interaction no
neworganisformed butexisting glandsbecomeoccupied bythemicrobes.Thistogether with
thephylogenetic datashowsthatthisendosymbiosis isunrelated to nodulation.
The fact that all nodule-forming plants belong to a single clade suggests that a plant
predisposition to nodulation by rhizobia or Frankia has originated in a common ancestor of
theRosid Iplants.Only aminority ofthegenerawithinthis clade isabletoestablish anodule
symbioses and each subclade that contains nodule-forming species, has non-symbiotic
members as well. Therefore it has been postulated that some predisposition to nodulation which nature remains unknown- evolved in the ancestor of Rosid I clade plants [60].
Furthermore, the ability to form nodules would have independently developed several times
within the subclades, followed bythe loss of nodulation capacity in the ancestors of the nonnodulating relatives that are scattered among nodulating plants [18, 60, 63]. The number of
putative independent origins of nodulation has been extensively analyzed in the actinorhizal
symbiosis [63]. Phylogenies constructed by combining rbcL gene sequence data with
symbiotic morphological features, suggests that actinorhizal symbiosis has evolved at least
four times,andpossiblyasmanyassixtimes,duringangiosperm evolution [63].
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Figure 3
I. Traditional classification scheme for flowering plants. Groups (subclasses) shown in bold are involved in
nodular symbiosis. II, III, IV. Phylogenies deduced from rbcL gene sequence data. II. Major angiosperm clades
identified. All plants involved in nodular symbiosis group within the Rosid I clade (shown in bold). III.
Phylogeny of angiosperm families comprising the Rosid I clade. Families indicated in bold are involved in
nodule symbiosis, other families represent non-symbiotic relatives. The Rosid I clade is divided into six
subclades, four of which (indicated as A, B, C, and D) contain families that are able to form root nodules. IV.
Phylogeny of the genera comprising the Leguminosae family. The numbers represent the different tribes
mentioned inthetext. Modified after Doyle [18].
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Actinorhizal prenodules
As described above, the morphology of mature legume and actinorhizal nodules is
markedly different. However, in some actinorhizal plants an additional symbiotic structure is
formed that seems more related to legume nodules and therefore might give some insight in
the mechanism underlying the evolution of the two nodule types. In actinorhizal plants that
are infected intracellularly (see "Infection"), Frankiainduces cell divisions inthe root cortex,
before they mitotically activate root pericycle cells. The dividing cortical cells form a small
protuberance calledtheprenodule(Figure 4)[7].Lateron,thepericycle ismitotically activated
to form noduleprimordia,from whichlateralroot-likenodule lobesareformed that absorbthe
cortical prenodule cell aggregates. Strikingly, aprenodule isalso induced during the infection
ofParasponiabyrhizobia.
Recent studies involving molecular markers for stages of actinorhizal nodule
development show that the prenodule is a fully differentiated structure composed of two cell
types, infected and uninfected cells. Laplaze et al. [37] studied prenodule formation in the
actinorhizal plant Casuarina.Two marker genes for infected nodule cells were used, namely
cgl2, encoding a serine protease, that is expressed in infected nodule cells when infection
proceeds [51],and cghb,a Class 2haemoglobin genethat isactive inmature infected cells.In
prenodules and nodules these two genes are expressed in a similar way; cgl2 is expressed in
the cells thatjust have been infected and cghbisactive in fully infected cells.Inaddition, the
bacterial nifH gene is highly expressed in the fully infected prenodule cells indicating that
nitrogen fixation takesplace intheprenodule. Furthermore,asinnodules,theuninfected cells
oftheprenodule accumulate starchgranules.Thustheprenodule appearstobean independent
symbiotic organ composed oftwocelltypesthat displaythecharacteristics oftheinfected and
uninfected actinorhizal nodulecelltypes,respectively.

Both legume nodule primordium and actinorhizal prenodule formation involve the
induction of cortical cell divisions. The legume noduleprimordia develops into an organ with
a central tissue surrounded by several peripheral tissues including vascular bundles. These
vascular bundles connect the nodule with the root vascular bundle (Figure 2). The formation
ofpart of the vascular bundle that connects the nodule withtheroot vascular system involves
cell divisions in the pericycle as well as in the cortex. Therefore this process seems more
similartonodulelobeformation inactinorhizal plants.
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Studies with rhizobial mutants show that the formation of a nodule primordium and
the development of the connecting vascular bundle are two independent processes. For
example, soybean plants inoculated with Bradyrhizobim mutant 3160, which is unable to
infect its host, form nodules with aprominent central vascular bundle (Figure 4).Thus,these
soybean nodules are more similar to actinorhizal nodules. The early nodulin gene ENOD40,
which encodes a peptide and might also be active at the RNA level [78],has been used as a
molecular marker for the nodule primordium. These studies show that the primordium is
present inthese altered nodules,but itisvery small and surroundsthedistalpartofthe central
vascular bundle (the vascular bundle that connects the nodule with the root vascular system).
Thus, the formation of the "connecting" vascular bundle is unaffected. In contrast a nodule
primordium is formed but becomes arrested at a very early stage of development. Thus, the
phenotype of the nodule formed by the infection mutant of Bradyrhizobium shows that an
actinorhizal-like nodule can be induced in a legume by a single mutation in the infecting
bacteria. Moreover, the formation of legumeprimordia and connectingvascularbundlecanbe
uncoupled to a certain extent, indicating that these are independent processes. Thus, in
legumes aswell asactinorhizal plants,two processes are induced that might be related to one
another. Theprenodules might be related to legumenodule primordia and actinorhizal nodule
lobes could be homologous to the "connecting" vascular bundle of the legume nodule. In
legumes the two processes merged and together form the nodule development program. In
actinorhizal plantsthetwoprocesses remained separate andboth independently resulted inthe
formation ofasymbioticorgan,theprenodule,andthenodule lobes,respectively.

Positioning ofnodule primordia
Nodule primordia are preferentially formed opposite to protoxylem poles, implying
thattheplantprovidessomesortofpositional information duringtheprocessof nodulation.
In pea root explants cortical cell divisions opposite the protoxylem poles are
specifically induced byphytohormones.However, ifthestelehasbeenremoved,cell divisions
are induced throughout the cortex [40, 58].Such studies show that all cortical cells have the
potential to dedifferentiate and to divide. Furthermore, it suggests that endogenous transverse
gradientsofpositive and/or negativecelldivision factors from thestelecontrolthepositioning
ofnoduleprimordia[41].
In situ hybridization experiments have shown that a 1-aminocyclopropane-lcarboxylate (ACC) oxidase gene is specifically expressed in the regions of the root pericycle
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opposite phloem poles [29]. ACC oxidase catalyses the last step in the biosynthesis of
ethylene.Knowingthat ethylene isapotent blocker of cortical cell division [39]andthat it is
locally produced opposite to phloem poles, ethylene could be a negative regulator in
controlling the positioning of nodule primordia. Studies with ethylene antagonists show that
this is indeedthe case [29].Furthermore, Penmetsa etal.have shownthat aMedicagomutant
insensitive to ethylene [48] forms nodules opposite to the phloem poles (pers. comm.). Thus
geneticaswellasbiochemical studies showthat localproduction ofethyleneprovidesa major
positional cuefor noduleprimordium formation.

Like root nodules, lateral roots are also formed opposite protoxylem poles. The
mechanisms controlling the position of lateral root primordia are unknown; however, the
formation ofbothnoduleandlateral rootprimordiainvolvethemitoticactivation ofrootcells.
Hence it seemsprobablethatthe localproduction ofethyleneplaysaroleinthepositioning of
bothprimordia.
Origin of nodulins
Research on plant genes involved in nodulation has focused especially on genes that
are expressed in root nodules but not in other parts of the plant. The legume nodule specific
proteins have been named nodulins. This name was first proposed in 1984 [70]. Since then
many nodulin genes have been identified in legume nodules, and more recently nodulespecific genes from actinorhizal nodules have been cloned. Since the discovery of the first
nodulin genes, methods to detect transcripts, for example PCR-based methods, have become
markedly more sensitive. By applying such methods, it has become clear that many of the
"nodule specific" genes are in fact also expressed in other parts of the plants. This suggests
that these genes have been recruited from other developmental processes. The best
information ontheoriginof "nodulespecific" genescomesfrom studieson leghaemoglobins.

Haemoglobins
Leghaemoglobins were the first nodule-specific proteins identified in legumes, and
haemoglobins have also been found in several actinorhizal nodules. These proteins play an
important role in the regulation of the free oxygen concentration inside the nodule. The
nitrogenase enzyme of the bacteria is very oxygen-sensitive and for this reason the free
oxygen concentration inside nodules has to be low. However, the high energy requirement of
the nitrogen fixation process is generated by oxidative phosphorylation. Leghaemoglobins
playakeyrole inthisoxygenparadox sincethey facilitate the flux ofoxygentothebacteriaat
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a low free oxygen concentration. In this way nitrogenase is protected from oxigen damage
whilesufficient ATPcanbeformed tosupportthenitrogenfixation biochemistry.
For a long time, plant haemoglobins were considered to be nodule-specific proteins.
However, haemoglobin genes have now been identified in several plants that are unable to
form nitrogen-fixing nodules [8, 64, and 66]. The comparison of their DNA sequences
providessomeinsightintotheirphylogeny.
Plants that form nodules often have haemoglobin genesthat are exclusively expressed
innon-symbiotic organs,whereas other haemoglobin genes are expressed intheroot nodules.
Based ontheir DNA sequence these "non-symbiotic" and "symbiotic"haemoglobin genes can
be classified as class 1and class 2haemoglobin genes,respectively [66].An exception isthe
Parasponia haemoglobin gene that is expressed at high level in nodules [36]. This gene is
structurally related to the class 1 genes. Parasponia nodules do not contain (at detectable
level) a Class 2haemoglobin "symbiotic"protein [3]andwhether ornotParasponiaevenhas
aClass2haemoglobin geneisunknown.

Class 1 haemoglobins have been found in a wide variety of non-nodulating plants
including monocots (e.g. rice) as well as dicots (e.g. Arabidopsis). The class 1 genes are
highly conserved. Class 1genes of dicots and monocots are even more similar in sequence
than class 1 and class 2 haemoglobins within a dicot species. This suggests that class 1
haemoglobins originated before monocots and dicots separated [65]. It is unknown whether
this is also the case for class 2 haemoglobins, since these haemoglobins have not yet been
identified inmonocots. Aclass 2haemoglobin hasrecently been identified inArabidopsis,a
non- nodulating dicot, demonstrating that the class 2 ("symbiotic") haemoglobins are indeed
not restricted to plants of the Rosid I clade. Although Arabidopsis belongs to the Rosid II
clade that is relatively closely related to the Rosid Iclade, this finding supports the idea that
class 2haemoglobins mightbewidespread intheplantkingdom.

Thus, in general, among the plants that have been studied, nodulating plants use class
2 haemoglobins in the symbiotic interaction, but in one case {Parasponia) a class 1gene is
used to produce high amounts of haemoglobin in nodules. This suggests that both
haemoglobin classes can facilitate oxygen flux to the bacteria at a low free oxygen
concentration, and it also suggests that properties of the promoters determine which
haemoglobin isused.
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Haemoglobin genes of several legumes, Parasponia and Casuarina (an actinorhizal
plant) have been extensively studied. Studies on haemoglobin expression in heterologous
systems showed that the promoter of an actinorhizal {Casuarina) class 2 haemoglobin
maintains its nodule-specific expression when introduced in legumes [31]. Conversely:
legume class 2 leghaemoglobin promoters are specifically active in actinorhizal nodules [21].
In both cases the haemoglobin promoters were also expressed in the proper cell type, the
infected cell. This suggests that the transcription machinery leading to nodule-specific
haemoglobinexpression inactinorhizal and legumenodulesisconserved.
This further suggests that the promoter of the Parasponiaclass 1haemoglobin gene,
which is highly expressed in nodules, may be similar to the promoters of actinorhizal and
legume class 2 haemoglobin genes.TheParasponia(class 1)haemoglobin promoter showsa
high level ofexpression in legume aswell asactinorhizal nodules [2,21];however, when the
Parasponiahaemoglobin genewasintroduced intoLotuscorniculatus, most oftheexpression
occurred in uninfected nodule cells. Thus, it seems that while the infected cell- specific
transcription machinery of Lotus corniculatus is able to recognize actinorhizal promoters
properly,itrecognizestheParasponiaclass 1 haemoglobinpromoter less efficiently.

Trema is a very close relative of Parasponia but is unable to form root nodules. A
comparison oftheParasponiahaemoglobin genewiththatof Trema indicatesthatthenodule
enhanced expression of the Parasponia promoter is a recently acquired property. The Trema
class 1 haemoglobin promoter is not expressed at elevated levels in nodules of transgenic
legumes or actinorhizal plants.Taken together, these data suggest that inParasponiaa class
1 globin gene acquired the ability to be expressed at an elevated level in nodules. Thus,
nodule specific expression ofhaemoglobin genesseemstohaveevolved morethanonce.

On the other hand, the fact that legume, actinorhizal and Parasponia symbiotic
haemoglobin genes are certainly expressed in heterologous nodules, suggests that in these
plant groups, similar transcription factors are used to regulate these genes.The identification
of thesetranscription factors, and the study oftheir distribution and action within and beyond
the Rosid I clade species, will give insight as to whether they are part of a plant's
predisposition for nodulation.
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RhizobialNodfactor structure andlegumephylogenies.
Host specificity is a striking characteristic of nodule symbiosis, and since it has
especially been studied for the interaction of legumes and rhizobia, we will focus on this
specific systeminthefollowing discussion.
By using 16S rRNA sequences it has been shown that rhizobia interacting with
members of the Leguminosae are very diverse and do not form a discrete clade [80] (Figure
5). Several closely related legume species are infected by distantly related rhizobia and
conversely closely related rhizobia can interact with legume species belonging to different
tribes. This is illustrated bytherhizobiathat nodulate plants belongingtothetribe Phaseoleae
(Figure 3IV, tribe 5) which contains the genera Phaseolus, Vigna, Glycine, and Cajanus.
Phaseolus species are nodulated by Rhizobium leguminosarumbiovar phaseoli. The other
biovars of this Rhizobiumspecies,R.l.bv trifloliiandR.l.bv viceae,nodulate legume genera
belonging to completely different tribes, namely Trifolieae (Figure 3IV, tribe 3) and Vicieae
(Figure 3IV, tribe 2), respectively. Moreover, Glycine (belonging to the same tribe as
Phaseolus) cannot be nodulated by bacteria of the genus Rhizobium, but only by
Bradyrhizobium and Sinorhizobium species. How is it possible that such diverse rhizobial
species can infect closely related plant species? Since the ability to interact with a certain
legume host is determined by the nature of the rhizobial signal molecules [17], it seems
probable that a comparison of the structure of rhizobial signal molecules, could provide
insight into why unrelated rhizobia can nodulate closely related legumes. Key signal
molecules in legume nodulation are the rhizobial Nod factors, which are sufficient to induce
earlystepsofnodulation[28].
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Figure5
Phylogeny of rhizobia as deduced from 16S ribosomal RNA gene sequences. Linages of non-symbiotic bacteria
are shown by boxes, with a representative given in parentheses for linages closely related to symbiotic groups.
Modified after Doyle[18].

Nod factors arelipochito-oligosaccharides, consisting ofabackbone ofthreetofiveB1,4-linked N-acetylglucosamines bearing a fatty acid on the non-reducing sugar residue. In
addition, Nod factors can have various substitutions on the reducing and/or non-reducing
terminal sugar residue [for review onNod factor structure and biosynthesis see 9, 16,20,61].
The rhizobial genes involved in the biosynthesis of the Nod factor core are the common
nodABCgenes [24,33,52].Other nod genes determine the nature ofthe acyl moiety and the
presenceofsubstitutionsattheterminal sugarresidues, respectively.
Rhizobia nodulating the related tribes Trifolieae (Figure 3IV,tribe 3),Vicieae (Figure
3IV, tribe 2) and Galegeae (Figure 3IV, tribe 1) belong to unrelated groups, namely
Rhizobium senso stricto, Sinorhizobium and Mesorhizobium, However, only the rhizobia
interacting with these legumes produce Nod factors containing polyunsaturated fatty acids.
Thus, althoughthese bacteria arephylogenetically unrelated, they produce Nod factors witha
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similar structure [76]. The nodE and nodF genes are involved in the production of
polyunsaturated acyl chains.Thesethree groups of rhizobia also containrhizobial speciesthat
do not produce Nod factors containing polyunsaturated fatty acids and these species lack the
nodE and nodF genes. These findings strongly suggest that the bacteria acquired genes
determiningNod factor structure byintergeneric horizontal genetansfer [76].Thiscanexplain
why distantly related rhizobia posses similar genes whereas some closely related species
contain different subsets of genes. In contrast with the proposed intergeneric horizontal
transfer of the nodEand nodFgenes,recent studies have shown that the common nodgenes,
nodB and nodC, are most likely transfered among congeneric rhizobial species [74] . These
studies indicate that the common nod genes have been horizontally transferred between
rhizobia species belonging to the same genera, whereas transfer between rhizobia of different
generadoesnot seemedtohaveoccured[74].

Thus, the variations in Nod factor structure are clearly correlated with the phylogeny
ofthe legume hosts, since distant rhizobia that cannodulate closelyrelated legume species do
secrete Nod factors with a similar structure. Moreover, the lack of correlation between
rhizobia phylogenies with Nod factor structure and plant phylogenies suggest that rhizobia
obtained nodgenesbyhorizontal gene transfer.
Endomycorrhizaeandnodule formation
In addition to nitrogen fixing soil bacteria, mycorrhizal fungi belonging to the order
Glomales can also estabish endosymbiotic relationships with plant roots. In contrast to root
nodules, arbuscular endomycorrhiza (AM), an endosymbiotic association between plant roots
and mycorrhizal fungi, can be formed by the vast majority of higher plants (about 80%).In
this symbiotic interaction, the fungus colonizes the root surface and, after the attachment of
hyphae to the root surface, a swollen structure, the appressorium, is formed at the tip of the
hypha.Newhyphae develop from the appressorium, andtheseentertheroot ineitheranintraor intercellular waydepending onthe host plant. Insidethe root,thehyphae grow towards the
inner cortex where cells are infected, and the hyphae differentiate into highly branched
structures called arbuscules [for review see 25, 27, 59]. During arbuscle formation, the
morphology of the infected cortical cells markedly changes. However, in contrast to the
cortical cells forming nodule primordia, they do not divide. The hyphae that are outside the
plantroots form acontinuum withthearbuscles,and inthiswaythe fungus connectstheinner
rootandthesoil,facilitating theuptakeofnutrients suchasphosphate.
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The morphology of the two endosymbiotic structures, root nodules and arbuscular
endomycorrhiza, is different. Furthermore, the level of host specificity controlling the
endosymbiotic interactions is markedly different. Whereas rhizobia, in general, only interact
with species of a single family, endomycorrhizal fungi can interact with most higher plants.
Therefore, it seemed probable that nodulation and endomycorrhiza formation were unrelated
processes, and thus the discovery of Due etal.that common host genes areessential for both
interactions was a great surprise [19]. This group showed that some pea mutants that are
blocked in Rhizobium-inducednodulation (Nod") have also lost the ability to interact with
mycorrhizalfungi (Myc") [19].Otherstudieshavenow shownthat severalnodulation mutants
of Medicago [54], Lotus [73] and Phaseolus [57] are also Myc". Among the best studied
Nod'Myc" legume mutants aretheSym8 ofpea [discussed in25],and theMedicagomutant
MN NN 1008 [discussed in 27]. In both mutants, the mycorrhizal fungi can still form
appressoria, but they are unable to form-hyphae that penetrate the root. As far as has been
studied, rhizobiadonot induceresponsesinthesemutants.

After the discovery that common host genes are essential in nodulation and
endomycorrhiza formation, several groups have studied whether nodulin genes are also
activated during the interaction with mycorrhizal fungi. Such studies showed that, for
example, the early nodulin genes ENOD2, ENOD40 [71], ENOD5, ENOD12 [1], the
leghaemoglobin gene VFLb29 [23] and the aquaporin-encoding NOD26 [75] are activated
during endomycorrhiza formation. The early nodulin genes ENOD12 and ENOD5 are
activated in cells that are or will become infected by rhizobia. Furthermore, rhizobial Nod
factors are sufficient to inducetheexpression ofthese genes.Whenplantsbecome infected by
mycorrhizal fungi, these genes aretransiently activated during the infection stage. Thus,it is
probable that in both interactions these early nodulin genes have a function in the infection
process.Theinduction ofENOD5andENOD12byeithermicrosymbiont requiresa functional
sym8 gene [1]. Thus, it was shown that the mechanism by which these nodulin genes are
activated isprobablysimilar,andatleasthasSym8incommon.
The studies reviewed above have made it clear that common host genes are involved
intherhizobial andmycorrhizal interaction. This finding has important implications since,in
contrast to Rhizobium,arbuscular mycorrhizal (AM) fungi have the ability to interact with a
wide range of higher plants. Assuming that the mechanisms by which AM fungi infect their
various hosts are similar, it implies that sym and ENODgenes, involved in the interaction of
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legumes with both micro-symbionts, are most probably widespread in the angiosperm.
Furthermore, it becomes probable that several nodulation functions have been recruited from
the more ancient endomycorrhizal symbiosis [38]. Considering that endomycorrhiza
symbiosis is widespread within the terrestrial flowering plants, it can be postulated that the
mechanism of endomycorrhiza formation evolved in the ancestors of higher plants and, later
on,aRosidIancestorrecruitedpartofthesemechanisms for nodule endosymbiosis.
Nodfactor recognition by non-legumes
The involvement of common host genes in nodulation and mycorrhizae formation
suggests that several genes that are essential for nodulation are widespread in the plant
kingdom. This together with the fact that the non-legume Parasponia can recognize the
rhizobial Nod factors, raises the question as to whether these rhizobial signal molecules are
recognisedbyothernon-legumesaswell.
The first indication that Nod factor-like molecules are recognized by non-legumes
came from studies ofdeJongetal. [15]who studied amutant carrot suspension cell linethat
is blocked in somatic embryogenesis. This mutant line can be rescued by the addition of a
chitinase that is secreted by wild type suspension cells. It was postulated that this chitinase
could hydrolyze an unknown inactive precursor containing an N-acetyl glucosamine residue,
resulting in an active growth factor. Since Nod factors contain a chitin backbone they were
tested for the ability to rescue the embryo mutant phenotype, and this was indeed the case.
After this discovery, afew reports werepublished showing thatNod factor-like molecules are
recognized bytobaccoprotoplasts buttheseobservationswerenotreproducible[55].
The most convincing data showing that Nod factors are recognized by non-legumes
camefrom recent studieswithtransgenic rice (Oryzasativa)[50]. Thesestudiesshowedthata
Medicago ENOD12 promoter in transgenic rice can be activated by rhizobial Nod factors.
This demonstrates that the perception and transduction machinery required for the activation
of this leguminous promoter byNod factors is present in rice. Although the function of this
non-leguminous perception/transduction mechanism is not clear, it seems probable that it has
a widespread occurrence, and that the Nod factor perception/transduction mechanism of
legumeshasevolved from it.
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Concluding remarks
Only a small group of plants have the ability to make nitrogen-fixing root nodules,
which suggeststhatthis ability involves ratheruniqueproperties ofthehostplant.Thisideais
further strengthened bythefact thatallnodule-forming plantsbelongtoasingleclade.
The relatively close relationship of the nodule-forming plants contrasts with the fact
that rhizobia and Frankia induce nodules that have a different ontogeny and tissue
organization, suggesting that different mechanisms underlie the development of these two
noduletypes.Mostactinorhizal plantsform twodifferent symbiotic organs;mostprominent is
thenodule that iscomposed of lateral root-like lobes,whereas theprenodule that isformed in
the cortex only forms a small protrusion. Based on the expression of marker genes, the
prenodule appearstobeanorgan onits own,anditsformation seemstobeindependent ofthe
formation of the lateral root-like nodule. Rhizobia induce the formation of a single symbiotic
organ, however the formation of this organ appears to involve two processes that to acertain
extent can be uncoupled: the formation of a nodule primordium and a "connecting" vascular
bundle, respectively. It is possible that the formation of a legume nodule primordium is
related to the prenodule formation, whereas the "connecting" vascular bundle results from a
process more related to the actinorhizal nodule lobe formation. If this hypothesis is correct,
thenthesetwonoduletypesarecloselyrelated,despitetheirdifferent morphology.

Although nodulation is a unique property of a small closely related group of host
plants, several data showthat genes and processes underlying nodulation are in fact recruited
from processes that are widespread among the higher plants. Several plant genes have been
identified that are expressed at elevated levels in root nodules. Many of these genes were
considered to be nodule-specific. However, more sensitive detection methods showed that
most ofthesegenesarealsoexpressed inother(non-symbiotic) organsofthehostplant. Some
of these nodule specific genes were also considered to be legume/actinorhizal plant-specific,
but now their homologous genes have been found in plants unable to establish a nodule
symbiosis. The idea that the nodulation process is (in part) derived from processes that are
widespread among the higher plants is furthermore illustrated by the facts that: infection
involves steps derived from the cell cycle machinery; nodulation and the widespread
endomycorhizal symbiosis are related processes; and the presence of aNod factor perception
andtransduction machinery inriceplants.
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So,onthe onehand,thephylogenetic data showthat thenodule-forming plantsform a
closelyrelated group,stressingtheuniqueness ofnodule-forming ability. Ontheotherhand,it
has become clear that processes that contribute to nodule development have been recruited
from processes that are common to most if not all higher plants. This still leaves us with the
question: what properties distinguish the nodule forming Rosid I clade plants from the other
higher plants? Perhaps a few unidentified symbioses specific genes determine the
predisposition to nodulation. Genome projects might reveal such genes. At present genome
projects have been started on several model plants,and it isto beexpected thatthe sequences
of the genomes ofArabidopsis andricewill be available within afew years. More recently,a
genome project has been initiated on amodel legume,Medicagotruncatula.The comparison
of such genomesmight give ustheultimate answersastowhether genesuniqueto nodulating
plantsindeed exist.
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ABSTRACT
The pea Sym2 gene controls the Nod factor structure-dependent infection by the symbiotic
Rhizobium bacteria. The previously isolated cDNA RFLP marker PscW62-l that is tightly
linked to Sym2 was used to screen a M. truncatula A17 BAC library and 11 clones were
isolated. These clones formed 3physically unlinked contigs named cl, c2,and c3,that were
further extended bychromosome walking.Thethreecontigsarelocated onM. truncatulaA17
chromosome 5.cl and c2aretightly linked, while genetic mapping showed that c3 is located
onthe same arm of chromosome 5at adistance of9cMfrom the cl/c2 region. Microsynteny
between cl/c2 and the peaiSym2-containinggenomic region was studied by RFLP analysis of
cDNAs and genomic subclones isolated from these contigs. This showed a high level of
microsynteny between these genomic regions of pea and M. truncatula. In addition, a
genomic subclone from c2, highly homologous to the LRR motif of Cf4 and Cf9 L.
esculentum disease resistance genes,wasusedto isolatethecDNAPscLRR52from apearoot
hair cDNA library. RFLP mapping showed that PscLRR52 is tightly linked to Sym2,
demonstrating the value of M.truncatula as intergenomic gene cloning vehicle. Moreover,
one RFLP marker from c2 and two RFLP markers from cl that were isolated from BACs
obtained bychromosome walking have shownrecombinations betweenthe corresponding pea
loci and Sym2, thus delimitating the Medicago5yw2-orthologous region to about 350 Kbp
andconfirming thatPscW62-l wasindeed tightly linked toSym2.Inaddition,the delimitation
of this orthologous region shows that the order of clusters of studied genomic sequences and
genes is conserved between cl/c2 and the pea Sym2-containing region. The cloning and
delimitation oftheM. truncatulaSym2-orthologousregion,provides apromising start for the
microsynteny-based positional cloning ofthepeaSym2gene.
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INTRODUCTION
The legume sub-family Papilionoidae contains many economically important species like
soybean, alfalfa and pea. Aunique property that contributes totheir agronomic importance is
their capacity to establish a symbiosis with rhizobia that results in the formation of nitrogen
fixing root nodules. Several ofthesecrop legumes are genetically well characterized, but due
to their large genome or complex ploidy, they are not amenable for positional cloning
strategies. An example is pea (Pisumsativum) of which many genes have been genetically
mapped. Among these are about 30 Sym genes which are essential for the formation of
nitrogen fixing rootnodules (Borisov etal., 2000).However, atpresent noneofthesepeaSym
genes has been cloned, mainly because pea has a rather large genome. For such reasons,
legume species havebeen selected thatcould serve asamolecular-genetic model system.The
best developed systems are atpresent Medicagotruncatula(Cook, 1999)andLotusjaponicus
(JiangandGresshoff, 1997).
It was shown that closely related plant species have genomes with conserved gene order (For
reviews see: Bennetzen, 2000; and Schmidt, 2000). M. truncatula is a close relative of pea
e
and it hasa genome size of about 5x10 ,which isonlyabout 10%ofthat ofthepeagenome.
Incasethe genomes ofpeaandM. truncatulawould becolinear intheregion ofinterest, then
M.truncatulacould beused asan intergenomic cloning vehicle for pea genes.The latter isof
interest especially if mutations in orthologous genes have not been identified in a model
legume.
Linkage group I of pea contains many symbiotic genes located within a region of about 20
cM; e.g. Nod3,Sym2,Sym5,Syml8 and Syml9 aswell as a cluster of leghaemoglobin genes,
Enodl and Enod40 (Weeden et al, 1990; Temnykh et al, 1995a,b; Schneider et al., 1999).
This isthe region with the highest density of legume genes involved inRhizobiumsymbiosis.
Mutations in some of these genes have unique phenotypes that are not observed in model
legume mutants. Thus, in case M. truncatulaandpea would show colinearity around the loci
of interest,the map-based positional cloning of suchgenesmight befeasible. Inthis study,we
focused on the pea Sym2 locus.Sym2 was first identified in the pea accession "Afghanistan"
(Lie, 1984),where it controls theNod factor structure-dependent infection process (Firminet
al., 1993;Kozik et al., 1995;Geurts et al., 1997;Ovtsyna et al., 1998).5yw2-containingpeas
are only nodulated by Rl bv viciaestrains containing the nodX (or nodZ)gene that modifies
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the Nod factor structure (Firmin et al., 1993; Ovtsyna et al., 1998), but peas without the
Afghanistan Sym2 allele are nodulated by bacterial strains both with and without the nodX
gene (Kozik, 1995). Nod factors are the rhizobial signal molecules that are involved in the
induction of various host responses (Heidstra et al., 1996). To understand the molecular
mechanism by which Sym2 regulates infection thread formation in relation to Nod factor
structure,thecloningofthisgeneisessential.

Previous attempts to clonetheSym2 gene relied onthe direct isolation of this genefrompea,
rather than by intergenomic microsynteny studies. To clone Sym2 directly in pea, Sym2containing introgression lines and their recurrent backcross parental line were compared by
methods such as RAPDs, RNA differential display, and AFLP (Kozik, 1996; Geurts, 1998;
Gualtieri, unpublished; respectively). These approaches relied on the identification and
isolation ofmarkersspecific for the5y/n2-containingintrogressed regions.However, sincethe
o
pea genome is relatively large, 3.8-4.8 x 10 bp per haploid genome (Ellis, 1993), it is
probablethatRAPDs(Williams etal., 1990)andAFLP (Vosetal., 1995)markerswillmostly
generate repetitive DNA markers, which cannot be used for the construction of a contig
containing Sym2. Thus, methods such as the RNA differential display and its variations
(Liang et al., 1992;McClelland et al., 1995)orcDNA-AFLP (Bachem et al., 1996;Money et
al., 1996), would be more suitable to isolate single or low copy cDNA markers. Indeed, by
using the RNA differential display, two cDNA RFLP markers linked to the pea nod3
hypernodulation mutant locus were isolated (Gualtieri et al., submitted, c). Moreover, a
cDNA named PscW62-l(Geurts, 1998; in Gualtieri et al., submitted, a) was isolated by
comparing root hair RNA of two nearly isogenic lines that genetically differ (in theory) only
at and around the Sym2 locus. PscW62-l was present in the RNA fingerprints of the
backcross-parental line but absent inthe Sy/w2-containingintrogression line (Geurts, 1998;in
Gualtieri et al.,submitted, a).RFLPmapping showed thatPscW62-l istightly linked toSym2
(Geurts, 1998; in Gualtieri et al., submitted, a). Therefore, PscW62-l was used in the work
presented here as a basis to study microsynteny around this locus betweenM. truncatula and
pea.
This manuscript describes the isolation of 11M. truncatulaBAC clones by using PscW62-l
as aprobe,that correspond to 3physically unlinked BAC contigs (named cl, c2,and c3)that
were further extended bychromosome walking.RFLPmapping inpeashowedthat severalM.
truncatula genes and genomic subclones located in cl and c2 are linked to Sym2,
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demonstrating that the cl/c2 Medicago genomic region is highly microsyntenic with the pea
Sym2-containing region and represents the M. truncatula iSym2-orthologous region.
Moreover, oneRFLPmarker (in Gualtieri etal., submitted, a)fromc2andtwoRFLPmarkers
(this manuscript) from cl, that were isolated from BACs obtained by chromosome walking,
have delimitated the Medicago S_y/w2-orthologous region and the pea S>7w2-region. This
confirmed that PscW62-l was indeed tightly linked to Sym2. Furthermore, in addition to the
previously isolated pea PscW62-l (Geurts, 1998;in Gualtieri et al., submitted, a),this work
resulted inthe isolation ofasecondpeaRFLPmarker,namedPscLRR52,whichisalsotightly
linked to Sym2, demonstrating the usefulness of M. truncatula as intergenomic cloning
vehicleofpeageneslocatedwithinmicrosyntenicregions.

RESULTS
Isolation ofBACs containingPscW62-l orthologues,and assembly ofcontigs.
A M. truncatula A17 BAC library (Nam et al., 1999) was screened, with the previously
isolated PscW62-l (Geurts, 1998; in Gualtieri et al., submitted, a), and 11 clones were
isolated (in Gualtieri et al., submitted, a). These BAC clones formed 3 physically unlinked
contigs that were constructed by restriction/PCR (Fig 1A) and restriction/hybridization (Fig
IB) fingerprinting of individual BAC clones. Contig 1 (cl) had a size of 150 kbp, and
contained the BAC clones 58F01, 38C14, 63O10, 18L02, 11101, 20K04, 03109,41N12 (Fig
1C, shown as black horizontal bars). Contig 2 (c2) included BAC clones 15B03 and 45109,
and itstotal size was 110kbp (Fig 1C, shown asblack horizontal bars)."Contig" 3 (c3) was
the single65kbpBACclone46113(Fig 1C,shownasablackhorizontalbar).Thepositionof
contig sequences homologous to PscW62-l is shown in Fig 1C as vertical black bars above
the overlapping BAC clones. Sequences with a high homology to peaPscW62-l are detected
incl andc3,whereasc2containsasequencethatweaklyhybridizeswith PscW62-l.

Geneticmappingofcontigs.
To determine the map position of the 3 BAC contigs in M. truncatula, CAPS (cleaved
amplified polymorphic sequences) were generated from BAC-end sequences of clone 58F01
of cl (marker DK6R), clone 45109 of c2 (marker DK39R) and clone 46113 of c3 (marker
DK3R).Mapping was done using aF2progeny of93individuals (see material andmethods).
This showed that all 3contigs are located on linkage groupV. DK6R and DK39R aretightly
linked and located 3.6 cM and 3.0 cM respectively, to the south of the MedicagoEU2 gene,
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whereas c3 is located 9 cM to the south of cl/c2 (in Gualtieri et al., submitted, a). The
chromosomal order of BACs containing these cl and c2 genetic markers was confirmed by
FISHwhentheorientationofcontigscl andc2wasdetermined (seebelow).

Extension ofthecontigs bychromosomewalking.
The three contigs were extended by chromosome walking using the M. truncatulaA17BAC
library. Fig 1C shows the BACs isolated by chromosome walking (in gray), and the original
BACs composing the contigs that were isolated by hybridization with PscW62-l (in black).
c3 was extended in both directions by three bi-directional chromosome walking steps to a
final size of 150 Kbp. Both cl and c2 could be extended on one end. cl was extended from
BAC clone 18L02 by two chromosome walking steps to a final size of 300 Kbp. However,
the end of this contig represented by BAC 63010 could not be extended. An end subclone of
63010,named Mtg2511wasusedto screen the BAC library and 3BACs withhigh homology
to the probes were identified, but these were not linking to cl. c2 was extended from BAC
clone 15B03bytwochromosome walking stepsto afinal sizeof 170Kbp.Attemptstoextend
the other end of c2 from 15B03, by using the end subclone Mtg3556, have failed. These
results suggest that BAC clones overlapping with the ends of cl and c2 that could not be
extended would be absent in this BAC library. Indeed, when a recently constructed new M.
truncatula A17 BAC library (Cook et al., unpublished) was screened with Mtg2511 and
Mtg3556, both contig ends were extended by the same BAC clone, showing that the gap
betweencl andc2wasonly 10Kbp(Geurts,perscomm).

Figl:
A and B: Amplified-restriction fragment fingerprinting (A) and restrictioiVhybridization fingerprinting (B) of
BAC clones composing cl. Fingerprint bands that are common in between different BACs indicate the
overlapping of these BACs in the contigs. These patterns of overlap are used to construct the contig molecular
maps. The black arrow head in A shows a unique faint band in BAC 03109that corresponds to the cl Medicago
RFLP marker MtgG28. "neg Ctrl" in A represents a BAC which does not belong to cl and has a small insert.
This BAC was useful to recognize the bands in the fingerprint that correspond to the BAC vector (V). The faint
background in all lanes corresponds to the amplification of bacterial DNA that is present invery low amounts in
these BAC DNApreparations. "V" inAand Bcorresponds toBAC vector DNA.
C: Contigs of BAC clones isolated either by using PscW62-l as a probe (shown in black), or by chromosome
walking done on the 3 contigs (shown in gray). The double arrow lines indicate the size in Kbp of the new
sequence obtained by chromosome walking. Black arrowheads show the position of the contig-end subclones
used for chromosome walking and the overlapping BACs isolated with these probes are drawn below these
arrows. Gray arrowheads show the position of contig-end subclones that did not result in contig sequence
extensions, and in c2 these end-subclones resulted in the isolation of additional BAC clones containing parts of
the original sequence of this contig. However, two of these contig-end subclones from cl and c2 (shown by gray
arrow-heads) recently resulted in the isolation of a BAC clone linking these two contigs, when a newM.
truncatula BAC library (Cook et al.,unpublished) was used (see Results section). The position ofthe sequences
that strongly or weakly hybridize with PscW62-l in cl and c3, or with c2, respectively, are shown as black
vertical lines above the contigBACs.
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Chapter 2

Orientation ofcontigs inMedicagochromosome 5.
The orientation of cl and c2 on chromosome 5 was determined by 2-colour fluorescence in
situ hybridization (FISH) onpachytene chromosomes (Fig 2).BAC clones 58F01 and 59K07
(obtained by chromosome walking) of cl, and 45109 and 63C24 (obtained by chromosome
walking) of c2, were used as probes. This showed that 58F01 of cl and 45109 of c2, are
located close to each other, while 59K07 isthe cl clonethat is closest tothe centromere, and
63C24 is the clone from c2 that is closest to the telomere (Fig 2). In addition, these
experiments confirmed the chromosome walking extensions of these contigs, as the FISH
signals of the clones obtained by chromosome walking overlap with the signals of the BACs
from theoriginalcontigs.

Fig 2:
Positioning of BAC contigs on pachytene chromosomes of M. truncatula A17 by two-color FISH. The DAPI
stained chromosomes have bright fluorescent heterochromatin around the centromeres (pericentromeric
heterochromatin). The chromosomes were hybridized with BACs of the 3 contigs. a. Hybridization of
BAC58F01 (green) of cl and BAC 45109 (red) of c2. The two BACs are tightly linked and the signals partly
overlap. The chromosomes were subsequently hybridized with 27H19 (red) of c3 which is located on the same
chromosome arm. b. Hybridization with BAC59K07 (red) and BAC58F01 (green) of cl. c. Hybridization with
BAC45I09 (green) and BAC63C24 (red) of c2. Yellow fluorescence is caused by overlap of green and red
signals. The position of the centromere of chromosome 5 is indicated with an arrowhead, the telomere closest to
cl/2 with anasterisk. Thepartsthat have beenmagnified are indicated. Bar = 10urn.

Identification oftheSym2orthologous region inM.truncatula.
We studied by RFLP mapping, whether cl/c2 or c3 represents the Medicagogenomic region
that is orthologous to the pea Sym2 region. For this purpose, we isolated several cDNAs
encoded by cl/c2 by screening a M. truncatularoot hair cDNA library (Covitz et al., 1998)
with labeled BAC inserts.Thecl cDNAclonesMtc831,and Mtc411,and the c2cDNA clone
Mtc7x-1, strongly hybridized with 1 to 3 genomic restriction fragments in pea and in
Medicago,except for Mtc923 that hybridizes with 4 genomic fragments in Medicago (Table
1). A comparison of Hindlll restricted Medicago genomic DNA, cl/c2 DNA, and c3 DNA,
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showed that all the genomic DNA bands hybridizing with Mtc831(Fig 3), Mtc7x-1 and
Mtc411, are present in cl/c2. In contrast, although Mtc411 is located on cl, it weakly
hybridizes with afragment ofc3. Ontheother hand,Mtc923(Fig3)hybridizes strongly with
3 andweakly with 1Hindlll-restricted Medicago genomic DNAbands, outofwhich only2
strongly hybridizing bands arelocated oncl.Therefore inallcases,except forMtc923,itcan
be concluded that the pea genomic restriction fragments strongly hybridizing with these
MedicagocDNAs, represent thepeasequences truly orthologous tothese cDNAs locatedon
cl/c2.

Mt

59K07

Mt

59K07

Mtc923

Mtc831

4 m
#1

«
*

* €1

1*

11.

9

Figure 3:Hybridization ofMtc831 andMtc923 with Hindlll restricted
M. truncatula genomic DNA(Mt)and BAC 59K07 DNA.Mtc831 is
entirely located in 59K07 since all the fragments observed in Mt
genomic DNAarepresent in this BAC.Onthe other hand, Mtc923 is
not entirely located in 59K07: the strongly hybridizing fragments in
the Mt and the 59K07 lanes named as "a" and "b"have an identical
size and correspond to the same Hindlll fragment (these two lanes
were aligned at band "a" (9.1Kbp) but originate from independently
electrophoresed gels were the Mt sample migrated a larger distance;
therefore, fragment "b"has migrated a larger distance in Mt). Apart
from bands "a" and "b" Mt contains a weakly (between "a" and"b")
and a strongly (below "b") hybridizing fragments that are not present
in 59K07, demonstrating that Mtc923 has homologous sequences in
the genome that arenot comprised in 59K07. In addition to fragments
"a" and "b", Mtc923 weakly hybridizes in 59K07 with a fragment
between "a"and"b" anda fragment far-below "b",which inMt isnot
detected andhasrun outof the gel,respectively. "V"represents BAC
vector DNA (7.3 Kbp) that hybridized with the vector-containing
Mtc923 probe.

*

Fig3
These 4 cDNAs showed an RFLP between Afghanistan and Rondo/Sparkle DNA. RFLP
mapping using the RILs and Sym2 introgression lines showed that Mtc7x-1 and Mtc411
strongly hybridized with one fragment that is tightly linked to Sym2 (Table 1).In contrast,
two recombination events mapin between Sym2, andMtc831 andMtc923, respectively(Fig
4, Fig 5, Table 1).Although Mtc923 hybridizes to Medicago genomic restriction fragments
that are not located on cl, RFLP studies in pea show that 1out of 2 strongly hybridizing
restriction fragments (highly homologous fragments) is linked to Sym2 (Fig4). Mtc831 is
entirely located on BAC 59K07 (Fig 3), and Mtc923 is probably mostly located inBAC
59K07 although 1out of 3 Medicago genomic restriction fragments that strongly hybridize
with this cDNA isnotlocated onthis BAC (Fig3)orincl/c2. Thus,RFLP mapping withall
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thesecDNAsshowsthatthe studied sequences occurring incl/c2 andthepeaSym2regionare
conserved. Moreover, the two recombinations in between Sym2, and Mtc831 and Mtc923,
have delimitated both the Medicago S>7w-2-orthologous genomic region in BAC 59K07
(obtained by chromosome walking) of cl (Fig 1C)and the pea Sym2 region in the pea RILs
D23.3and D27.2(Fig5).

To extend microsynteny studies and to find recombinations that delimitate the M.truncatula
Syw2-orthologous region in c2,genomic subclones were generated from cl/c2. TheMtgG28,
Mtg3552,Mtg3556 andMtg63EB4 (theisolation ofthelastclone described inGualtieri etal.,
submitted, a)genomic subclones are single copy inMedicago(Table 1)as shownby genomic
Southern blots of DNA restricted with the same enzyme used to generate these subclones
from cl/c2. However, when these clones were hybridized to blots containing restricted BAC
DNA (with a sequence molarity 100 times higher than in genomic blots), some of the
subclones weakly hybridized with additional fragments on cl/c2 DNA blots (Gualtieri et al.,
submitted, b), and Mtg3552 weakly hybridized with a fragment in c3 (Gualtieri et al.,
submittedb).
The four genomic subclones from cl and c2 were used for RFLP mapping in pea using the
RILs and Sym2 introgression lines. The Medicago cl subclone MtgG28 strongly hybridizes
with a single polymorphic fragment in blots containing Haelll restricted pea genomic DNA
(Fig 4). This polymorphic pea fragment islinked to Sym2and has the same size astheSym2linked polymorphic Haelll restriction fragment hybridizing with PscW62-l(in Gualtieri etal.,
submitted, a). The hybridization pattern of cl digested DNA hybridized with MtgG28 and
PsW62-l results ina similar band pattern; however, incontrast withPscW62-l, MtgG28 does
not hybridize with c2 and c3,and it is located on acl Hindlll restriction fragment (shownby
anasterisk inFig6)that doesnothybridize withPscW62-l (Fig 6)(Gualtieri etal., submitted,
b). These hybridization data in pea and Medicago, suggest that MtgG28 and PscW62-l, and
theirorthologues,arephysically verytightly linked inbothspecies.
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Fig 6
Blots ofBAC DNA restricted with HindM showingthehybridization ofBACs from cl, c2 and c3with MtgG28
and PscW62-l. The 7.1and 3.5 Kbp fragments hybridize withboth probes. The fragments located atthe position
indicated by an asterisk contains MtgG28 and donot hybridize with PscW62-l. PscW62-l hybridizes with BACs
from the three contigs, while MtgG28 does not hybridize with c2 and c3.Arrowheads show the position of the
fragments inBACs 46113and 15B03 thathybridize with PscW62-l, butthat donot hybridize withMtgG28.

The c2 subclone Mtg3556 strongly hybridizes with 2 polymorphic fragments that are tightly
linked to Sym2 on pea genomic blots, while the c2 subclone Mtg3552 strongly hybridizes to
severalpolymorphicfragmentsthat arelinkedtoSym2(Fig4).Oneend sequence of Mtg3552
(named MtgLRR52) revealed the presence of a LRR (Leucine Rich Repeat) region with
homology to the LRR domain of the Cf4 and CJ9 L. esculentumdisease resistance genes
(Parniske et al., 1997). Therefore, MtgLRR52 was used as a probe to screen a pea root hair
cDNA library (see material and methods). A cDNA named PscLRR52 was isolated. When
genomic blots are hybridized with PscLRR52or Mtg3552 very similar hybridization patterns
wereobtained (seenextsection).

In contrast with the genomic subclones MtgG28, Mtg3556, and Mtg3552, that are tightly
linked to Sym2, a recombination event in the Sym2-contamingintrogression line SparkleSym2, maps in between Sym2 and a pea restriction fragment hybridizing with Mtg63EB4
(Limpens, pers. comm.) (Table 1) (Fig 5). Mtg63EB4 is a genomic subclone of the cl BAC
63C24 (obtained by chromosome walking) (Fig 1C). Thus, Mtc831 and Mtc923, and
Mtg63EB4, have delimitated the Medicago cl/c2 Sy/w2-orthologous region, at the BACs
59K07 and 63010, respectively (Fig 1C,Fig 5). The size of this ,Sym2-orthologous region is
delimitated to about 350 Kbp. In pea, Mtc831 and Mtc923, and Mtg63EB4, are separated
from Sym2byrecombinations that occurred inthe RILsD23.3 and D27.7,and inthe Sparkle-
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Sym2 containing introgression line, respectively (Fig5).Werefer themapposition on pea
linkage group IofMtc831 andMtc923, andMtg63EB4, toasthe"south" and"north"of
Sym2,respectively.
Thus, thecombination ofRFLP mapping data of4 cDNAs and4 genomic subclones from
cl/c2, notonly demonstrate that cl/c2 istheMedicagoSym2-orthologous region, butalso3
RFLPmarkershavedelimitatedthisregion.
Table 1:summaryofthehybridization behaviourofthe RFLPmarkersdescribed inthismanuscript.
cDNA/genomic
subclone(sizein
Kbp)
Mtc411

Number ofbands
inM. truncatula
(Hindlll digestion)
ND

Restriction
enzyme in pea
RFLP analysis
Hindlll

Number ofpea
bandsin RFLP
analysis "
3

Number ofpea
bandslinkedto
Sym2n
1

Mtclx-l

3 (determinedby
Gualtieri)

Hindlll

3

1

Mtc831

3

Hindlll

2

2

Mtc923

4

BamHI

3

2

MtgG28(0.18)

1

Haelll

1

1

Mtg3552 (5.2)

1

EcoRI

9»

6

Mtg3556 (5.6)

1

EcoRI

2

2

Mtg63EB4 (4.0)

1

BamHI

1

1

PscLRR52

ND

EcoRI

7

5

Author/
citation
Kulikova/
Gualtieri et al.,
submitted,a.
Kulikova/
Gualtieri et al.,
submitted, a.
Gualtieri/
Gualtierietal.,
submitted,a.
Gualtieri/
Gualtieri etal.,
submitted,a.
Gualtieri/
Gualtieri etal.,
submitted, a.
Gualtieri/
Gualtierietal.,
submitted, a.
Gualtieri/
Gualtieri et al.,
submitted,a.
Limpens/
Gualtieri etal.,
submitted,a.
Gualtieri/
Gualtierietal.,
submitted,a.

"Thistotalnumberofbandsincludestheuniqueandcommon"strongly"hybridizingbandsfromAfghanistan, Rondo,
Sparkleandnod3lines.
" Includesboth"strongly"and"weakly"hybridizingbandsfromAfghanistan, Rondo,andnod3lines.
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Fig 4

Pea genomic blots showing the different Sv»)2-linked RFLP markers. The restriction enzymes used to detect
these polymorphisms are listed in Table 1. The genetic characteristics of the RILs and introgression lines used
are given inFigure 5.Theprobeshybridized to each blot are indicated ontop ofthe different pictures. The RFLP
pattern of A15.5.2 after hybridization withMtg3552 is identical tothat ofAfghanistan (datanot showed).
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RFLP
Genetic map
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A: Genetic map of a 4 cM region spanning from OPA1 to PsEN0D7 on pea linkage group I. The genetic
distance between cDNA164 and PsENOD7, and OPA1 and cDNA 267 (Kozik, 1996), is not presented in this
figure. The genetic distance between markers obtained by recombination analysis within a segregating F2
population is indicated atthe left side ofthe map (Geurts, 1998),while onlythe relative linear order isknown for
other markers mapped by using the RILs. The pea markers tightly linked to Sym2 PscW62-l (Geurts, 1998) and
PscLRR52 (thisthesis), andthe markers isolated by usingtheM. truncatula A17cl/c2 Sym2-orthologous region
(this thesis), are listed (in between B and C) together with the Sym2 locus in the horizontal shadowed area.
Markers Mtc923/Mtc831 and Mtg63EB4 were isolated from cl/c2 BACs obtained by chromosome walking and
delimitated the pea Sym2 region, since recombination events are located between the hybridizing pea sequences
and the Sym2 locus. The pea sequences hybridizing with Mtc923IMtc831 and Mtg63EB4 showed 2 and 1
recombinations with the Sym2 locus, in the pea RILs D23.3 and D27.2, and in the pea cv Sparkle BC-Sym2
infrogression line, respectively. Therefore, these three markers are at the "north" and "south" border,
respectively, ofthehorizontal shadowed area that represents thepeaSym2-containingregion.
B: The position ofthe introgressed region inthe RILs ("D" prefix) and introgression lines ("A" prefix) is shown
by hatched/white boxes. Hatched boxes are Afghanistan DNA and white boxes are Rondo DNA. The lines that
have Afghanistan DNA (hatched box) attheposition whereSym2 maps showtheSym2 phenotype.
C: M.truncatula A17 chromosome 5 (white box). Small black vertical lines at the left side of chromosome 5
indicate the location and orientation of contigs cl and c2 that define the A17 5yw2-orthologous region. The
horizontal shadowed area in A, B and C, indicates the pea S>>m2-containing region and the microsyntenic
Medicago chromosome 5cl/c2 5yw2-orthologous region.
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"From M. truncatulaback to pea": isolation of orthologous LRR sequences from cl/c2,
andthepeaSyml region.
Since one end sequence of the genomic subclone RFLP marker Mtg3552 revealed an
interesting high homology with the LRR-containing motif of Cf4 and CJ9L. esculentum
resistance genes, primers were designed to specifically amplify this LRR-encoding sequence
(named MtgLRR52), which was used as a probe to screen a pea root hair cDNA library. A
pea cDNA was isolated and named PscLRR52. This cDNA encodes a protein containing a
LRR motif that is also highly homologous to that of the Cf4 and Cf9 proteins. When
hybridized to blots containing cl/c2 and c3 restricted DNA, this cDNA hybridized with
several fragments ofc2(Gualtieri etal., submitted, b).When hybridized to genomic Southern
blots, PscLRR52 showed a similar hybridization pattern as Mtg3552 (Fig 4). Interestingly,
PscLRR52 strongly hybridizes to 7 pea restriction fragments, 5 of which map in the Syml
region (Fig 4, Fig 5). This clearly shows that the pea Sym2 region is rich in C/4/CJ9 LRR
motif-like sequences.
Since the peaSym2region isrich in sequences highly homologous to Mtg3552, including the
C/4/CJ9 LRR motif-like sequences, Mtg3552 was used to screen a pea genomic cosmid
library in order to identify and isolate contigs containing these pea homologous sequences
that mapintheSym2region.Inthisway, 17cosmidswere isolated. To studythepresenceand
distribution of sequences homologous to PscLRR52 and MtgLRR52, the cosmids were
digested with Hindlll and hybridized with these two clones (Fig 7). Hybridization with
PscLRR52 showed that 10 of the 17 cosmids hybridized with the probe. Further, their
restriction pattern shows that they are physically unlinked except for three cosmids (52/1.2,
52/3.1 and 52/5.2) that form a contig and contain the same fragment hybridizing with the
PscLRR52probe (Fig 7).Thus, 8pea genomic regions are homologous toPscLRR52.This is
comparable with the 7 bands (out of which 5 are linked to Sym2) observed on pea genomic
blots hybridized with PscLRR52 (Fig 4). In contrast, only 3 physically unlinked cosmids
(52/15.2, 52/16.1, 52/5.1) out of these 8 genomic regions, hybridized with the Medicago
LRR-containing sequence MtgLRR52 (Fig 7). This shows that the 4 remaining cosmids and
the contigthat only hybridize with PscLRR52,contain homology with the non-LRR encoding
sequences composing this cDNA. The future subcloning and sequencing of the cosmids and
contig sequences that hybridize with PscLRR52 and MtgLRR52, will be useful to study
sequence conservation and divergence within these sequence families, and to design primers
for PCR-based fine mapping of individual sequences in relation to Sym2. This last would be
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useful to narrow downthe number of LRR sequences that should be functionally analyzed to
test whether one of them is responsible for the Sym2 phenotype. In addition, these numerous
unlinked cosmids and contig could be useful to construct a large pea contig including the
Sym2gene.
PscLRR52
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Fig7
Hybridization of pea cosmids isolated by screening a pea genomic library with Mtg3552 (containing
MtgLRR52). Cosmids were restricted with Hindlll and hybridized with PscLRRS2 (A), or with MtgLRR52 (B).
Many pea cosmids contain fragments that are homologous with PscLRR52, while only three cosmids contain
sequences homologous with the LRR-encoding c2 sequence MtgLRR52. Cosmids 52/1.2, 52/3.1 and 52/5.2
form acontig as shown bytheir common band that hybridizes with PscLRR52.

Isolation ofpeagenomic sequences orthologous tosequences incl/c2.
During the process of identification and subcloning of c2 single and low copy sequences to
use for RFLP analysis, the Medicago sequence Mtg2114 (also described in Gualtieri et al.,
submitted, b) was isolated from BAC 21J05 (obtained by chromosome walking). However,
this subclone did not result in a RFLP between Afghanistan, Rondo and Sparkle with several
tested restriction enzymes. Therefore, Mtg2114 was used to screen a pea genomic cosmid
library, in orderto isolate orthologous pea sequences that could be used to design primers for
PCR-based fine mappinginpea.
On pea Southern blots, Mtg2114 hybridizes with 2 non-polymorphic Haelll fragments, the
smaller of them (strongly hybridizing) being the true pea orthologue of this Medicago c2
subclone (Fig 8A). The genomic cosmid library screenings using Mtg2114 resulted in the
isolation of 6 genomic clones that formed 2 physically unlinked contigs as shown by Hindlll
restriction, blotting and hybridization with this subclone (Fig 8B) and with the cosmid
2114/13.2 (Fig 8C).The stronghybridization ofboth contigs with Mtg2114 demonstrates that
they contain the pea true orthologous sequence identified by Southern blot (Fig 8A and 8B).
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Thus, the future subcloning and sequencing of the Mtg2114-pea orthologous sequences
present in these two cosmid contigs will be useful to design PCR-based markers for fine
mapping using a large pea segregating population. In addition, both Mtg2114-orthologous
pea contigs could be used during the construction of a pea physical region containing the
Sym2gene.
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Fig8
A: Southern blot containing pea genomic DNA restricted with Haelll and hybridized with the c2 subclone
Mtg2114."Afgh" means Afghanistan.
B: Southern blot ofpea cosmidsrestricted withHindlll andhybridized with Mtg2114.
C: Southern blot ofpea cosmids restricted withHindlll andhybridized withthe labeled cosmid 2114/13.2.
The common fragments present in cosmids in both B and C, indicate that they form two physically unlinked
contigs composed by cosmids 2114/4.1, 2114/4.2,2114/11.1,2114/13.2; and 2114/13.1 and 2114/17.2.

DISCUSSION
This study reveals a high conservation of the gene and genomic sequence composition
between the Medicago cl/c2 and the pea Sym2 genomic region. The combination of RFLP
mapping data of 4 cDNAs and 4 genomic subclones from cl/c2, not only demonstrate that
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cl/c2 is the Medicago Sjw2-orthologous region, but 3 RFLP markers have delimitated this
regiontoasizeofabout350Kbp.
Although the order of RFLPmarkers was determined in cl/c2 (Gualtieri et al., submitted, b),
the order of these markers was not analyzed inthe peaSym2region. However, the order
of

three

"clusters"

of

pea

sequences

orthologous

to

Mtg63EB4;

MtgG28/Mtg3556/Mtg3552/Mfc7.x7/Mc4//; and Mtc831IMtc923,respectively, is the same
as inM. truncatula. Altogether, both sequence composition and sequence cluster order reveal
a high level of microsynteny between the pea Sy/«2-containing region and the cl/c2
Medicagoregion locatedonchromosome5.

In general,this work shows that it ispossible to isolate and delimitate aM. truncatularegion
that might contain a gene orthologous to a pea gene of interest for cloning. We show here
that the cl/c2 Medicagoorthologous region allowed the isolation of 8RFLP markers around
the pea Sym2 gene. Moreover, the cloning of PscLRR52by using MtgLRR52, confirms that
RFLP markers obtained from Medicago orthologous regions are useful to clone the pea
orthologous gene of interest. This demonstrates the use of M. truncatula as intergenomic
cloning vehicle of pea genes located within microsyntenic regions. However, even in highly
microsyntenic species like grasses, although about 90% of the genes are conserved, gene
order is somewhat more variable (Bennetzen, 2000). Hence although the probability that a
gene of interest, likeSym2,ispresent in an orthologous region could behigh, itremainstobe
demonstrated thatthisisindeedthecase.Nevertheless,the strategypresented here isuseful to
saturate the area around the gene of interest with molecular (RFLP) markers that can be used
to isolate apeacontig containing thisgene.However, the success ofthelatter, depends onthe
local microsynteny between Medicago and pea, which should be studied in each individual
target locus. For the cloning of the pea Sym2 gene, we demonstrated that the isolation and
delimitation of the cl/c2 Medicago orthologous region provides a good and promising start
for themicrosynteny-basedpositional cloning ofthisgene.

MATERIAL ANDMETHODS
BAClibrary screenings.
The BAC library of M. truncatula genotype A17 was screened according to Nam et al.
(1999),andhigh density BAC libraryfilters and BACcloneswere obtained from the Clemson

58

Towards the cloning ofthe pea Sym2gene by using Medicago truncatula as intergenomic vehicle

University Genomics Institute (http//www.genome.clemson.edu). DNA probes for cDNA and
BAClibrary screeningswerelabeled asdescribed below.
BACDNAisolation and construction ofcontigs.
Bacterial Artificial Chromosome (BAC) clones ofM. truncatulagenotype A17 belonging to
cl/2 and c3 (Gualtieri etal.,submitted, a),were grownand BACDNAwas isolated according
to Nam et al. (1999). Contigs were constructed by a combination of BAC DNA
fingerprinting, and restriction/hybridization analysis. These studies resulted in arrays of
overlapping BAC clonesthat formed contigs,and defined different contigregionswithin each
contig. The sequences (markers) studied in this manuscript were assigned to different contig
regionsbyhybridization (for detailed contigmaps seeGualtieri etal.,submitted,b).
Geneticmapping inM.truncatula.
The mapping of the BAC-end sequences in M. truncatula was performed as described in
Gualtieri etal.(submitted, a).Briefly, CAPS (Cleaved Amplified Polymorphic Sequences) or
amplified lengthpolymorphism markers,were mapped onaF2population of93plantsfrom a
cross between genotype A17xA20.Polymorphic DNAswereresolved ona 1.5% agarosegel
andvisualized byethidium bromide staining.

Chromosome Walking.
Chromosome walking on theM. truncatulaA17BAC library wasdone both by hybridization
and PCR screenings. Forthehybridization screenings,highdensity filter arrays obtained from
the Clemson University Genomics Institute (http://www.genome.clemson.edu), were
hybridized withend subclonesobtained form contig-end BACs identified after construction of
BAC contigs. ThePCR-screenings were done on amultiplex DNA copy oftheM. truncatula
A17BAC library as described byNam etal.(1999). PCRprimers were designed from BACendsequences.

FISHmapping inM.truncatula.
Fluorescent insituhybridization (FISH) wasperformed as described in detail byZhong et al.
(1996),andKulikova etal.(inpress).
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cDNAandcosmidlibrary screenings.
The pea genomic library was contracted in the Lambda ZAPII vector system, by using DNA
fromthe pea cultivar Alaska. The pea root hair cDNA library was constructed by Stratagene
in Lambda ZAPII vector system, using equal amounts of poly (A)+ RNA isolated from a
mixture of root hairs of 6 days old cv Finale pea plants, uninoculated and inoculated for 48
hours with R. leguminosarumbv viciae 248 (Josey et al., 1979). The Medicagotruncatula
A17root hair cDNA library waskindlyprovided by S.Long (Covitz et al., 1998).Inorder to
(partially) remove repetitive DNA from the probe, the screening of the M. truncatula root
haircDNAlibrarywasdonewith 50ngofBACinsertsthatweredivided infour poolsof 12.5
ng and independently digested with 4-cutter restriction enzymes (Haelll, Rsal, Alul and
Sau3AI).Poolsweremixedandhybridized for tworoundstoaCotlOOona0.5 cmmembrane
disk (Hybond-N+) saturated with denatured M. truncatula genomic DNA (previously
restricted independently with Haelll and Rsal). The cDNA library screenings were done with
Hybond-N+membranesusingtheconditionsrecommended byStratagene.

GenomicDNAandBACDNAblots.
Pea and Medicago DNA was isolated according to A. Kozik (Kozik, 1996) and a similar
method using 2 times more B-mercaptoethanol in the DNA CTAB-containing extraction
buffer (Cook et al., pers comm), respectively. In the Medicago DNA isolation method,
chloroform was used instead of phenol in order to extract proteins. Bacterial Artificial
Chromosome (BAC)DNAofM.truncatulaA17was isolated accordingtoNam etal.(1999).
All hybridizations were done with Hybond-N+ membranes (Amersham) under standard
conditions (Sambrook et al., 1989). DNA probes for Southern blots and northern blots were
labeled with [32P]dATPusingtherandomprimingmethod (Feinbergand Fogelstein, 1983).

Plantmaterial usedfor RFLPmappinginpea.
A set of Sy/w2-containing introgression lines and RILs was used to determine by RFLP
mapping whether the cl/c2 genomic subclones and cDNAs, and PscLRR52, map in the
vicinity of Sym2. The Sparkle-5y/w2 introgression line used was BC-Sym2, derived from an
F8 of the cross Afghanistan x Sparkle followed by 7 back crosses (Kneen at al., 1984;
Temnykh et al., 1995). The introgression lines used were the Rondo-Sj7w2 intogression lines
A5.4.3 and A5.6.9 (both Kozik et al., 1995), and A15.5 and A33.18 (Kozik, 1996). The last
two lines were made by crossing A5.4.3 with Rondo and selection among the F2 for acrossover event between Sym2 and the RAPD marker OPA-1 (Kozik, 1996). The RIL population

60

Towards thecloning ofthe pea Sym2gene byusing Medicago truncatulaas intergenomic vehicle

was constructed by R. Geurts (Geurts, 1998;in Gualtieri et al., submitted, a) as follows: The
Rondo-Sym2 introgression line A54 (Kozik et al., 1995) was crossed with the Rondo
hypernodulating EMS mutant nod3 (Jacobsen et al., 1984). A54 was generated by crossing
Rondo with Afghanistan and subsequently using Rondo as the recurrent parent for 4 back
crosses,and selecting for theSym2phenotype. A54 contains anintrogressed region spanning
from marker cDNA267 to cDNA164, therefore including the Afghanistan Sym2 gene. The
nod3mutant waschosen for constructing aRILpopulation sinceitwaspreviously shownthat
the Nod3 locus is, like Sym2, located in linkage group I of pea (Temnykh et al., 1995a,
1995b). From the A54 x nod3 F2 population of 882 plants, 190hypernodulated individuals
were selected upon inoculation with R.l. bv. viciaestrain 248.pMW1071(w<w£¥),a strain that
nodulates both plants with and without the Sym2 gene (Kozik et al., 1995).Marker ENOD7,
that is located to the south of the Sym2 locus, was analyzed and 14 out of these 190 plants
contained theAfghanistan ENOD7allele.Theseplantswere selfed and F3plants homozigous
for the Afghanistan ENOD7 allele were inoculated with R. leguminosarum bv viciae 248, a
strain that doesnot nodulate plantshomozygous for theAfghanistan Sym2gene(Geurtsetal.,
1997). Six lines were hypernodulated (numbers: D4.3, 21.7, D23.3, D27.2, and D30.1),
whereas the others (numbers: D9.9, D9.ll, D21.9, D24.7, D25.5, D26.6, D31.2 and D53.8)
formed only afew nodules (0-10 nodules). The last lines are homozygous for nod3aswell as
for Sym2.These lines were crossed withthe S_y/w2-containingintrogression line A569 (Kozik
et al., 1995) and the nodulation phenotype of the Fl plants confirmed that the lines are
homozygous forSym2.
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ABSTRACT
A synteny based positional cloning approach was started toclonethe peaSym2 genebyusing
the model plant Medicagotruncatula, as an intergenomic cloning vehicle. Wereported that a
marker tightly linked to Sym2 was used to screen a Medicago truncatula BAC library, and
three contigs were isolated and extended by chromosome walking. RFLP mapping showed
that contigcl (300 Kbp) and c2 (170Kbp) arehighly microsyntenic tothe peaSym2genomic
region; however, some RFLP markers showed hybridization with the third contig c3 (150
Kbp).Inthismanuscript we analyze the distribution of22sequences amongthethreecontigs,
including single and low copy genomic sequences and cDNAs from cl/c2 and all the
Medicago and the pea RFLP markers that are linked to Sym2. The three contigs contain
(receptor) kinase coding sequences and cl contains three distinct separate regions encoding
them. c2 hastwo main classes of LRR-containing resistance gene-like coding sequences: one
ofthem isdistributed alongthree separateregions ofthis contig and the other isa singlecopy
sequence unique in the genome. From all the studied sequences only 4 detected homologous
sequences in c3 and these sequences are organized in clusters which linear order is
comparable between cl/2 and c3,indicating that these two Medicagogenomic regions could
arise through a chromosomal duplication. Implications of these findings for the cloning of
Sym2arediscussed.
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INTRODUCTION

Wehave reported onthe isolation oftwotightly linkedM. truncatulaBACcontigs,named cl
and c2, which are highly microsyntenic with the pea Sym2 genomic region as shown by 8
RFLPmarkers isolated from these contigs(Gualtieri et al, submitted, a).Therefore cl/c2 was
concluded to betheM. truncatulaSyw2-orthologousgenomic region. Thesetwocontigs were
isolated byusing apea RFLPmarker that istightly linkedto Sym2,PscW62-l (Geurts, 1998).
Inadditiontothesetwocontigsathirdcontigwasisolated,namelyc3.
We also showed, both genetically and by FISH, that cl and c2 were located on the long arm
of chromosome 5ofM truncatulaand separated byasmall gapof about 10Kbp.c3was also
mapped on the long arm of chromosome 5at a genetic distance of 9 cM to c1/2 (Gualtieri et
al.,submitted,a).

Contig cl contains the RFLP markers Mtc923, Mtc831, Mtc411 and MtgG28; while c2
contains the RFLP markers Mtg3556, Mtc7xl, Mtg3552 and Mtg63EB4. RFLP mapping
demonstrated that pea sequences that are orthologous to these Medicago markers are tightly
linked to Sym2, except for the Mtc923 and Mtc831pea orthologues that are separated from
Sym2bytworecombinations locatedtothe "south", and the Mtg63EB4 pea orthologue that is
separated from Sym2 by one recombination located at the "north". Therefore, markers
Mtc83l, Mtc923and Mtg63EB4, isolated from BACsobtained bychromosome walking,have
delimitated the cl/c2 M. truncatula 5ym2-orthologous genomic region to about 350 Kbp
(Gualtieri et al., submitted, a). Marker Mtg3552 was used for the isolation of the pea cDNA
clone PscLRR52that on pea EcoRI genomic blots hybridized to 7 fragments out of which 5
arepolymorphic andtightly linked to Sym2 (Gualtieri et al., submitted, a).This demonstrated
thatthe isolation ofpeamarkers located attheSym2region ispossible byusingM. truncatula
asanintergenomicvehicle.

We reported that 6of the RFLP markers only hybridize with sequences located within cl/c2.
However, Mtg3552 and Mtc411, weakly hybridize to single restriction fragments in c3. In
addition, PscW62-l strongly hybridizes toboth cl and c3and weaklyto c2.Thus,itwould be
possible that cl/c2 and c3 are duplicated genomic regions. Saturated genetic maps of
Arabidopsis and rice indicated that whole chromosome arms and small segments are
duplicated (Kishimoto et al., 1994;Nagamuraet al., 1995).Further, theArabidopsis genome

65

Chapter 3

sequencing shows that 60%of the sequences within the genome have been duplicated (Blanc
et al., 2000; "The Arabidopsis Genome Initiative", 2000). Several other gene and
chromosomal segment duplications were described in grasses and the family Brassicaceae
(Ahnetal., 1993;Chen etal., 1997;Conner etal., 1998;Foote etal., 1997;Grantetal.,2000;
Helentjaris et al., 1998; Ku et al, 2000; Langercrantz, 1998). At the gene level,Arabidopsis
disease resistance genes encoding for LRR (Leucine Rich Repeat)-containing proteins arose
by numerous duplications of LRR-encoding segments as well as intragenic unequal
recombination events(Noeletal., 1999).

In this manuscript, we analyzed the possibility that cl/c2 and c3 are duplicated regions by
studyingthe sequence composition andtheorderofconserved sequenceswithinthesecontigs.
Weconstructed molecularmaps ofthecontigs showingtheposition of22singleand lowcopy
genomic sequences and cDNAs from cl/c2, including all the Medicago RFLP markers. In
addition, we studiedwhether allthese sequences andPscW62-l andPscLRR52hybridizewith
homologous sequences present in cl/c2 and c3, and we studied the distribution of these
homologues inthecontigs.
RESULTSAND DISCUSSION
Distribution ofstudied sequences andtheir homologues incl/c2 andc3
The overlapping BACs of the three contigs are shown in Fig 1A,B. In Fig IB the BACs
isolated withPscW62-l are indicated byablack line,whereas the BACs obtained byPCR-or
hybridization-based chromosome walking (BACs 52010, 56F17, and 59K07, for cl; BACs
21J05, 63C24, 63C11, 37A17, 73D17, 35L20, 72K09, 71G01, and 17B07,for c2; and BACs
26D11, 30F10, 27H19, 67C16, 26M05, and 72G02, for c3) are indicated by gray lines. Only
some of the BACs (52010, 56F17, and 59K07, for cl; 63C24 and 21J05,for c2; and 30F10,
26D11, 79G02,and 27H19, for c3) isolated bychromosome walking resulted in chromosome
walking extensions of the contig sequence that was initially isolated by screening the BAC
library with PscW62-l (represented by black lines in Fig 1A), and this extended sequence is
represented by gray lines in Fig 1A.The position of 22 sequences was determined in contigs
cl/c2 andc3(Fig 1A)andtheircharacteristics aregiven inTable 1.

Several cDNA clones were previously isolated from a Medicago and a pea root hair library
(Gualtieri et al., submitted a). Other cDNAs are described in this manuscript. The cDNA
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clones have aprefix Mtc orPsc, for Medicagotruncatulaand Pisumsativum,respectively. It
has been demonstrated that the genes corresponding with these cDNA clones are located in
cl/c2 bycomparing theirhybridization toMedicagogenomicDNAand contig DNAblots. In
addition to these cDNAs, several genomic subclones were made of cl/c2 and these obtained
theprefix Mtg.

Fig 1Arepresents a Hindlll restriction map of the contigs in which the positions of several
Hindlll restriction sites have been indicated. These restriction sites divide the contigs in socalled "contig regions" which have been numbered (bold numbers in Fig 1A). Most contig
regions contain several Hindlll fragments. However, the order of these fragments within the
region has not been determined. TheHindlll fragments within acontig regionthat hybridized
with anyofthe22 sequences studied inthismanuscript areindicated asabarabovethe contig
inFig 1A.
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Microsynteny betweenthe Medicago truncatula Sym2-orthologous region andanother genomic region
A: HindHI restriction maps of cl, c2 and c3.The thick horizontal black/gray line represents a contig. The black
thick line shows the original contig length, and the gray thick line is the sequence gained by chromosome
walking. The vertical thin lines are HindHI restriction sites (HindHI sites that have not been mapped are not
indicated). The contig segment located in between two HindHI restriction sites is defined as a "contig region",
and is denoted by bold numbers under each contig. In order to simplify the discussion in the text, some
contiguous contig regions, are grouped and referred to as a single contig region indicated by a thin line under the
contigs and denoted by a common bold number. In general, a contig region is composed of several HindHI
fragments, but in some cases it contains a single HindHI fragment. Note that these contig maps show the linear
order of regions within each contig, but the linear order of HindHI fragments within each region has not been
determined. The HindHI fragments that hybridized with the 22 sequences studied inthis manuscript are indicated
as a horizontal black line located above their respective contig region, and the numbers above these lines
correspond with the sequences (genomic, cDNAs) that hybridize with it (see Table 1)."S"and "W" following
the clone numbers indicate a strong or weak hybridization signal, respectively. Underlined clone numbers
indicate that the HindHI restriction fragment is the source of the corresponding genomic contig subclone
(underlining is not used for cDNAs). Although a 10 Kbp scale bar is given, due to drawing constraints, the size
ofthe HindHIfragmentshybridizing withthe22 sequences studied here is(rather) out ofscale.
B: Contigs of BAC clones isolated either by using PscW62-l as a probe (shown in black), or by chromosome
walking extensions of the 3 contigs (shown in gray). The double arrow lines indicate the size in Kbp of the
original contig sequence and the new sequence obtained by chromosome walking. Black arrowheads show the
position of the contig-end subclones used for chromosome walking, and the overlapping BACs isolated with
these probes. Gray arrowheads show the position of contig-end subclones, which did not result in a chromosome
walking extension. However, one of these subclones from cl and one from c2 have recently been used to screen
a new M. truncatula BAC library (Cook et al., unpublished) and resulted in the isolation of a BAC clone that
linked thesetwo contigs.
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Table 1:Properties ofthe22 single and low copy studied sequences
Thefirst column showsthenumbersgiventotheclones inFig 1,andthesecondcolumn givestheidentityoftheseclones(prefixes Mtc and
Psc indicateU. truncatula orP. sativumcDNAs,while Mtg meansM. truncatula genomic subclone). All the M.truncatula cDNAswere
isolatedfromaroot hair library kindly provided bySharon Long(Covitzet al., 1998).Thethird and fourth column indicates which clones
hybridizewith othercontigsapart from thecontigwheretheyarelocated.Thefifthcolumngivesthesequence homologies asdeterminedby
BLASTsearches.ND:notdetermined
Clone
numberin
Figl
1)

Contigsubclone
(sizeKbp)/cDNA

Location

Hybridization
withcontig/s

Author/citation

Blast homologies

Mlc7xl

c2

c2

2)

Mlcl56

cl

cl

Kulikova0 7Gualtieri
etal.,submitted,a.
GualtieriG7
Thismanuscript.

3)

Mlc411

cl

cl/c3

Putativemembranespanning
protein [A. thaliana]
ESTsfromM. truncatula*
Homologywithreceptor
kinases/kinases
ND

4)

Mlc424"

?

cl/c2

5)

MtcSU

cl

cl

6)

Mtc92i

cl

cl/two additional
genomiclocus

7)

Mtg2114(1.4Kbp)

c2

c2

GualtieriG7
Thismanuscript

8)

Mtg2.4(2.4Kbp)

c2

c2/c3

9)

Mtg2128(2.8Kbp)

c2

c2

GualtieriG7
Thismanuscript
GualtieriG7
Thismanuscript

10)

Mtg63EB4(4Kbp)

c2

c2

11)

Mtgl957 (2Kbp)*

c2

c2

12)

Mtg2511(2.5Kbp)

cl

13)

Mtg3552(5.2Kbp)

c2

cl/othergenomic
loci
c2/c3

Kulikova0 7 Gualtieri
etal.,submitted,a.
GualtieriG7
Thismanuscript.

GualtieriG7
Gualtieri etal.,
submitted,a.
GualtieriG7
Gualtieri etal.,
submitted,a.

LimpensE7
Gualtieri etal.,
submitted,a.
GualtieriG7
Thismanuscript
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GualtieriG7
Thismanuscript
GualtieriG7
Gualtieri etal.,
submitted,a.

ESTsfromM. truncatula5)
Homologywithnon-cyanogenic
andcyanogenicbetaglucosidase
precursors,andbeta
glucosidases
ESTsfromM.truncatula5>
Homologywithreceptor
kinases/kinases
ESTsfromM. truncatula5), and
severalotherorganisms.
Phosphatase-likeprotein [A.
thaliana]',
Putativemembrane trafficking
factor [A. thaliana]/Similarityto
ratP47protein [Arabidopsis
thaliana]
NohomologywithESTs
homologywith putativeprotein
\A. thaliana].
ND
LowhomologywithM.
truncatulaESTs "
Putativenon-LTRretroelement
reverse
lranscr\plsse[Arabidopsis
thaliana]
Toosled [A. thaliana]
NohomologytoESTs
putative disease resistance
proteinTMVN-like
[Arabidopsisthaliana]', disease
resistanceproteinRPS4
[Arabidopsisthaliana]; disease
resistanceRPP5likeprotein
[Arabidopsisthaliana]
ND
(endsequence)
NohomologytoESTs
LRRmotifofCf-4
[Lycopersiconhirsutum];
putativedisease resistance
protein [A. thaliana].
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14)

Mtg3556(5.6Kbp)

c2

cl/c2

GualtieriG./
Gualtienetal.,
submitted,a.

15)

MtgG28(0.18Kbp)

cl

cl

GualtieriG.I
Gualtierietal.,
submitted,a.
GualtieriG./
Thismanuscript.
GualtieriG./
Gualtieri etal.,
submitted,a.

3)

16)

MtgHC2.8(2.8Kbp)

c2

c2

17)

MtgLRR52(0.43
Kbp)

c2

c2

18)

MtgX3.2(3.2Kbp)

c2

c2

19)

PscLRR52"

tightly
linkedto
peasym2

c2

20)

PscW62-l

tightly
linkedto
peasym2

cl/c2/c3

21)

MtgG5

c2

c2

22)

MtgG6

c2

c2

GualtieriGV
Thismanuscript.
GualtieriG./
Gualtieri etat.,
submitted,a.
GeurtsRV
GeurtsR., 1998;
Gualtierietal.,
submitted,a.
GualtieriG.I
Thismanuscript

Gualtieri Q.I
Thismanuscript

HomologytoM. truncatula5)
andGlycinemax(proteinkinase
isolog)ESTs.
Similaritytoreceptor-like
protein kinase [Arabidopsis
tkaliana];
putativeproteinkinase
[Arabidopsisthaliana].
HomologywithMtruncatula
ESTs"
ProbableTransportATP-binding
proteinMSBA,E. coli
ND
NohomologytoESTs
Cf-4 andCf-9-likedisease
resistanceproteins
[Lycopersicon] (includingLRR
motif)
ND
NohomologytoESTs
Cf-4andCf-9-likedisease
resistanceproteins
[Lycopersicon] (includingLRR
motif)
Receptor-likeproteinkinases

NohomologytoESTs
Polyproteins from
retrotransposons,reverse
transcriptase,polyproteins
[Sorgumbicolor] \Oryzasativa]
NohomologytoEsts
Putativesulfite reductase [£.
coli]

J
theweakhybridization ofMtc424withasinglefragment incl andc2suggeststhatthiscDNAisprobablynotencoded inanyofthesetwo
contigs.
nocDNAwasfound hybridizingwiththissequenceintheM. truncatularoothairlibrary.
asingletranscripthybridizedwiththiscloneonnorthernblotsdonewith4daysolduninnoculated roottotalRNA.
4)
cDNAPscLRR52wasisolatedbyscreeningthepearoothaircDNAlibrarywithMtgLRR52.
5)
Thissequenceshadhomologywith cDNAsfromthefollowingMedicagoESTlibraries:

Expressed sequence tags from a root hair-enriched MedicagotruncatulacDNA library. Covitz,P.A., Smith,L.S. and Long,S.R. 1997,
Unpublished.
Expressed Sequence Tags from the Samuel Roberts Noble Foundation Medicagotruncatuladrought library Torrez-JerezJ., Scott,A.D.,
Harris,A.R.,Gonzales,R.A.,Bell,C.J.,Flores,H.R., InmanJ.T.,Weller,J.W.,May,G.D.2000,Unpublished.
Expressed Sequence Tagsfromthe Samuel RobertsNoble Foundation Medicago truncatula root library. Watson,B.S., Shin,H.-S.,LopezMeyer,M, Scott,A.D., Harris,A.R., Gonzales.R.A., Bell.C.J., Flores,H.R., Inman,J.T., Weller,J.W., May,G.D., Paiva,N.L. 2000,
Unpublished.
ESTsfrom phosphate-starved rootsofMedicagotruncatula. Harrison,M.J.,Town,C.D.,Bowman,C.L.,Craven,M.B.,Hansen,T.S.,Holt,I.E.,
Cho,J.,Fraser,C.M.2000,Unpublished
ESTs from roots of Medicagotruncatula24 hours after inoculation with Sinorhizobium meliloti.VandenBosch,K., Endre.G., Hur,J.,
Moore,J.,Beremand,P.,Ellis,L.,Town,C.D.,Bowman.C.L.,Craven,M.B.,Hansen/T.S.,Holt,I.E.,Fraser,C.M. 1999,Unpublished
ESTs from roots of Medicago truncatula after colonization with Glomus versiforme. Harrison.MJ., Liu,J.,Peng,H.,Gonzales.M,Ellis^L.,
Town,C.D.,Bowman,C.L.,Craven,M.B.,Hansen,T.S.,HoltJ.E.,Fraser,C.M.2000,Unpublished
Medicago truncatula ESTs from endomycorrhizal roots. Journet,E.P., Crespeau,H., van-Tuinen,D., Gouzy,J., Jaillon,0., Niebel,A.,
Carreau.V.,Chatagnier.O.,Kahn,D.,Gianinazzi-Pearson,V.,Gamas,P.2000,Unpublished.
Medicago truncatula ESTs from nitrogen-starved roots. Joumet,E.P., Crespeau,H., van-Tuinen,D., Gouzy,J., Jaillon,0., Niebel,A.,
Carreau.V.,Chatagnier,0.,Kahn,D.,Gianinazzi-Pearson,V.,Gamas,P.2000,Unpublished.
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The majority of the sequences only hybridize with the contig fragments from which they
originate. The cl Mtc831, Mtc923, Mtcl56, Mtg2511, and the c2 Mtg63EB4, Mtg2114,
Mtg2128, Mtgl957 (Fig 2F),MtgHC2.8, MtgX3.2, are located on a single contig region (Fig
1A). The c2 Mtc7x-\, MtgG5 and MtgG6, are located on two adjacent regions of this contig
(Fig 1A). MtgG28, is a subclone of cl (region 6) that hybridized with two additional
fragments within the same contig and these fragments also hybridizes with PscW62-l (Fig
1A). The 5.2 Kbp c2 genomic subclone Mtg3552 (Gualtieri et al., submitted, a) contains an
end sequence, MtgLRR52 (0.43 Kbp), which has homology to the LRR domain of the Cf4
and C/9L. esculentum resistance genes (Parniske etal., 1997).MtgLRR52 wasused toisolate
the pea cDNA PscLRR52 (Gualtieri et al, submitted, a) (also containing a sequence
homologous tothe LRRdomain of Cf4and C/9)from apearoothair cDNAlibrary. Mtg3552
(Fig2A),MtgLRR52 (Fig2B)andPscLRR52(Fig2C)hybridize with several fragments inc2
(see next section). A comparison of Medicago genomic and contig DNA blots shows that
Mtg2511 (cl end subclone) and Mtc923 (from cl), hybridize with three and two genomic
fragments, respectively, in addition to the fragments present in cl. However, these additional
fragments arenotpresent inc2andc3but somewhere elseinthegenome.

Fig 2:
BAC clones with minimal overlap and representing the complete sequence from the 3 contigs, were digested
with Hindlll. A size marker in Kbp units is included at the left side. The band of 7.3 Kbp that is observed in all
the samples of some blots (2A, 2C, 2F), corresponds to linear BAC vector DNA and is visible incases when the
probe contained some vector DNA. Lanes 1-6 corresponds to cl DNA, 7-8 corresponds to c2 DNA, 9-11
corresponds to c3 DNA. The probes used were Mtg3552 in 2A, MtgLRR52 in 2B, PscLRR52 in 2C, PscW62-l
in2D,Mtg3556 in2E, and Mtgl957 in2F.
Black arrows in 2A, 2B, 2E, and 2F indicate the fragment from which the probe originates. In 2D the white
arrowheads show the sequences in cl most homologous to PscW62-l (note that in lane 1the hybridization of
these two bands is weak due to a lower concentration of DNA in this lane), and in c3. The black arrow in 2D
points to the sequence Mtg3556 that shows a weak hybridization with PscW62-l. In 2E the white arrowheads
show that Mtg3556 does not hybridize with most homologous sequences to PscW62-l (indicated by a white
arrowhead in 2D). The asterisks in 2E show the fragments that hybridize with Mtg3556 but not with PscW62-l.
The BAC clones analyzed are 63010 (lane 1), 11101 (lane 2), 20K04 (lane 3), 52010 (lane 4), 56F17 (lane 5),
59K07 (lane 6) for cl; 21J05 (lane 7), 15B03 (lane 8) for c2; and 27H19 (lane 9), 30F10 (lane 10) and 46113
(lane l l ) f o r c 3 .
Note that while all the BACs were loaded in a comparable concentration, lanes 1 and 11 have a lower
concentration, and conclusions about homology of fragments to the probes is based on several additional
experiments not shown inthis figure.
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Somesequenceshybridize with othercontigsapartfromthe onefrom whichtheyoriginate.In
addition to MtgLRR52, Mtg3552 contains a sequence homologous to Mtc424, a cDNA with
high homology to beta glucosidases that was isolated by screening a M. truncatularoot hair
cDNA librarywithMtg3552.Mtc424hybridizes weaklywithafragmentincl aswellasinc2
(to the Mtg3552 fragment) (Fig 1A). This weak hybridization indicates that the gene
corresponding with Mtc424 is probably not located on these two contigs, but sequences with
some homology to Mtc424 are present in these contigs. The c2 5.6 Kbp subclone Mtg3556
hybridizes withasequence family located incl (Fig2E).

Out of the 22 studied sequences only four hybridized with c3:Mtc411and Mtg3552 (Figure
2A) with low intensity, and Mtg2.4 (c2-end genomic subclone) with high intensity. The pea
cDNA clone PscW62-l hybridizes with similar high specificity to restriction fragments of cl
and c3, and with low specificity to a fragment in c2 (Fig 2D). These four sequences reveal
homology between cl/2 and c3;however, therest ofthe studied sequences are specific for the
5y/K2-orthologousM. truncatulacl/c2 genomicregion.

Distribution ofkinaseand LRRsequence families inthe contigs
The LRR-containing sequences MtgLRR52 and PscLRR52, and the kinase-like sequences
PscW62-l and Mtg3556, hybridized to many fragments that occur within several regions of
the same contig and ofdifferent contigs (Fig 1A,Fig2B,C,D,E).Onthe otherhand,the LRRcontaining subclone Mtgl957 is a single copy sequence in the M. truncatula genome and
hybridizestoasinglec2contigregion(Fig 1A,Fig2F).

Most kinase-like sequences are localized on cl (Fig 3A) and include the PscW62-l weak and
strong hybridizing homologues (Fig 2D), the Mtg3556 weak hybridizing homologues (Fig
2E), and the fragments containing the genes ofthecDNAsMtcl56, Mtc831(Fig4).Incl, the
PscW62-l homologues are located on two contig regions separated by about 50 Kbp (Fig 1A
region 2, and region 6; and Fig 3A). The cl fragments that weakly hybridize with PscW62-l
also hybridize with the Mtg3556 (c2 subclone containing kinase-like sequences), but this
Medicago subclone hybridizes with two additional small cl Hindlll fragments located in
region 6 (Fig 1A, indicated by asterisks in Fig 2E) that are not detected by PscW62-l. This
reveals that Mtg3556 (which sequence is fully homologous to kinase sequences. Geurts,pers.
comm.) might contain unique kinase motives with homologues only in cl. Mtg3556 is
homologous to PscW62-l, but their hybridization is very weak (Fig 2D, black arrow), and
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Mtg3556 doesnot hybridize with the sequences most homologous to PscW62-l incl and in
c3 (Fig 2D and 2E, white arrows). Thus, Mtg3556 seems to be more related to the cl
PscW62-l distant homologues than to the sequences in cl and in c3 with high homology to
PscW62-l. In addition to these kinase sequences from the three contigs that hybridize with
PscW62-l and with Mtg3556,the cl Mtc831and Mtcl56 (Fig 1A,region 12;Fig 3A,Fig4)
form a separate group of kinase sequences that does not cross-hybridize withPscW62-l and
Mtg3556. One Hindlll fragment of BAC59K07 hybridizes with both Mtc831 and Mtcl56,
indicating the presence of common sequence motives in these two cDNAs (Fig 4, dashed
line).
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Fig3: Scheme showing the distribution ofsequences specified in3A (left side ofeach contig)and 3B (right side
of each contig). Only the contig regions hybridizing to these sequences are indicated as black or gray thin lines
aside of the thick black/gray lines representing the contigs. Hybridizing contig regions that are contiguous or
close to each other are drawn as a single line, cl and c2 are drawn in the orientation as they occur in M.
truncatula chromosome 5(Gualtieri et al, submitted, a)withthe chromosome walking sequence ofc2 (gray thick
line) directed towards the telomere and the chromosome walking sequence of cl (gray thick line) towards the
centromere. The orientation of c3 inM truncatula chromosome 5 isunknown andtherefore the orientation given
in this figure is arbitrary. The double arrowhead line in between cl and c2 represents the gap (10 kbp) between
thesetwo contigs inthis chromosome.
3A (left side):Distribution of kinase and LRR-containing sequences in the three contigs, indicated as black thin
lines atthe left side ofthe contig line.
3B (right side): Comparison of the position of contig regions of cl/c2 and c3 containing Mtg2.4, Mtg3552,
Mtc4U and their homologues, and homologues ofPscW62-l. Gray thin lines indicate sequence clusters that are
colinear between cl/c2 and c3. Black thin lines represent other contig regions in cl/c2 containing additional
homologues of these four sequences. The double arrowhead line in c3 indicates the distance (of about 50 kbp)
separating the cluster groups 1 and 8, containing Mtg3552 and Mtg2.4, and PscW62-l Medicago homologues
andMtc4U, respectively.
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Fig 4
Southern blot of BACs from cl, c2, and c3hybridized with Mtc831 and Mtcl56. The numbering ofthe lanes in
this figure are the same as in Fig 2, except that the c3 BAC 27H19 is absent (Mtc831 and Mtcl56 do not
hybridize with BAC 27H19, data not showed). This figure shows how Mtc831 and Mtcl56 represent a cl
specific kinase that does not hybridize with the PscW62-l homologs in cl and c3,or with Mtg3556. In addition,
thesetwo cDNAs co-hybridize witha HindlH fragment of BAC 59K07 (indicated by a dashed line).
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LRR-like sequences exclusively occur in c2 (Fig 1A; Fig 2B,F; Fig 3A) and three distinct
LRR-containing regionscanbedistinguished inthiscontig.Region 2isseparated byabout 55
Kbp from region 8, which is separated by about 15 Kbp from region 10 (FiglA, Fig3A).
These three contig regions contain restriction fragments that hybridize with the Medicago
genomic sequence MtgLRR52 that is homologous to the LRR domain of C/4/CJ9. Figure 2B
shows that 7 Hindlll fragments in c2 hybridize with MtgLRR52. Some of these bands also
hybridize with the LRR-containing clones Mtg3552 (containing MtgLRR52) (Fig 2A) and
PscLRR52(Fig 2C),while additional c2 bands that only hybridize with these two clones are
homologous tonon-MtgLRR52-like sequences present in Mtg3552 (5.2 Kbp) andPscLRR52
(compareFig2A,2B,and2C).
In addition to these C/4/C/9-LRR domain like sequences in c2, the single copy sequence
Mtgl957 (Fig2F)ishighlyhomologoustotheLRRmotif oftheTMV resistance gene (Table
1), and is located on a single Hindlll restriction fragment of c2 region 8 that does not
hybridizewithMtgLRR52.
Thus,twomain types of LRR-like sequencesthatdonot crosshybridize canbe distinguished:
the C/4ICJ9 LRR motif-like sequences that hybridize with MtgLRR52, and the TMV LRR
motif-like sequenceofMtgl957.

Orderofsequences locatedinboth cl/c2 andc3
In Fig 1A, the distribution of c3 Hindlll restriction fragments that hybridize strongly with
PscW62-l and Mtg2.4, and weakly with Mtg3552 and Mtc411 is indicated. In c3,no LRRlike sequences and onlya single genomicfragmenthighlyhomologous toPscW62-l is found.
The c3 region 1contains the homologues of Mtg2.4 and Mtg3552, and this is separated by
about 50 Kbp from region 8 containing the homologues of PscW62-l and Mtc411 (Fig 1A,
Fig 3B). The distribution of these sequence clusters (Mtg2.4/Mtg3552 and PscW62-l
homo\ogU£slMtc411) in c3 is similar to that in cl/c2 (FiglA, Fig 3B). In cl, Mtc411as well
as PscW62-l homologues are localized in region 2; while in c2, Mtg3552 homologues are
localized inregion 10that isonly 5Kbp apartfromregion 13containing Mtg2.4 (Fig 1A;Fig
3B). Considering that the gap separating cl and c2 is about 10 Kbp (Gualtieri et al.,
submitted, a), the c2 region 10 and region 13, are separated by about 20 Kbp from the cl
region 2 (Fig 1A,Fig 3B).All together, these observations showthat the order of clusters of
these four studied sequences is very similar in cl/c2 and c3, indicating that these genomic
regions arosethroughduplication ofachromosomal segment.Itisworthnotinghowever that,
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as already mentioned, additional homologues of three of these four sequences are present in
cl/c2,whichprobablyarosebyduplications withinthisregion(Fig 1A,Figure3B).
CONCLUSIONS
The synteny-based positional cloning of genes of a species of interest requires the
identification of orthologous regions in a model species that can be used as intergenomic
cloning vehicle.M. truncatulahas several features making ituseful asamodelsystem (Cook,
1999).For microsynteny-basedpositional cloning studies,the identification of an orthologous
genomic region in a model plant can be complicated by the existence of duplicated regions
within the genome. Our studies show that although in general the sequence composition of
cl/c2 is different from c3,the sequences Mtg3552,Mtg2.4,Mtc411and their homologues, as
well as PscW62-l homologues, are present both in cl/c2 and c3. Moreover, their order is
comparable in the M. truncatula chromosome 5 cl/2 and c3 genomic regions. Since the
probability that these clusters of sequences originated independently is very low, it is quite
likely that cl/c2 and c3 arose through a chromosomal duplication. However, since the
orientation of c3 in chromosome 5has not been determined byFISH it is not known whether
these duplicated genomic regions have a direct or inverse chromosomal orientation. Similarly
to our findings, in grasses and in Arabidopsis whole chromosome arms and chromosomal
segmentshavebeen found duplicated (Ann etal., 1993;Chen etal., 1997;Conner etal.,1998;
Foote et al., 1997; Grant et al., 2000; Helentjaris et al., 1998;Ku et al, 2000; Langercrantz,
1998).

Our studies confirm that cl/c2 represents the MedicagoSyw2-orthologous genomic region,
because most of the 22 studied sequences that originate from cl/c2 are absent in c3.
However, these sequences represent only about 2%ofthetotal sequence of thethree contigs,
but after their hybridization to Hindlll contig DNA blots about 50 % in c2 and 25%in cl of
the total contig Hindlll fragments revealed to contain homologues to these sequences. Thus,
the complete sequencing of the contigs will probably reveal additional sequence homologues
present both incl/c2 and c3,whichmightbe linked tothepeaSym2gene.Thelatter becomes
relevant if Medicago is used as a functional test-system (by reverse or direct genetics) to
identify the Medicago 5yw2-orthologue, because Sym2 itself could belong to a family of
homologous sequences.
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MATERIALSAND METHODS
BACcloneisolation and construction ofcontigs
Bacterial Artificial Chromosome (BAC) DNA ofM. truncatulagenotype A17 belonging to
cl/2 and c3 (Gualtieri et al., submitted, a) was isolated according to Nam et al. (1999).
Contigs were constructed by a combination of BAC DNA fingerprinting and
restriction/hybridization analysis. This resulted in arrays of overlapping BAC clones that
formed contig. The sequences studied in this manuscript were assigned to different contig
regionsbyhybridization.

ContigDNAblotsandMedicagogenomic blots
Toprepare contigDNAsamplescontaining thetotal sequence from each contig,a setofBAC
clones with a minimal overlap and representing the complete contig sequence was selected.
Contig 1 DNA samples included BAC clones 63010, 11101, 20K04, 52010, 56F17 and
59K07. Contig 2 DNA samples included BAC clones 21J05 and 15B03. Contig 3 DNA
samples included BAC clones 27H19, 3OF10and 46113. For Southern blot analysis 2 ug of
BAC DNA of each selected BAC clone was used, whereas 5 ug of M. truncatula A17
genomic DNAwas used per lane.The individual BAC DNA samples and Medicagogenomic
DNA were digested to completion with Hindlll (Gibco BRL), and analyzed by
electrophoresis on 20 cm long 1% agarose gels prepared and run in lx TAE at 45 V.
Electrophoreses were done over night.DNAwas stainedwith ethidium bromide 0.05 %(w/v)
inrunningbuffer andvisualized byUV illumination.
Blottransfers and hybridizations
After agarose gel electrophoresis, DNA was transferred to a Hybond N+ (Amersham) nylon
membrane. The conditions for DNA transfer and for prehybridization and hybridization with
probeswereasrecommended bythemembranemanufacturers (Amersham).
Probes were prepared by random-priming labeling (Feinberg et al., 1983) of 50 ng of
template DNA,including 4units of Klenow DNApolymerase and 2 uCiof [32P] dATP inthe
reactions. The reactions were incubated for 1 hour and probes were purified from nonincorporated nucleotides through a Sephadex G50-medium column prepared in a 1 ml
syringe.
Prehybridizations and hybridizations were carried out at 60-65 C, and washings were
generally done in 5x SSPE 0.1 % SDS for 10min, 2x SSPE 0.1 % SDS for 20min, lx SSPE
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0.1% SDS for 15 min, and in 0.5 SSPE 0.1 % SDS for 10 min. In order to visualize the
different hybridization specificities, hybridizations were doneat 60 C-65 C,and blots were
usually washed and exposed after both low and high stringency washings. Blots were
analyzed with aStorm840phosphor imager.
cDNA librariesand screenings
The pea root hair cDNA library was constructed by Stratagene in Lambda ZAPII vector
system usingequal amounts ofpoly(A)+RNA isolated from amixture ofroothairsof6days
oldcvFinalepeaplants.Theseroothairswere isolated from uninoculated seedlingsaswell as
seedlings inoculated with R. leguminosarum bv viciae248 (Josey et al., 1979) 48 hrs before
harvest, respectively. Equal amounts of these two root hair preparations were used for the
construction of the library. TheMedicagotruncatulaA17root hair cDNA library was kindly
provided by S. Long (Covitz et al., 1998). The cDNA library screenings were done with
Hybond-N+ membranes using the conditions recommended by the library manufacturers
(Stratagene).DNAprobesfor thecDNA library screeningswere labeledasdescribed above.
DNA sequencing
Automated sequencingwasdoneonanABI377DNA sequencer.
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ABSTRACT
The pea (cultivar Rondo) mutant nod3 has a hypernodulation phenotype determined by a
monogenic and recessive allele.Nod3 maps in pea linkage group I 2cM above Sym2.In this
manuscript wedescribe the isolation byRNA differential display ofthecDNA RFLPmarkers
dd21.5and Psc2.6.These markers map between PsEU2 and Nod3, as was shown by using a
set of RILs and introgression lines. Moreover, dd21.5, encoding a protein that is highly
homologous to subtilisin proteases, is not expressed in root hairs of a Sym2 containing
introgression line.Psc2.6 encodes for a protein homologous to that encoded by the ethyleneregulated geneER6andislocatedclosetothePsEU2 locus.
A MedicagotruncatulaA17 BAC library was screened with the pea single copy sequence
dd21.5, which Medicago orthologue (Mtg21.5) is also a single copy sequence in line A17.
BAC clone 21F22was isolated. Southern blot analysis of BAC and MedicagogenomicDNA
demonstrated that BAC 21F22 contains the complete sequence of the Medicago orthologue
Mtg21.5. In addition to this BAC, five BAC clones were identified that co-hybridize both
with dd21.5 and Psc2.6, demonstrating that as in pea, a Medicago genomic region contains
orthologues of these two markers that are tightly linked in both species. This reveals the
existence of microsynteny between these genomic regions of pea and Medicago.However, at
the chromosome level adisturbance ofoverall synteny wasobserved betweenthetwospecies.
BAC 21F22 was mapped by FISH on M. truncatula A17 chromosome 4. Additional weak
signals were observed close to the telomeres of chromosome 5. The mapping of 21F22 on
chromosome 4 demonstrates a local loss of chromosomal synteny-at the "dd21.5 region"betweenMedicagochromosome 5and pea linkage group Ithat are otherwise syntenic for the
"Sym2region" and "EU2 region". However, it is not known yet whether the five BACs that
contain homologues of both dd21.5 and Psc2.6 form a contig with 21F22 and map on
chromosome 4, or if they contain the Medicagodd21.5-distanthomologue identified by low
stringency Southern blots and map somewhere else in the genome, e.g. on chromosome 5
where 21F22 reveals weak signals. In addition, it cannot yet be concluded whether the
Medicago AWi-orthologous locus is, as Mtg21.5, located on chromosome 4. The
construction of a larger contig encompassing this chromosome 4 region and the five BACs
(that might or might not link to 21F22and map on chromosome 4) and further microsynteny
analysis of this/ese Medicagogenomic region/s and the pea Nod3 region, could result in the
cloning and delimitation oftheMedicagogenomicregion orthologoustothepeaNod3region.
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This could lead to the cloning of pea Nod3 by using M. truncatulct as intergenomic genecloningvehicle.
INTRODUCTION
Comparative molecular genomics opens the possibility to clone genes across species. This
requires however, that the marker composition of the homologous genomic regions
comprisingthetargetlocusissyntenicoverafewhundred kilobasepairs.
In plants, most of the comparative genomics knowledge comes from studies on grasses
(Family of Poaceae or Gramineae). Here, long-range as well as local colinearity were
reported, at the whole-genome, and at the megabase/submegabase levels, respectively
(Bennetzen et al. 1997,Foote et al. 1997, Gale et al. 1998,Hulbert et al. 1990,Dunford et al.
1995, Kilian et al. 1997, Chen et al. 1997, Ahn et al. 1993, Tikhonov et al. 1999).
Exceptionally, small-scale chromosomal rearrangements, such as deletions, duplications and
sequence displacements, have locally disrupted regions of high colinearity (Chen et al. 1997,
Conner et al. 1998,Foote et al. 1997, Kilian et al. 1997, Tikhonov et al. 1999). In addition,
gene and chromosomal segment duplications were described in grasses and the family
Brassicaceae (Ahn et al., 1993; Chen et al., 1997; Conner et al., 1998; Grant et al., 2000;
Helentjaris et al., 1998; Ku et al, 2000; Langercrantz, 1998). When grasses were compared
with Arabidopsis a low level or no colinearity was observed (Devos et al., 1999; van
Dodeweerd et al., 1999). However, within the family of Brassicaceae a high level of
colinearity can be found (Langercrantz et al., 1996; Conner et al, 1998). We have recently
reported onasynteny-based positional cloning approach ofthepeaSym2locusthatresulted in
the isolation of an orthologous genomic region on the long arm ofMedicagotruncatulaA17
chromosome 5that ishighly microsyntenic totheSym2genomicregion onpea linkage group
I (Gualtieri et al., submitted, a). Thus, in general, species within a plant family appear to be
(micro)syntenic.

Wearetestingthepossibility tousemicrosynteny for theisolation ofgenesoflegumeswith a
large genome. This is possible thanksto the generation of molecular and biological resources
ofthe legume modelplantMedicagotruncatula(Cook, 1999;Covitz et al., 1998;Nam etal.,
1999). Microsynteny would make it possible to clone genes which phenotypes have been
described in species with a complex genome, but not in the model legumes. This is well
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exemplified by pea (Pisumsativum), a legume plant with a relatively large genome (±4.109
base pairs per haploid genome) (Ellis, 1993) that has a long history of studies, at both a
geneticandabiochemical level.
Pea linkage group I has been extensively characterized at a genetic level since it contains
many interesting symbiotic genes located in a region of about 20 cM in linkage group I; e.g.
Sym2,Sym5,Syml8, Syml9, Nod3, leghaemoglobin (Lb),Enod7and Enod40 (Weeden et al.,
1990; Temnykh et al, 1995, Kozik, 1996; Geurts, 1998). We have a special interest in two
loci: Sym2 and Nod3. Sym2, controlling Nod factor structure-dependent infection (Firmin et
al., 1993;Kozik et al., 1995; Geurts et al., 1997; Ovtsyna et al., 1998) is a locus present in
Afghanistan pea (Lie, 1984).5ym2-containingpeas are only nodulated byRlbv viciaestrains
containing the nodX (or nodZ) gene that modifies the Nod factor structure (Firmin et al.,
1993; Ovtsyna et al., 1998), but peas without the Afghanistan Sym2 allele are nodulated by
bacterial strains both with and without the nodX gem (Kozik, 1995).Nod3 (Jacobsen et al.
1984; Postma et al., 1988; Temnykh et al., 1995 a, b) leads to a hypernodulation phenotype
whenit ismutated. Thedistance betweenthesetwo locionpea linkagegroupIisabout2cM
(Geurts, 1998;Kozik, 1996).
In this manuscript, we report the isolation of the cDNA RFLP markers Psc2.6 and Psc21.5,
that are located tightly linked to each other on pea linkage group I, at a position in between
EU2 (Kim et al., unpublished) and Nod3. These markers were isolated by comparing the
RNA differential display profiles of root and root hair RNAfromRecombinant Inbreed Lines
(PJLs), introgression lines and their respective parental lines. RFLP was used to map these
markers inpea. In addition, aM. truncatulaA17BAC library was screened both withPsc2.6
and Psc21.5 in orderto identify theMedicago genomic region that is orthologous to the pea
segment of linkage group I containing these two markers. BAC clone 21F22 containing the
orthologueofdd21.5wasisolated and 5BACsthatco-hybridizebothwithdd21.5andPsc2.6
wereidentified. Themapposition ofBAC21F22wasdetermined byFISH.

RESULTS
Isolation ofmarkerslinkedtoNod3 byRNAdifferential display.
We have been using the RNA differential display to isolate genes that might be linked to
Sym2orNod3.
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For the isolation of genes linked to Sym2, root and root hair total RNA of Rondo and the
Sy»z2-containigintrogression line A15.5.2,were compared byRNA differential display. Fig3
shows the S>7w2-containing introgressed region of A15.5.2 that originates from Afghanistan
pea (the construction of Al5.5.2 is described in "Material and Methods"). Since it is not
known whether Sym2 is a constitutively expressed or a Rhizobium-'mduced gene, these two
lines were inoculated two days after germination with Rhizobiumleguminosarumbv viciae
strain 248pMW107(Kozik etal., 1995) containing the nodXgene(Firminetal., 1993).Roots
and root hairs were harvested four days after germination and total RNA was isolated and
compared by RNA differential display. Inthis way, one differentially occurring band, named
dd21.5, was cloned and sequenced. dd21.5 has a poly-A tail and a size of 219 bp. The
sequence of this cDNA fragment has homology with subtilisin proteases. The RNA
differential display analysis shows that dd21.5 mRNA is present at a similar and relatively
high level in roots of Rondo and the Sym2-containing line A15.5.2 (Fig 1A). This relatively
high level of dd21.5 RNA also occurs in root hairs of Rondo; however, the dd21.5 band is
completely absent in the root hair RNA fingerprint of the S>>/w2-containing A15.5.2
introgression line(Fig 1A). Sincethedd21.5cDNAband ispresent intherootpreparations of
Rondo and Al5.5.2, the dd21.5 gene was differentially displayed not due to a PCR
polymorphism. Therefore the difference observed between the root hair preparation of Rondo
andA15.5.2 ismost likelydueto adifference intheexpression levelofthedd21.5gene.This
indicates that either Sym2 itself, or another gene present in the •Sym2-containing introgressed
region, or a gene present in an Afghanistan introgressed region other than the Sym2containing region, is responsible for the repression of the dd21.5 gene in root hairs of
A15.5.2. Thus, because the differential display of dd21.5 is caused by an expression
difference rather than a PCR polymorphisms, it was not possible to predict from the display
pattern whether dd21.5was located on linkage group Iand therefore this cDNA was mapped
by RFLP by analysis of a set of RILs and introgression lines. This showed that dd21.5 is
linkedtoNod3(seeRFLPsection).

For the isolation of markers linked to Nod3, the Rondo line (containing the wild type Nod3)
and the Hoctf-containing RILs (Geurts, 1998) D22.2, D25.2 (also 5ym2-containing), D41.6
and D26.6 (also S>7w2-containing), were compared by RNA differential display. The RNA
differential display was carried out with total RNA isolated from 4-days old uninoculated
roots ofthe nodi-containing RILsand Rondo.WhenNod3 isconstitutively expressed (i.e.not
dependent onbacterial inoculation),these experimental conditions would enablethe isolation
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1A:Expression of dd21.5 studied in roots and root hairs by DDRT-PCR. dd.21.5 (black arrow) is expressed in a
comparable high level inroots from all plants. However, this transcript is absolutely and specifically abolished in
root hairs of the Sym.2-introgression line A15.5.2 (white arrowhead), in contrast with the high level of the
transcript in root hairs of cv Rondo, which is similar to the level in roots. Other transcripts in the pattern,
demonstrate that the concentrations of total RNA and first strand cDNA was similar for the different samples,
and that degradation of transcripts has not occurred. The asterisk indicates a transcript, which is specifically
present inroots (butnot inroot hairs) of lineA15.5.2.
IB and 1C: Expression of dd2.6 in roots. IB: DDRT-PCR showing the dd2.6 band (black arrow) present in the
RNA display of cv Rondo. However, this band is completely absent in the nod3-RILs (white arrowhead). 1C:
Northern blot showing that dd2.6 hybridizes to a single transcript and that the expression of dd2.6 is not affected
in the nod3 line. This indicates that the absence of dd2.6 in the RNA differential display is due to a sequence
polymorphism between the nodi RILsand the Rondo lines.

ofNod3 itself bydetecting polymorphisms (modified transcript) orthe absence of atranscript
caused by the mutagenesis. In addition, it would enable the isolation of genes whose
expression couldberegulated byNod3. Withthese experimental conditions a3' partial cDNA
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named dd2.6wasisolated, clonedand sequenced. dd2.6has apoly-Atail andasizeof294bp.
dd2.6 is highly homologous to the ethylene responsive ER6 gene ofL. esculentum(Zegzouti
et al., 1999). dd2.6 is present at relatively high levels in the RNA fingerprint of the Rondo
line, but is absent in those of the nodi-containing RILs that were analyzed (Fig IB). This
could imply that dd2.6is mutated in the nod3mutant or it might be apart of the Nod3 gene
itself. Alternatively, dd2.6 could be positively regulated by the wild type Nod3 gene. This
laterpossibility wasstudiedbynorthernblotanalysis.

Northern blotexpression data
To understand the reason for the absence of the dd2.6 band in the RNA fingerprints of the
nodi-containing RILs, the expression of the dd2.6 gene in Rondo, A569 (contains Nod3),
A541 (containsNod3),andthe nod3mutant was studied bynorthern blot. Forthis,total RNA
ofuninoculated rootsharvested 4daysafter germination wasisolated.
When dd2.6 is used to hybridize pea genomic blots of DNA digested with Haelll, it
hybridizes to a single band (Fig 4A). When dd2.6 is used as a probe on northern blots, it
hybridizes to a single transcript present at comparable level inthe four lines studied (Fig 1C).
The same single transcript is also observed when Psc2.6 (that includes dd2.6, see below) is
used as a probe on the same northern blots (data not shown). This demonstrates that the
expression of dd2.6 (and Psc2.6, see below) is not affected in the nod3 mutant, and
demonstrates that the absence of the dd2.6band in the RNA display of the nodi-containing
RILs is caused by a sequence polymorphism. Therefore, the RNA differential display pattern
ofdd2.6should reflect itsmapposition inthe genomethat should belinkedtoNod3.Thishas
beenanalyzed byRFLPmapping(seenextsection).
RFLPmappingin pea
DNA from the lines Afghanistan; Rondo; nod3;the introgression lines (named with an "A"
prefix) A569 (Kozik et al., 1995), A541 (generated by an additional backcross of A54 with
Rondo)(Kozik et al., 1995), and A15.5.2 and A33.18 (Kozik, 1996); and the RILs (Geurts,
1998)derived from across between A54 and nod3(named with an "D"prefix) were used for
RFLPmapping (Fig3)(see"Material andMethods").
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On Haelll genomic blots, dd21.5 hybridizes weakly to two non-polymorphic bands, and
strongly with afragmentthat ispolymorphic between theRondo/not/5and Afghanistan lines.
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ThispolymorphicbandmapsinpealinkagegroupI,betweenNod3andPsEU2 (Fig2,Fig3).

<
«*
'• « •

i-

O)

in

in

<

<

mm

o
c
o

JZ
•+£}

<z <

m

%
8
c

N
• *

CO
Q

CM

iri
(M
Q

eg

co
Q

o>

N

co

O)
Q

ca
U

00
C\J
Q

•*

!*•„

m

*.

w
™

-700bp
300bp

Fig2
RFLP mapping of dd21.5. DNA was digested with HindlH.Thenumber of introgression lines,RILs and parental
lines is indicated above each lane. Note that the DNA concentration of lanes containing the lines A33.18, nod3,
D9.9, and D21.7 is considerably lower than for the other lines tested. Because a real line cannot be
heterozygotic, A33.18 and D23.3 are amixture oftwo groups of individuals containing the Rondo/nod3 allele or
the Afghanistan allele at the dd21.5 locus,respectively. The map position of dd21.5 as deduced from this blot is
represented in figure 3."Afgh" means cv Afghanistan.

The introgression line A33.18 contains both the Rondo/«o^5 and the Afghanistan alleles of
dd21.5 (Fig 2), and since it is homozygotic at the PsEU2 locus and all the markers from the
Sym2 region (Fig 3),A33.18 must be a mixture of two groups of individuals with a different
allelic composition atthedd21.5locus.Therefore inagroup oftheseindividuals,acrossover
has occurred in between PsEU2 and dd21.5 (Fig 2, Fig 3). Moreover, since A15.5.2 is
homozygotic for theAfghanistan allele,the introgressed region ofthisplant extendsfurther to
the Nod3 locus, than that of the A33.18 group of individuals referred to as G2 in Fig 3.The
RIL D23.3 also must be a mixture of two groups of individuals with different alleles at the
dd21.5 locus, and in a group of these individuals a double cross over occurred in between
PsEU2and Nod3. Since the intensity of hybridization of the two alleles is comparable in
D23.3(Fig2),thesetwogroupsofindividualsappeartobeequallyrepresented.Thus,agroup
of individuals (referred to as G2 in Fig 3) of the D23.3 plant mixture contains a segment of
introgressed Afghanistan DNA at and around the dd21.5 locus, in addition to the Sym2containing Afghanistan introgressed region (Fig 2, Fig3). This introgressed segment is also
revealed bythePsc2.6[AHl] band,whichistightlylinkedtodd21.5(seebelow).
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A: Genetic map of a 4 cM region that separates 0PA1 from PsENOD7 on pea linkage group I. The genetic
distance between cDNA164 and PsENOD7, and 0PA1 and cDNA 267 (Kozik, 1996), is not presented in this
figure. The genetic distance between markers is indicated at the left of the map (Geurts, 1998), while only the
linear order is known for other markers mapped by using the RILs. Markers tightly linked to Sym2, such as
PscW62-l (Geurts, 1998) and the markers isolated by using the M. truncatula A17 5ym2-orthologous region
(Gualtieri et al., submitted, a) are listed together with the Sym2 locus. Markers Mtc923/Mtc831 and Mtg63EB4,
were isolated from the Medicago Sy»i2-orthologous region and 2 and 1 recombinations, respectively, were
identified between Sym2 and these markers (Gualtieri et al., submitted, a). The horizontal shadowed area
indicates the map position ofthe new markers presented here, dd21.5 andPsc2.6[ABl](shovm inbold),that map
inbetween peaEU2 and Nod3.
B: Hatched boxes are Afghanistan DNA and white boxes Rondo DNA (lines with prefix "D" and "A" are nod3
and Nod3, respectively). Since lines A33.18 and D23.3 are a mixture of two groups of individuals "Gl" and
"G2" indicate these two groups. The lines that have Afghanistan DNA (hatched box) at the position where Sym2
maps showtheSym2 phenotype.
C: representation of M truncatula A17 chromosome 5 and 4 (white boxes). The chromosome number is
indicated at the top of each box. Small black lines at the left side of the chromosomes indicate the position of
contig 1 (cl) and contig 2 (c2) that define the S_ym2-orthologous region on chromosome 5, and BAC 21F22
located on chromosome 4. Horizontal lines connecting figures A and B with C show regions of microsynteny
between pea linkage group IandMedicago chromosomes 5and4.

cDNA clone dd.2.6 strongly hybridized to a single non-polymorphic band on Southern blots
containing DNA digested with Haelll (Fig 4A) and Hindlll (not shown), respectively, and
polymorphisms were also not detected with other restriction enzymes.To increase the chance
to find polymorphisms, a pea root hair cDNA library was screened with dd.2.6 and a cDNA
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clonewith aninsertofabout 900bp,namedPsc2.6,wasisolated andused for RFLPmapping.
Both dd2.6 (294 bp) and Psc2.6 have a poly-A tail and sequence comparisons revealed that
they are 100% identical. Thus, dd2.6 is included in the larger cDNA sequence Psc2.6 and
corresponds to the same transcript. On genomic blots containing DNA digested with Haelll,
Psc2.6 hybridizes to several DNA fragments in addition to the band detected by dd.2.6 (Fig
4A). One polymorphic band-named "Psc2.6 Afghanistan Band 5" {Psc2.6[AB3])-\sonly
present in Afghanistan and not in Rondo, nod3, the Rondo Sym2-containing introgression
lines and the nodi-containing RILs, and therefore it does not map in pea linkage group I
between cDNA267and cDNA164(Fig 3, some of the plants tested are shown in Fig 4A),but
elsewhere in the genome. In addition, one weakly and one strongly hybridizing polymorphic
band-both named "Psc2.6 Rondo/nod3 Band 2" (Psc2.6[RnB2])-present in Rondo/nod3, in
theRondo5ym2-containingintrogression linesand inthe«oc?3-containingRILs,butabsent in
Afghanistan, do not map between cDNA267and cDNA164 (Fig 3, some of the plants tested
areshowninFig4A).Itisunknown ifPsc2.6[AB3]andPsc2.6[RnB2]areallelic.
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RFLP mapping of Psc2.6 using RILs and introgression lines. Some of the hybridization data of the plants
analyzed are shown in this figure. 4A and 4B: Haelll RFLP. 4A shows the hybridization of the single copy
cDNA clone dd2.6. 4B shows the hybridization of cDNA Psc2.6. The different bands referred in the text as
Psc2.6[ABS] (white arrow head) and Psc2.6[RnB2] (black arrow head) are indicated. Both copies do not map
between cDNA267 and cDNAI64 (see Fig 3). 4C: Hindlll RFLP showing the hybridization ofPsc2.6. The copy
referred in the text as Psc2.6[ABl] (indicated by a black arrow) is unique of Afghanistan (Afg) and is tightly
linkedto dd.21.5 and located inbetween EU2 andNod3 (see Fig3).

On the other hand, when Hind III blots are hybridized with Psc2.6 four bands are observed.
The strongest band of the pattern also hybridizes with dd2.6. One weakly hybridizing
polymorphic band-named "Psc2.6 Afghanistan Band 7" (Psc2.6[ABl])-pTesent in
Afghanistan but absent in Rondo/«o^5, shows the same map position as dd21.5, between
PsEU2 andNod3.Psc2.6[ABl] is present inA15.5.2,A33.18,A541,A569,D9.9and D23.3,
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and absent in Rondo,nod3,D21.7,D24.7, D25.2, and D31.2 (Fig 3,some of these plants are
shown in Fig 4C). Therefore, the Psc2.6[ABl] band revealed that the D23.3 RIL contains
introgressed Afghanistan DNA in between PsEU2and nod3, as it was also shown by the
hybridization with dd21.5. However, since in this case the polymorphism is due to the
"presence" of a band in Afghanistan and the "absence" in Rondo/nod3,Psc2.6[AB1]cannot
reveal as dd21.5that D23.3 is a mixture of individuals with different allelic composition at
thePsc2.6[ABl] locus.
Thus, the Haelll and Hindlll RFLP analysis shows that several pea genomic fragments
hybridize with Psc2.6 and Psc2.6[ABl] is tightly linked to dd21.5, mapping in between
PsEU2and Nod3 (Fig 3). Therefore, when in this manuscript the RFLP marker Psc2.6 is
quoted as linked to Nod3, it is with reference to the Psc2.6[ABl] band (since polymorphic
bandsrevealed bytheHaelllRFLPanalysisarenot linkedtoNod3).

Identification ofM.truncatulaA17orthologous genomic regions
AM. truncatulaA17 BAC library (Nam et al. 1999)was screened with dd21.5and dd2.6,to
identify genomic regions containing the orthologues of these two pea RFLP markers. BAC
clone 21F22was isolated by using dd21.5as a probe. This BAC clone has an insert of about
70 Kbp and aHindlll fragment of 700 bpthat strongly hybridizes with the peacDNAdd21.5
(Fig 5). Blots ofM. truncatula genomic DNA and BAC 21F22 DNA digested with Hindlll
and hybridized withdd21.5showthattheMedicagoorthologue (named Mtg21.5)ofdd21.5is
single copy and that it is completely located within BAC 21F22, since only the 700 bp band
hybridizes in genomic DNA (Fig 5A). However, an additional band is visible at low
stringency hybridization and washings (2 times in 5x SSPE, 0.1 % SDS for 15 min, and 1
time in2x SSPE for 5minutes) and this band isnot present in 21F22, indicating thepresence
of a cW2/.5-distant homologue not located in the Medicago genomic region represented by
this BAC (Fig 5A). On the other hand, the same blot hybridized with Psc2.6 (containing
dd2.6)shows that, as expected, none of the bands detectable inMedicagogenomic DNA are
present inBAC21F22(Fig5B).Thus,BAC21F22representstheM. truncatulaA17genomic
region that contains the true orthologous sequence of the pea cDNA dd21.5 that maps
betweenNod3andPsEU2.
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A recent M. truncatula A17 BAC library screening revealed 5 BAC clones (77011, 77J4,
72K10, 75L5 and 62F17) that hybridize with both dd21.5and Psc2.6.It isprobablethat these
BACs form a contig that links to BAC 21F22. These 5 BAC clones demonstrate that M.
truncatulaA17 contains a genomic region that is microsyntenic and orthologous to the pea
linkage group Isegment containing thetightly linkedpeamarkersdd.21.5 andPsc2.6.These5
BACsarepresently beinganalyzed.
Mapping byFISHofBACclone21F22inM. truncatula
The location of BAC clone 21F22 was determined by FISH on M. truncatula A17
prometaphase chromosomes. To facilitate the identification of chromosomes,the preparations
werealsohybridized withthepericentromeric repeatMfRl (Kulikovaetal.,inpress).
BAC 21F22 was labeled with a red fluorophore and MR1 with a green fluorophore. BAC
21F22mapped onMedicago chromosome 4(Fig6).Inaddition,Medicagochromosome 5has
regionsclosetobothtelomeresthatweaklyhybridizes withBAC21F22(Fig6).
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Fig 6: a. A complete complement of prometaphase chromosomes ofM. truncatula hybridized with MtRl(green)
and BAC 21F22(red). Chromosomes 4 and 5 are indicated by an arrowhead and an arrow, respectively, b.
Magnification of chromosomes 4. Chromosome 4 is the largest chromosome and contains a MtRl region on its
short arm.
A strong FISH signal shows the location of 21F22 on this chromosome, c. Magnifications of chromosome 5
showing the weak hybridization of BAC21F22 near the telomeres. Chromosome 5 is the only chromosome
containing a secondary constriction and it lacksaregion containing the MtRl repeat.

DISCUSSION
Byusing aseries ofRILs(Geurts, 1998)and introgression lines (Koziketal., 1995),theRNA
differential display resulted in the isolation of the cDNA RFLP markers dd21.5 and Psc2.6
(through dd.2.6) that are tightly linked to each other and located between PsEH2 and Nod3 in
pea linkage group I. Thus, dd.21.5 and Psc2.6 become the closest RFLP markers to thenod3
hypernodulation locus at this chromosomal side of the mutation that we refer to as to the
"south" of Nod3. RFLP analysis revealed two recombinations between dd21.5IPsc2.6and
Nod3. The distance between these two markers and Nod3 can be estimated by comparison
with the two recombinations that were also observed in pea between the cl markers
Mtc831/Mtc923 and Sym2 (Gualtieri et al., submitted, a). Thus, dd21.5 and Psc2.6 are
probably as close to the Nod3 locus, as Mtc923 and Mtc831 are from Sym2. Moreover, the
size of the Medicago5>w2-orfhologous region (delimitated by markers Mtc831, Mtc923and
Mt63EB4) wasdetermined tobeof about 350Kbp.Therefore the sizeoftheMedicagoregion
that would contain Nod3, dd21.5 and Psc2.6 would be within the same range. Although
mapping ofthesetwo markers ina segregating population will be essential todetermine more
precisely their genetic distance toNod3,the RFLP data presented here give a reliable idea of
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the map position of these markers since plants that were generated independently (Sym2containing introgression lines,andnodi-containing RILs)wereused.
Northern blots demonstrated that dd2.6 (included in the RFLP marker Psc2.6) was
differentially displayed by an allelic PCR polymorphism between the Rondo transcript and
the transcript found in the Modi-containing RILs, since no significant differences in the level
of this transcript were observed between the plants tested. Consequently, this PCR
polymorphism should predict the map position of the RFLP marker Psc2.6 (that includes
dd2.6). However, due to the complexity of the RFLP pattern of Psc2.6,it is not possible to
establish a direct correlation between the differentially displayed dd2.6 band and the Nod3linked Psc2.6[ABl] band (revealed by Southern blot of DNA restricted with Hindlll and
hybridized withPsc2.6).Inotherwords,it isdifficult toassurewhetherPsc2.6[ABl] contains
a part of Psc2.6, or whether this Nod3-\inked band is simply homologous to the 5' part of
Psc2.6 that is not present in dd2.6.Although the first cannot be discarded, the latter option
seems more probable due to the weak hybridization of Psc2.6[ABl] with Psc2.6, meaning
that Psc2.6 is probably entirely located within the strongly hybridizing non-polymorphic
Hindlll band that contains dd2.6.Thus, it isnotknown whether the map position ofthe band
Psc2.6[ABl] is indeed representing the position of dd2.6 (that is included in Psc2.6).
However, the "relationship" and linkage to Nod3, of dd.2.6 and Psc2.6[ABl], respectively,
suggests that if Psc2.6[ABl] is not containing part of Psc2.6they should be located close to
each other and to Nod3 on pea linkage group I. This because it is very unlikely that the
differential display of dd2.6 and its relationship with Nod3 would be a mere coincidence,
since dd2.6 has resulted in the isolation of the RFLP marker Psc2.6 revealing the
Psc2.6[AB1]band that is linked to Nod3 . Thus, both the differential display and the RFLP
analysisindicatethatdd2.6(included inPsc2.6)andPsc2.6[AB1]mapclosetoeachotherand
toNod3.Thetight linkage ofhomologous sequences inpea andMedicagohasbeen observed
for several low copy sequences present at the pea Sym2 and Medicago 5ym2-orthologous
regions,respectively (Gualtieri et al., submitted, a; Gualtieri et al., submitted, b).When dd.2.6
would indeed be-as Psc2.6[ABl]-ti$itly linked to Nod3, it is possible that the PCR
polymorphism differentially displaying dd2.6 is caused by an additional mutation in the
regionneighboringnod3.
In general, when the differential display of a cDNA is due to apolymorphism, this technique
canbe used topredict whether the cDNA maps at agiven chromosomal region defined bythe
introgressed regions. However, such data should be confirmed by genetic mapping, because
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the differential display can bedue to differences in expression level of a transcript and notbe
caused by a sequence polymorphisms. This was illustrated by dd21.5that was differentially
displayed as a result of a root-hair specific transcriptional repression effected by an
Afghanistan introgressed region of Al5.5.2.The reliability of the RNA differential display to
show the expression pattern of dd21.5 is evident from the fact that other fragments in the
display profile have a similar concentration in the compared samples and therefore serves as
internal controls. Moreover, inother studies it was shownthat the RNA differential display is
a semi-quantitative method (Holsters, pers. comm.). The cDNA-AFLP is also useful as a
semi-quantitative method todirectlystudygeneexpression (Bachemetal.,1996).

The root hair specific repression of dd21.5 could be caused by Sym2, or by any other gene
from the Sy/»2-containing introgressed region, or by a gene present in another introgressed
region that A15.5.2 might contain. The probability that A15.5.2 contains additional
introgressed regions other than the Sj7n2-containing region is quite high. After the four
backcrosses that generated A15.5.2, this line should contain in theory about 3% of
Afghanistan DNAinitsgenome,whatmakesabout 1.2 x 108bpor60cMofthe2000cMpea
genetic map. Since the 5ym2-containing introgressed region of A15.5.2 is about 4 cM it is
probable that additional Afghanistan introgressed regions are present. Thus,that the root hair
specific repression of dd21.5 is mediated by a regulatory mechanism effected by the Sym2containing introgressed region of A15.5.2, could be proven by analyzing the expression of
this gene in several other independently generated plants, but selected for the presence of a
Sym2-containing introgressed region similar to that of A15.5.2 (containing Afghanistan DNA
from Psc2.6[ABl] to 772), such as A33.18. cDNA dd21.5 maps in the Afghanistanintrogressed region of Al5.5.2. Hence, in case the level of transcription of dd21.5is indeed
effected by the Syw2-containing introgressed region, this would also demonstrate that the
RNA differential display would be useful to detect a functional interaction between genes
locatedwithinanintrogressed genomicregion.

The search for the M. truncatula A17 genomic region orthologous to the pea linkage groupI
segment containing dd21.5, resulted in the isolation of BAC clone 21F22, containing the
Medicago orthologue Mtg21.5. Although dd21.5 is completely present within BAC 21F22,
this BAC does not contain the MedicagoPsc2.6-orthologue, even though dd21.5 andPsc2.6
aretightly linked inpea linkage group I. However, recent BAC library screenings identified 5
BACs that co-hybridize with both dd21.5and Psc2.6,and since it is quite likely that these 5
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BACs form a large contig linking to BAC 21F22, this is being presently analyzed. Thus,the
finding of these 5BACs,combined withthe single copy nature ofMtg21.5 demonstrates that
M. truncatulaA17 has a genomic region that contains both the orthologues of dd21.5 and
Psc2.6.Therefore, this Medicagoregion is microsyntenic to the pea linkage group I segment
containing the tightly linked markers dd21.5 and Psc2.6. Further analysis of these 5 BACs
and BAC 21F22through theconstruction ofcontigsandthe isolation of other RFLP markers
in addition to the dd21.5 and Psc2.6 orthologues, is essential to obtain a more complete
picture of the microsyntenic relationship of these two regions. This will ultimately reveal the
level of microsynteny and orthology between this Medicagoregion and thepea linkage group
I segment containing dd21.5andPsc2.6betweenNod3 and EU2. When microsynteny extends
along this Medicagoregion, chromosome walking can be used to extend this region towards
and beyond the AWJ-orthologous locus, and molecular marker technology can be later used
to delimitate the minimal Medicago orthologous region putatively containing the Nod3orthologous locus.A similar strategy was already successfully applied for the subcloning and
delimitation oftheMedicagoS_y/n2-orthologousregion(Gualtieri etal.,submitted,a).
Studies were initiated to map the M. truncatulaA17 genomic region orhtologous to the pea
region containing dd21.5 and Psc2.6. BAC 21F22 (containing the single copy orthologous
sequence Mtg21.5) was mapped by FISH on Medicago chromosome 4, reflecting a
disturbance in "chromosomal" synteny between Medicago chromosome 5 and pea linkage
group I that were otherwise syntenic at the "Sym2 region" and at the "EU2region". Thus,
while other markers from pea linkage group I are syntenic with Medicago chromosome 5,
21F22 reveals that dd21.5 is located on Medicagochromosome 4, indicating a translocation
event in one of these two legume species. Whether this synteny with chromosome 4 extends
beyond dd21.5 and includes the Nod3 locus is unknown, but could be analyzed by studying
markers located tothe "north" ofNod3.In addition tothe strong FISH signal given by21F22
on chromosome 4, 21F22 gives weak but reproducible FISH signals on chromosome 5 close
to both telomeric regions of the two homologous chromosomes. One of these locations is
similar to that of the cl/c2 .S_ym2-orthologous region and so it cannot be excluded that this
sequence weakly hybridizing with BAC21F22 has a position syntenic with dd21.5. However
it should be kept in mind that the resolution of FISH on metaphase chromosomes is low
(Kulikova et al., in press). Thus, although BAC 21F22 is located on chromosome 4 it
hybridizes with homologous regions on chromosome 5. Future experiments will be essential
to test whether the five BACs that contain both the dd21.5 and Psc2.6 homologues map in
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chromosome 4 and form a contig with 21F22, or whether they contain thedd21.5-distant
homologue(revealed bylowstringency Southernblot)andmightmapinchromosome 5atthe
location where the Medicago Afodi-orthologue may map when synteny extends along
Medicagochromosome 5beyondthenon-syntenic locusMtg21.5.
MATERIALSAND METHODS
Plantmaterial
The original parental lines of the RILs and introgression lines used in this study were the
European Rondo cultivar (Lie, 1984), the wild type Afghanistan pea carrying Sym2 (Lie,
1984), and the nodi hypernodulation EMS mutant of the Rondo European cultivar (Jacobsen
et al., 1984). The Rondo-Sym2 introgression lines A569 (Kozik et al., 1995) and A541generated by an additional backcross on the introgression line A54 (Kozik et al, 1995), and
A15.5.2 and A33.18 (Kozik, 1996) were used for RFLP mapping, in combination with a
series of RILs constructed by crossing the Syw2-introgression line A54 with the nodi line
(Geurts, 1998; published in Gualtieri et al., submitted, a). Rills D21.7 and D23.3 are
hypernodulatedbutdonot containSym2,whereasthe RILsD24.7,D25.2,D31.2 andD9.9are
hypernodulated andcontainSym2.
The RNA differential display was carried out by using the European Rondo cultivar line,the
nod3 line, the A15.5.2 introgression line, and the RILs D25.2, D26.6 (containing both nodi
andSym2),andD22.2 andD41.6(containingnodi butnotSym2).
RNAdifferential display
The RNA differential display was done on roots and root hairs of 4 days old seedlings that
were non-inoculated, or inoculated two days after germination with Rhizobium
leguminosarumbv viciae248.pMW1071 (containing the nodX gene), a strain that nodulates
plants with and without Sym2 (Kozik et al., 1995). Root hairs were harvested as previously
described (Gloudemans et al., 1989). Total RNA was isolated according to Pawlowski etal.
(1984), followed by a DNasel (Promega) treatment. The RNA differential display was done
according to Liang et al. (1992). Differential cDNAs were cut from the acryl amide gel and
collected in eppendorf tubes. The fragments were incubated in 100ul TE (pH9.0) for 10min
atroomtemperature and subsequently boiled for 20min.Thesupernatant wasfiltered through
a glass wool filter. The DNA was ethanol precipitated in the presence of 0.3M Na-acetate
(pH5.2) and 50 ng glycogen, and subsequently re-dissolved in 10 jxl of distilled water. This
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DNA was used as a template in a PCR reaction using identical conditions as for the RNA
differential display. The PCR reaction was run on a 1.5%agarose gel. DNA fragments were
isolated from the gel using a gel extraction kit (MBI Fermentas) and cloned in the pGEM-T
vector(Promega).
Genomic DNA,BACDNA,andtotalRNA blots
Pea and Medicago DNA was isolated according to A. Kozik (Kozik, 1996) and D. Cook
(pers. comm.), respectively. RNA was isolated according to Pawlowski et al. (1984).
Bacterial Artificial Chromosome (BAC)DNAofM.truncatulaA17was isolated accordingto
Nam et al. (1999). All hybridizations were done with Hybond-N+ membranes (Amersham)
under standard conditions (Sambrook et al., 1989). DNA probes for Southern blots and
northern blots were labeled with [32P]dATPusing the random priming method (Feinberg and
Fogelstein, 1983).

cDNAandBAC library screenings
The pea root hair cDNA library was constructed by Stratagene in Lambda ZAPII vector
system, using equal amounts of poly (A)+ RNA isolated from a mixture of root hairs of 6
days old cv Finale pea plants, uninoculated and inoculated for 48 hours with R.
leguminosarumbv viciae 248. The cDNA library screenings were done with Hybond-N+
membranes usingthe conditions recommended bythe library manufacturers (Stratagene). The
BAC library ofM. truncatulagenotypeA17wasscreened accordingtoNam etal.(1999),and
high-density BAC libraryfiltersand BAC clones were obtained from the Clemson University
Genomics Institute (http//www.genome.clemson.edu). DNA probes for cDNA and BAC
libraryscreeningswerelabeled asdescribedabove.

DNA sequencing
Automated sequencingwasdoneonanABI377DNA sequencer.
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SUMMARY
A molecular cytogenetic map of Medicago truncatula (2n=2x=16) was constructed on the
basis of a pachytene DAPI karyogram. Chromosomes at this meiotic prophase stage are 20
times longer than at mitotic metaphase and display a well-differentiated pattern of brightly
fluorescing heterochromatin segments. We describe here a pachytene karyogram in which all
chromosomes can be identified based on chromosome length, centromere position,
heterochromatin patternsandthepositions ofthreerepetitive sequences(5SrDNA,45SrDNA
andtheMR1 tandemrepeat),visualised byFISH(Fluorescence insituHybridization).
We determined the correlation between genetic linkage groups and chromosomes by FISH
mapping of BAC (Bacterial Artificial Chromosome) clones, with two to five BACs per
linkage group. In the cytogenetic map chromosomes were numbered according to their
corresponding linkage groups.Wedetermined therelativepositions ofthetwenty BACsand3
repetitive sequencesonthepachytene chromosomes and compared thegenetic and cytological
distances between markers. The mapping resolution was determined in a euchromatic part of
chromosome 5 by comparing the cytological distances between FISH signals of clones of a
BAC contig with their corresponding physical distance and showed that resolution in this
region is about 60 kb. The establishment of this FISH pachytene karyotype, with a far better
mapping resolution and detection sensitivity compared to those in the highly condensed
mitoticmetaphase complements,hascreated thebasisfor theintegration ofmolecular, genetic
andcytogenetic mapsinM. truncatula.

Key words: Medicago truncatula Jemalomg A17, Fluorescence in situ Hybridization,
cytogenetic map,pachytenekaryotype,linkage group
INTRODUCTION
TheFabaceae, or legumes,comprise thethird largest family of flowering plantsand display a
striking variety of plant types, ranging from small annual herbs to massive tropical trees.
Among the legumes, the sub-family Papilionoideae contains the majority of agronomic
species, including the galegoid species, such as Pisum sativum (pea) and Medicago sativa
(alfalfa), and beans,such asPhaseolus, Vigna and Glycinespp.Inaddition totheir agronomic
importance as producers of oil and protein for the diets of humans and livestock, legumes
havethe distinction ofbeingone ofthemajor sources ofbiologically available nitrogen inthe
biosphere, which iscaused bytheir unique ability toestablish a symbiosiswith several genera
of bacteria that are collectively called rhizobia. This symbiotic interaction results in the
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formation of root nodules where the bacteria are capable of reducing atmospheric nitrogen.
Due to the narrow host range, none of these micro-symbionts can interact with model plants
like Arabidopsisand rice, and hence legume species have been proposed as a model system
for unravelling the molecular mechanisms that control the development and functioning of
this beneficial plant-microbe interaction. Medicago truncatula Gaerth. (Barrel medic) has
been selected for this purpose (Barker et al., 1990). This annual, autogamous diploid forage
crophas 16chromosomes andarelatively small genome(1.15pg/2C,Blondon etal., 1994)of
about the same size as that of rice and 4 times larger than that ofArabidopsis. In addition,
molecular and genetic studies ofM. truncatulabecame possible with the recently developed
efficient transformation and regeneration procedures and the establishment of BAC libraries
andgeneticmaps(Cook, 1999).
In order to position BACs and other DNA sequences along the chromosomes, molecular
cytogenetic maps are needed. Among the tools for such maps, fluorescence in situ
hybridization(FISH)isundoubtedlythemostversatileandaccurateonefororderingrepetitive
and single copy DNA sequences on the chromosomes with respect to centromeres, telomeres
and heterochromatic regions (Jiang and Gill, 1994; De Jong et al., 1999). Cytogenetic maps
can be highly informative to support the construction of physical maps, map-based cloning
projects and to position genes in large heterochromatic regions where linkage distances are
inaccurate by the low levels of meiotic recombination (Roberts, 1965;Lambdie and Roeder,
1986;Zhongetal., 1999).
Microscopic preparations with mitotic metaphase complements for FISH are mostly
prepared from root tips. Chromosomes at this stage are highly condensed, which limits the
optical resolution of adjacent FISHtargets to Mbsrather than kbs.Where higher resolution is
required, pachytene chromosomes are more appropriate, because their complements measure
10-40 x longer and display a differentiated pattern of heterochromatic and euchromatic
regions (Shen et al., 1987;Albini and Schwarzacher, 1992;Zhong et al., 1996;Fransz et al.,
1998; Fransz et al., 2000). This heterochromatin banding along with chromosome length and
centromere position is important for the identification of individual chromosomes. However,
theproduction ofhigh-quality pachytene spreads incomparison tometaphase chromosomes is
technically moredemanding andthe successfor satisfactory resultsmaydiffer between related
speciesand evenbetweengenotypesofthe samespecies(reviewbyDeJongetal., 1999).
The published karyotypes of M. truncatula were based on simple morphometric
measurements of metaphase plates from accession V357 (Agarwal and Gupta, 1983) and the
accessions R-108-1 and Jemalong J5 (Gerbah et al., 1999). However, the morphology of
metaphase chromosomes was found to be too similar to allow reliable identification of all
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chromosomes on the basis of relative arm lengths and centromere positions. FISH of 5S and
45S rDNAs, which were applied as additional markers in the R-108-1 and Jemalong J5
accessions (Gerbah et al., 1999), showed that both genotypes have a single NOR (nucleolar
organizing region), and that Jemalong J5 had three 5SrDNA loci,whereas R-108-1 has only
two.
Pachytene karyotype of several species of genus Medicago were described including
tetraploid and diploid Medicagosativa L. (Gillies, 1970; Gillies, 1968; Buss and Cleveland,
1968), and species closely related to M. sativa such as M.falcata L. (Gillies, 1970), M.
glomerata Balb (Gillies, 1971), M. coerulea Less, M. glandulosa David, M. glutinosa M.B.
and M. prostrata Jacq.

(Gillies, 1972) . Chromosomes at the pachytene stage of

microspoocytes were measured and characterized by average total chromosome length, arm
length,armlengthratioandnumber,positionandsizeofchromaticarea.
This study isthe first pachytene chromosome map ofM.truncatulabased onthe Jemalong
A17 genotype, which is the standard line in most current molecular genetic studies (Nam et
al., 1999;Trieu et al., 2000;Kim et al., inpreparation). The chromosomes were stained with
DAPI and their fluorescence images were used for karyotype analysis on the basis of
morphometric dataandheterochromatinpatterns.Inaddition,thepericentromeric repeat MfRl
and 5S rDNA were tested as probes in FISH experiments to facilitate chromosome
identification. For assigning linkage groups to the cytogenetic map, we hybridized BAC
clones positioned on the genetic map of Medicagotruncatula (Kim et al., in preparation) to
the pachytene complements and mapped their positions with respect to centromeres and
heterochromatin segments.
RESULTS
The pachytene karyotype
Pollenmother cellsatlatepachytene clearly displayed eightfully pairedbivalentswith lengths
varying from 29 to 68 um and a total complement length of 406 urn. Chromosomes were
submetacentric or metacentric, with centromere indexes between 27 and 47% (Fig. la; table
1).Theywerenumbered accordingtotheircorresponding linkagemapsaswasdecided during
the 2nd Medicago truncatula Workshop (Amsterdam, The Netherlands, July 22-23, 1999),
with their two arms denoted as S (short) and L (long), respectively. DAPI staining of
pachytene chromosomes demonstrated striking differences in chromatin density. Brightly
fluorescing heterochromatic blocks were detected in the pericentromeric regions of all
chromosomes, although their lengths were different for each chromosome (Fig.la, table 1).
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The centromere itself appeared as a primary constriction, in which the chromatin fluoresces
far weaker than the flanking heterochromatic regions (Fig.la). Distal regions of the
chromosome arms generally consist of weakly fluorescing euchromatin. In addition to the
pericentromeric heterochromatin, smaller heterochromatic knobs were observed on the short
arms of the chromosomes #3,#4 and #7,and both arms of chromosome #6,but their number
was variable and could be observed infew cells only. Thetotal length of all heterochromatic
areasis59.3 um,whichisabout 15%ofthelengthofthe complement.
Figure 1. Pachytene chromosomes of M. truncatula
Jemalong A17. (a) The complement of pachytene
chromosomes. The DAPI stained chromosomes have
brightly fluorescent heterochromatin around of
centromeres (pericentromeric heterochromatin).
Chromosomes are numbered according to
corresponding linkage groups and indicated by
arrowheads at centromere position, (b) Three
chromosomes (#3,#5 and #6) give FISH signals with
a 5S rDNA probe (red). The centromeres of the
chromosomes containing a 5S rDNA region are
indicated by arrowheads. Chromosome #5 carrying
the major 5S rDNA cluster also contains the 45
rDNA region (green), (d) Three 5S rDNA-carrying
chromosomes are dissected from the complement, (c)
Hybridization with 5S rDNA (red) and MfRl (green)
allows the identification of all eight pachytene
bivalents (see a). Centromeres are indicated by
arrowheads Bar = 5 um inall figures.
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Table 1. Absolute and relative lengths of individual chromosomes and chromosome regions, positions of 5S
rDNA, NOR and AftRl on chromosomes. The chromosomes #3 and #4 can only be distinguished when FISH
withAftRl wasused asdiagnostic maker.

chromosome

1

averagelength2

60.3±6.2 49.3±4.1 68.1±5.9 66.0±4.3 49.5±5.2 29.2±3.8 50.4±5.1 33.4±5.4 406.2

totalcellcomplement3
centromereindex

4

%heterochromatin

2

3

4

5

6

7

8

14.9

12.1

16.8

16.2

12.2

7.2

12.4

8.2

36.4

46.2

27.1

30.2

47.4

46.3

30.0

41.2

15

14

8

8

215

25

15

22

total
100%
14.6%7

FISHsignalsc
5S rDNA
45SrDNA
L+ S

MR1

1) Chromosomes were ordered and numbered according to their corresponding linkage groups 2) Chromosome
length in um ± SD. 3) Total cell complement is percentage chromsome length / total length of all chromosomes
4) Centromere index ispercentage of short arm/total chromosome length (Levan et al., 1964).5) Value includes
short arm heterochromatin + NOR. 6) Positions of the repeats on short arm (S) or long arm (L). 7) %
heterochromatin incell complement
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Chromosome identification was based on their length, centromere position, size of
pericentromeric heterochromatin and thepresence of diagnostic heterochromaticknobs.Eight
cells were selected in which all 8 bivalents could be discerned and fully traced along their
length. Based onthis morphometric characterisation the chromosomes could be distinguished
asfollows (Table 1):
• The group of the three longest chromosomes (#1, #3 and #4). These chromosomes
measure 60 - 68 urn and have submedian centromere positions with centromere index
(CI) values of 36%, 27% and 30%, respectively. Based on centromere position
chromosome #1 can be distinguished from chromosomes #3 and #4. Chromosomes #3
and #4 have similar symmetric heterochromatic regions and differ only slightly in arm
lengths and centromere positions. Distinction between them without additional
diagnosticmarkerswastherefore doubtful.
• The group of the three medium-sized chromosomes (#2, #5 and #7). These
chromosomes measure about 50 urn.Theformer twohavemedian centromere positions
(centromere indexes of 47% and 46%, respectively), whereas chromosome #7 has a
submedian centromere (CI = 30%). Furthermore, chromosome #5 has a characteristic
pattern of four conspicuous pericentromeric heterochromatic knobs. In contrast, the
chromosomes #2and #7have onlyoneknoboneacharm.Furthermore,chromosome#5
contains the secondary constriction (nucleolar organizer region). This weakly
fluorescing region is located on the long arm, close to the centromere and is often
clumpedtogether withheterochromatic blocksofother chromosomes.
• Thegroup of the two smallest chromosomes(#6 and #8). These chromosomes are 29
and 33 urn long, respectively and can easily be distinguished by differences in
chromatic patterns. Chromosome #6 has several heterochromatic chromomeres on both
arms, whereas chromosome #8 has two larger heterochromatic blocks on either side of
thecentromere.
The total length of the pachytene chromosomes is 406 urn, which is about 20x longer than
that ofthe mitotic metaphase chromosomes (data not shown).The morphological features of
the eight bivalents have been used to construct an ideogram (Fig. 2A). We selected the 5S
rDNA, 45S rDNA and the MR1 tandem repeats as additional diagnostic markers to facilitate
the identification of the individual chromosomes in the cell complement. FISH hybridization
revealed that the 5SrDNA loci arelocated onthe chromosomes #2,#5 and #6(Fig. 1 b,d).A
major 5S rDNA region occurs on the distal part of the pericentromeric heterochromatin of
chromosome #5,on the arm containing a single heterochromatic knob. A second, smaller 5S
rDNAregion islocated onthelongarmofchromosome #2,closetotheborder ofthe
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Figure 2. Correlation between chromosomes and linkage groups. (A) Ideogram of pachytene chromosomes
and genetic linkage maps of M truncatula Jemalong A17.BAC clones are positioned on ideogram according to
their relative positions from centromeres. (B) Assignment of linkage group to pachytene chromosomes by FISH
with linkage group specific BAC clones. Presented chromosomes are digitally sorted out of pachytene
complements after hybridization with BAC clones, indicated in bold on ideogram. For the identification of
chromosomes pachytene preparations were reprobed with 5S rDNA (red) and AftRl (green). Centromeres are
indicated by arrowheads.

pericentromeric heterochromatin.Athird 5SrDNA site ispresent onchromosome #6, 17%of
the arm length distally from the centromere. FISH with the 45S rDNA probe demonstrated a
bright spot on the secondary constriction of chromosome #5, between two proximal
heterochromatic knobs (Fig. lb, d). The same number of 5S and 45S rDNA loci were
observed by FISH studies on metaphase chromosomes (Gerbah et al., 1999). The MtR 1
tandem repeat has a 166 kb long motif and was identified in two randomly isolated BAC
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clones, BAC75N01 and BAC53F10 (Table 2) and will be described elsewhere in more detail
(Kulikova et al., in prep). This repeat is located in the pericentromeric regions of the
chromosome arms #1-L,#2-L,#4-S,#7-S and #7-L, and #8-L (Fig. lc). TheMfRl signal on
#8-S isweakerthanthatoftheotherMfRl signals.ThusMrRl isagoodmarkerto distinguish
chromosomes#3and#4.
Table 2.Characteristics ofBAC clones andDNA markers
BAC

Linkage

Genetic

Marker

Marker type and homology of marker template

Distance (whole

clone

group

Marker

template

hsp'

arm is 100%) from
centromere ± SD

Accession
75N01

AQ841077

BEST2;pericentromeric repeat MrRl

53F10

AQ841071

BEST "

"

53F10

AQ841072

BEST "

"

72H13

1

DK049R

AQ841103

BEST; putative beta-fructofiiranosidase

18.3 ±1.2

19N23

1

ENOD8

n/a

BEST; BAC contains ENOD8 gene

52.0± 2.5

69K12

2

DK020R

AQ841084

BEST;

similar

to

putative

Arabidopsis

45.0± 2.2

proteinase
51J12

2

DK045R

AQ841099

DK123R

AQ841744

BEST; no known homology for

marker

90.1± 1.4

template.

54F15

BEST; homology to Arabidopsis hypothetical 57.2± 1.1
protein Z97335.BAC54F15surveysequencing
revealshomologytomultiplegenes3.

33E24

DK417L

AQ917383

BEST; similar to NBS-LRR disease resistance 16.2±0.1
protein(AB019186)RPR1ofOryzasaliva.

10F20

DK043R

AQ841087

BEST; no known homology for marker 26.3± 1.0
template. BAC 10F20 survey sequencing
revealshomologytomultiplegenes.

01P05

DK264L

AQ917083

BEST; no known homology for marker

43.7± 1.2

template. BAC 01P05 contains putative MYB
family transcription factor.
EIL2-1

64B21

n/a

BEST; BAC 64B21 is contiguous with BAC

81.0± 1.0

42H09 from which survey sequencing reveals
homology to multiple genes, including
Arabidopsisein3-likefamily.
23A06

5

ENOD40

n/a

PCR marker 3' of ENOD40 coding region.

40.1± 1.6

BAC 23A06 contains ENOD40 gene and
putative receptor protein kinase.
35012

5

DK139L

AQ841733

BEST; no known homology for marker
template. BAC 35012 survey sequencing
reveals homology to multiple genes.

58F01

5

DK006R

AQ841074

BEST; no known homology for marker
template.
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5

DK039R

AQ841114

BEST; ; no known homology for marker
template. BAC45I09 survey sequencing reveals
homology toMt ESTs

19L20

6

DK125R

AQ841732

BEST; similar to beta-transducin. BAC 19L20

100.0±0.0

contains Medicago truncatula cycloartenol
synthase gene (Y15366.1).
73B09

6

DK229L

AQ917196

BEST; homology to tomato callus EST

83.1± 1.0

AW029689.
79P21

6

79P21R

n/a

BEST; BACcontains homology to LBS-LRR-

89.3±2.1

TIR family ofresistancegenes.
37M01

7

DK427R

AQ917398

BEST; no known homology for marker

57.3±1.1

template.
03L06

7

DK274L

AQ917096

BEST; no known homology for marker

44.8± 1.1

template.
05K15

8

DK505R

AQ917527

BEST; similar to peptide transporter. BAC

37.3±0.1

contains homology to Arabidopsis genomic
DNA by tblastX.
41H08

8

DK455L

AQ917442

BEST; similar to Arabisopsis hypothetical
protein. BAC 41H08 contains

53.1±0.1

Medicago

truncatula EST AW775698.

1. hsp,high-scoring sequence pair
2. BEST, BAC end sequence tag
3. Additional BAC survey sequence information is available by querying with BAC ID in "ClonelD" field at
http://chrysie.tamu.edu/medicago.

All together, as shown in Fig.2A and Table 1,the karyotype analysis of the pachytene
chromosome morphology and FISH patterns ofthe 5S rDNA, 45S rDNA, and MfRl repeats
allows identification ofalleightchromosomes.
Integration ofcytogenetic map and linkage groups
Thenumbering convention for the eight genetically identified linkage groupsofM.truncatula
was adopted from M. sativa (Kalo etal., 2000), asdetermined bycomparative map analysis
(Kim etal., unpublished data).Forassigning individual linkage groups tothe chromosomes,
we selected BACs ofeach linkage group and used these asprobes forFISH mapping tothe
pachytene chromosomes (Table 2). Concurrent hybridizations with the5SrDNA andMfRl
repeats were used toassist chromosome identification. Only FISH signals that occurred inat
least 90% of the cell complements were considered for quantitative analysis. Examplesof
representative FISH patterns areshown inFig. 2B. We measured thedistance ofthe FISH
signal inarelative scale from centromere totelomere in seven totencells (Table 2). Their
distancevalueswereaveraged for drawingtheirpositions onthecytogenetic map(Fig.2A).
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To provide a frame of reference to the genetic map of M. truncatula, five or more
sequence-characterised genetic markers are indicated for each linkage group (Fig. 2A).These
markers were developed on the basis of BAC and sequence information (see "Material and
methods"). 2-5 BAC clones were used for mapping on pachytene chromosomes. Fig. 2A
shows their genetic map position along with their corresponding position on the pachytene
FISH map. Detailed information on every individual marker is given in Table 2 and at
"http://chrysie.tamu. edu/perl-bin/mt_marker_query.2.pl".
Table3.Comparison ofgenetic and cytogenetic distances between neighbouring BAC clone pairs

Chromosome

BAC clones

Genetic distance

microscopic

(cM)

distance (um)

cM/um

2

51J12-69K12

11.7

12.7

0.9

3

33E24-54F15

32.4

20.2

1.6

4

10F20-01P05

9.3

8.2

1.1

5

64B21-35012

8.1

4.2

1.9

6

19L20-73B09

8.0

2.6

3.1

7

37M01-03L06

10.8

5.8

1.9

8

41H08-05K15

12.6

4.2

3.0

As the distal parts of most chromosomes are euchromatic, it is expected that the genetic and
FISH map distances be directly correlated. Table 3 gives a comparison of genetic map
distances between six marker pairs and their corresponding microscopic distances on the
pachytene FISH map. The ratio of genetic and cytogenetic distance values ranges from 1-2
cM/um for most marker pairs. However, this value is markedly higher (3.0-3.1 cM/um) for
thepairslocatedonthesmall chromosomes #6and#8.
Resolution of FISH mapping
The BAC clones 58F01 and 59K07 from a BAC contig of chromosome 5(Gualtieri et al., in
prep.) were selected for estimating theresolution ofFISHmapping inaeuchromatic region of
a pachytene chromosome 5 (Fig. 2A). The BACs were hybridized and detected with
digoxigenin-FITC(greensignal) andbiotin-Texas Red (red signal),respectively (Fig.3a,b).
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Figure 3. Chromatin condensation degree in dichromatic region of chromosome #5. (a, c) Two-color FISH
with two pairs of BAC clones, BAC59K07 (red) and BAC58F01 (green), BAC63C24 (red) and BAC45I09
(green), (b, d) 10- fold magnified images ( indicated as insets in a, d). Yellow fluorescence indicates colocalization of green and red signals. White dash line indicatesthe distance between BAC pairs intheir physical
contigs.

A small band of yellow fluorescence in between the red and green spot represents the region
of signal overlap. The midpoints of the sequences covered by these BACs are separated by
150kb.Thiscorrespondstoamicroscopic distance ofabout0.5 umbetweenthecentresofthe
red and green spots on the pachytene chromosome, implying a chromatin density of 300
kb/um for that euchromatin region. With the spatial resolution limit of 0.2 um for the
fluorescence microscope,mapping resolution inthis chromosome segmentcanbeestimated at
about 60kb.This isconfirmed byacomparable FISH experiment with theBACclones45109
and 63C24 located inthe same region of chromosome 5(Fig.2A).These BACs are about the
same size that is -40 kb, and they are separated by about 55 kb (Fig. 4c, d). Fluorescence
microscopic observation, revealed a prominent yellow spot, flanked by small green and red
regions,thusconfirming thatmapping resolution of adjacent targets inthis region is about 60
kb.
DISCUSSION
WeshowedherethatDAPIstainedpachytenechromosomes ofM.truncatulaarevery suitable
toconstruct adetailed karyotype.Thefully paired chromosomes atthismeioticprophase stage
measure 406 um (table 1), which is twenty times longer than their counterparts at mitotic
metaphase and allows mapping with a high resolution (60 kb). In general, pachytene
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chromosomes clearly display the differentiation of large heterochromatic blocks around
centromere,whereas the distal parts ofthearms are euchromatic.Thispattern of well-defined
heterochromatic areas is reminiscent of the conspicuous heterochromatin blocks on
Arabidopsis thalianapachytene chromosomes (Ross et al., 1996;Fransz et al., 1998,deJong
et al. 1999),but strongly differs from other small genome species. For example, rice exhibits
numerous smaller heterochromatic knobs distributed along all chromosome arms (Khan,
1975).Withthissimpleorganization ofsolidheterochromatin blocksflanking the centromeres
and long stretchesofeuchromatin inthedistal areas,M. truncatula nowbecomes anattractive
model speciesfor cytogeneticanalyses.
Thecombination of chromosome length,centromereposition and heterochromatin patterns
of the DAPI stained pachytene complements proved to be sufficient to identify all
chromosomes except #3 and #4. However, with the MtRl repeat it became possible to
distinguish these two chromosomes as well. In general, chromosomes were hybridized with
5S rDNA and MR1 to facilitate the recognition of the chromosomes, even when the
chromosomes wereclustered orpartly overlapping.
Our second goal was to assign the eight chromosomes to the linkage groups of M.
truncatula, which was recently established for this species (Kiss, Huguet, Kim and Cook,
unpublished data). We selected two to five markers for each linkage group and mapped the
corresponding BACs asprobesinFISH experiments onpachytene cells.Markersbelongingto
acertain linkagegroupalwayshybridized tothe samechromosome.
Heterochromatic regions are supposed to be rich in repeated sequences and to contain a
low density of expressed genes (Dean and Schmidt, 1995). Euchromatin contains markedly
fewer repeated sequences and has a higher density of genes. The repetitive nature of
heterochromatic regions is consistent with the location of MtRl and the highly repeated
ribosomal genes inheterochromatic pericentromericregions.Furthermore,mostofthe linkage
group specific BACs gavedistinct FISH signals ineuchromatic partsofthe chromosomes and
no background labelling was observed, suggesting that the interstitial segments of M.
truncatulachromosomes contain a relatively low number of repeated sequences. In contrast,
BACpaintings onpachytene chromosomes ofmaize,inwhichtranscribed genesare separated
by areas of repetitive DNA sequences (Benetzen et al., 1994; SanMiguel et al., 1996),
blocking with Cot-100 fraction of genomic DNA was required to suppress signals generated
by these repeated sequences (Sadder et al. 2000). Results from whole BAC clone sequencing
have indicated a gene density of approximately 1predicted gene/6 kb in gene-rich regions of
M. truncatula (Kim and Cook, unpublished data), which is consistent with the expectation
that the arms ofM.truncatulaare rich in transcribed genes and that repeat sequences will be
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underrepresented in the intergenic regions. This implies that positional cloning strategies for
genes located in the euchromatic regions will not be hampered by a high density of repeated
sequencessuchasmightbeexpected inheterochromaticpartsofchromosomes.
The degree of chromatin condensation in a euchromatic part of chromosome 5was shown to
beabout 300kbper um,similartothat ofArabidopsis euchromatin whichvariesbetween 150
- 300 kb/um (Fransz et al., 1998;Fransz et al., 2000). Assuming that the average degree of
condensation in the euchromatic regions of M. truncatula is about 300 kb/um, one can
estimate the fraction of the M. truncatula genome contained within euchromatic and
heterochromatic regions, respectively. As shown in Table 1, the total length of pachytene
chromosomes is406 um,of which about 350 um iseuchromatic. Thus,thetotal euchromatic
fraction ofM. truncatulaDNA is estimated at 105Mb (i. e 300kb/um x 350 um). Since the
genome size is about 500 Mb, 395 Mb, or almost 80% of the M. truncatula genome, is
estimatedtooccupyheterochromatic regions.Thesevalues,ofcourse,aretheresultofarough
calculation, since the degree of condensation within euchromatin hasonlybeen determined in
one region. Nevertheless, it strongly indicates that the majority of the genome is located in
heterochromatic region. Since this part of the genome is clustered in the pericentromeric
regions which arepredicted to contain few transcribed genes,itwill beattractive and possible
to focus a future M. truncatulagenome sequencing program on the euchromatic parts of the
chromosomearms.
The detailed pachytene karyotype along with 20 BACs, which could be positioned in the
euchromatic region of the long or short arms of the chromosomes (Fig. 2),nowprovides the
basis for a high resolution cytogenetic map and will be the first step in the integration of the
physical, chromosomal and genetic maps. Once sufficient markers are mapped to cover all
chromosome regions, an informative cytogenetic map will provide an indispensable tool for
mapbased cloning studies where reliable estimation of the physical lengths between adjacent
markers and their precise position with respect to centromere, telomere and heterochromatin
areas is required. Furthermore, it can reveal interesting cytogenetic properties. For example
our studies indicatethatthe small chromosomes #6 and#8display ahigher cM/umratio than
the other chromosomes. A more detailed comparison of the genetic and cytogenetic map is
therefore essential to show whether this difference holds true for the other euchromatic
regions of these small chromosomes, and such comparison can provide the basis to study
differential chromosomal behaviour.
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EXPERIMENTAL PROCEDURES
Preparation of meiotic pachytene chromosomes
Themethod we developed for thepreparation ofMedicagopachytene spreads isadapted from
theArabidopsisprocedure described by Ross et al., 1996.Immature flower buds of 1.5 - 1.8
mminlengthwere directlyfixedinethanol/acetic acid (3:1) for atleast 3hand canbe stored
inthis fixative at -20°C for several months.For cell wall digestion werinsed thebuds 3times
for 1min indeionised water andtransferred them toapectolytic enzymemixture [0.3%(w/v)
pectolyase Y23 (Sigma), 0.3% (w/v) cytohelicase (Sepracor) and 0.3% (w/v) cellulase RS
(Sigma) in citrate buffer (10 mM sodium citrate buffer, pH 4.5)] at 37 °C for 2 h. The
vulnerable material was rinsed again with deionised water and each flower bud was
transferred to a droplet of water on a microscope slide. Anthers were dissected from flower
budswithfineneedlesandtransferred toagrease-free slide.Theresulting cell suspension was
spread onaclean glass slide with 30 ul of 60%acetic acid at45 °Cfor 1 min.Finally 1 mlof
ice-cold ethanol/acetic acid (3:1) was added in a circle around the suspension before leaving
theslidestodry.

Probe preparation and labelling
Clone pCT4.2, which contains a 5S ribosomal DNA repeat unit (-500 bp) of Arabidopsis
ihalianain pBS (Campell et al., 1992), was PCR-labelled with biotin-16-dUTP (Boehringer
Mannheim) accordingtothe instructions ofthemanufacturer. ClonepTA71,which containsa
9.1 kb fragment of 18S-5.8S-26S rDNA of common wheat (Gerlach and Bedbrook, 1979),
was labelled with digoxigenin-11-dUTP using the high primed labelling kit (Boehringer
Mannheim). The MR1 repeat was identified in the randomly isolated BAC 75N01 (20 kb
insert) and BAC 53F10 (30 kb) clones of M. truncatula(Table 2). The ends of these BAC
clones are composed of a series of 166 bp long direct repeats, named MR1 (Fig. 1). Two
oligonucleotide

primers (5' AAAAATTCGAATGCACCAAAACTGG

3' and 5'

TCAGGATCTCATGAAACTGCTCTTTT 3') were used to amplify a 307 bp fragment by
PCR with DNA of BAC75N01. This fragment was subcloned in the pGEM-T (Promega).
Clone pMfRl containing a 307 bp fragment of the 166bpMfRl repeat motif was labelled by
PCRwithdigoxigenin-11-dUTP(BoehringerMannheim).

BACclone isolation and manipulation
Bacterial Artificial Chromosome (BAC) clones of M. truncatula genotype Jemalong A17
were identified either bymeansofhybridization tohigh densityfilterarraysobtained from the
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Clemson University Genomics Institute (http://wrww.genome.clemson.edu), or by PCRscreening of amultiplexed DNA copy oftheM. truncatulaBAC library asdescribed byNam
et al. (1999). BAC DNA was isolated according to the alkaline lysate method (Woo et al.,
1994) and labelled with either biotin-dUTP or digoxigenin-dUTP using the nick translation
mix (Boehringer Mannheim) for FISH. BAC end sequencing wasperformed on whole BAC
clones using primers complementary to the pBeloBACll vector ("left primer":
AACGCCAGGGTTTTCCCAGTCACGACG; "right primer": ACACAGGAAACAGCTATG
ACCATGATTACG). The low pass survey sequence reported in Table 2 and at
"http://chrysie.tamu.edu/medicago" was obtained by sequencing of fragmented sub-libraries
from individual BAC clones. Briefly, BAC DNA was sheared to a range of 1to 3 kb and
subcloned intotheSmalsiteofpUC18.Thetemplate DNAfor sequencingwasobtained either
by PCR using universal primers, or by isolation of plasmid DNA. Plasmid DNA was
sequenced usingauniversalprimerdirected againstthepUC18poly-linker(i.e.
CAGGAAACAGCTATGACCATGATTACGA).

Fluorescence insituhybridization (FISH)
FISH was performed as described in detail by Zhong et al. (1996) without pepsin treatment.
For hybridizations with the BAC10F20 and BAC63C24 clones the addition of competitor
DNA was required. We added a 100-fold excess of fragmented genomic DNA to the
hybridization mixture,before denaturation at 80°Cfor 10min and pre-annealingat 37 °C for
1 h. After thistreatment the mixture was appliedto slides (Jiang etal., 1995).Genomic DNA
was isolated from seedlingsofM.truncatulaaccordingtothe CTABDNA extraction method
(Rogers and Bendish, 1988) and subsequently fragmented by autoclaving at 15 lb/cm for 5
min.Biotin-labelled probeswere detected with Avidin -TexasRed and amplified withbiotinconjugated goat-anti-Avidin and Avidin-Texas Red. Digoxigenin-labelled probes were
detected with sheep-anti-digoxigenin-fluorescein (FITC)andamplified with rabbit-anti-sheepFITC. Double fluorescence detection of probes was performed according to Fransz et al.
(1996). Chromosomes were counterstained with DAPI (4',6-diamidino-2-phenylindole) in
Vectashield anti-fade solution (Vector Laboratories), 5 ug/ml. Some chromosome
preparations were re-used for FISH with a new set of probes according to the method of
Heslop-Harrison et al. (1992). Chromosome preparations were studied and photographed
under a Zeiss Axioskop fluorescence microscope equipped with separate excitation filter sets
for DAPI (01), FITC (09) and Texas Red (14). FISH signals with different colours were
recorded on a single photograph by double exposure. The colour negatives were scanned at
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1000 dpi and their digital images were optimised for contrast and brightness using Adobe
Photoshop 5.0.2 (Adobe Inc.). To separate individual bivalents, each bivalent was digitally
excised and copied into anewimage.Chromosomes weremeasured with "MicroMeasure", a
freeware

software

programme

from

Colorado

State

University

(http://www.colostate.edu/Depts/Biology/MicroMeasure). Chromosome nomenclature was
accordingtoLevanetal.(1964).
Genetic Mapping
Genetic markers were developed on the basis of BAC end sequence information (a so-called
BAC End Sequence Tag or "BEST"), obtained from BAC clones listed in Table 2. Briefly,
oligonucleotide primers were designed based on the corresponding BAC end sequence
information, and used to PCR amplify and sequence genomic DNA from the M. truncatula
A17 and A20 genotypes (Penmtesa and Cook, 2000). Restriction enzyme polymorphisms
were identified by comparing sequence differences between the parental genotypes against
known restriction sites. The resulting CAPS (cleaved amplified polymorphic sequences) or
length polymorphism markers were mapped on a population of 93 F2 progeny from a
genotype A17XA20 cross (Kim et al., inpreparation). Polymorphic DNAswere resolved on
a 1.5% agarose gel and visualised by ethidium bromide staining. Primers, PCR conditions,
and

restriction

enzyme

information

is

given

at

"http://chrysie.tamu.edu/perl-

bin/mt_marker_query.2.pl".DNAwasextracted from themapping population bymeansofthe
Nucleon Phytopure kit (Amersham Life Sciences, Inc.), according to manufacturer's
instructions.
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CHAPTER 6

CONCLUDING REMARKS
One of the most interesting questions of plant biology and comparative genomics is whether
the ability of legume and actinorhizal plants to establish a nodular symbioses, is given by
unique properties that can be observed at the genome level. Addressing this question requires
the comparison of genomes of nodule-forming plants with the genomes of other non-noduleforming plants, in order to test whether symbioses-specific genes and chromosomal segments
do exists. These studies will promote not only the identification of such genes, but also the
synteny-based positional cloning of these and other genes which phenotypes are described in
species with acomplex genome. Withthe latteraim inmind, comparative genomic studies on
the legumes Pisum sativum and Medicago truncatula were initiated in this thesis. These
studies were focused on genomic regions containing two pea loci, Sym2 and Nod3, involved
in the control of Nod factor-structure dependent infection and autoregulation of nodule
number, respectively. It is expected that the results presented here will soon lead to the
cloning of these two loci. Moreover, these results set the basis for the comparison with other
nodule-forming and non-nodule-forming plants that could result in the discovery of novel
genesand geneclusters,ifany,that could beuniquefor thenodulationprocess.

Chapter 2 describes structural comparative genomic studies between two plants belonging to
the Leguminosae: Pisum sativum bv viciae (pea) and Medicago truncatula A17 line. This
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chapter represents the beginning of a microsynteny-based positional cloning approach for the
pea Sym2 gene. Previous positional cloning approaches were done directly in pea (Kozik,
1996; Geurts, 1998). In this thesis (Chapter 2), a marker which is tightly linked to Sym2
(Geurts, 1998), was used to screen a Medicago truncatula A17 BAC library and three
physically unlinked contigs (named cl, c2 and c3) were constructed and extended by
chromosome walking to a final total size of about 600 Kbp of the A17 genome. RFLP
markers were isolated from these contigs and mapped in pea by using a series of RILs and
introgression lines.Through the isolation of 8RFLP markers it was demonstrated that cl and
c2are highly microsyntenic with the pea "Sym2(containing) region", and that therefore cl/c2
represents the M. truncatulaSym2-orthologous genomic region. Furthermore, three of these
RFLP markers could be used to map recombinations in pea at both sides around the Sym2
locus,delimitating the S)7ra2-orthologousregion to about 350 Kbp ofthecl/c2 sequence. The
useofMedicago truncatulaas intergenomic positional-cloning vehicle ofpeagenes located at
microsyntenic regions is demonstrated by the isolation of the cDNA clone PscLRR52from a
pea root hair library. PscLRR52 encodes for a protein with a LRR motif that is highly
homologous to the LRR motif of the Cf4 and Cf9 disease resistance proteins[Licopersicon
esculentum]. RFLP mapping revealed that the pea Sym2 region is rich in Cf4 and C/9
[Licopersicon esculentum] homologous sequences (including the LRR motives), as the
Medicagocl/c2regionis.

In Chapter 3, the distribution of several sequences is studied in cl/c2 and c3, through the
construction of detailed contig molecular maps. It is shown that the general sequence
composition of cl/c2 is different from c3, although c3 contains a sequence that is highly
homologous to PscW62-l. This confirms that cl/c2 is the Sym2-OT\ho\og\is region. However,
Mtg3552 and Mtc411 from cl/c2, and the c2 genomic subclone Mtg2.4, like PscW62-l,
hybridize with sequences present in both cl/2 and c3.Moreover, it was found that Mtg3552
and Mtg2.4, and PscW62-l and Mtc411, are physically clustered in cl/c2 and c3, and that
these clusters have a similar order. Thus, the clustering and linearity of these 4 markers
indicates that cl/c2 and c3 arose as a consequence of a genome duplication, rather than by
independent evolution. Similar to this, chromosomal segment duplications were described in
the Poaceae and the Brassicaceae (Ann et al., 1993; Chen et al., 1997; Conner et al., 1998;
Grant et al., 2000; Helentjaris et al., 1998; Kishimoto et al., 1994, Ku et al, 2000;
Langercrantz, 1998, Nagamura et al., 1995). Arabidopsis disease resistance genes encoding
LRR-containing proteins arose by numerous duplications of LRR encoding segments as well
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as intragenic unequal recombination events (Noel et al., 1999). It is possible that similar
mechanismshavebeeninvolved ingeneratingthevariousLRR sequencesinc2.
In Chapter 4, the RNA differential display resulted in the isolation of the pea RFLP markers
dd21.5and Psc2.6 (as revealed byPsc2.6[ABl]) that are tightly linked and separated by two
recombinations (intheused setofRILs)from the nod3hypernodulation locusthatmaps2cM
aboveSym2.Theserecombinations mapbetweenSym2andNod3,aposition referred astothe
"south" of Nod3. Although the distance between these two markers and Nod3 has not been
determined by mapping using a large F2 segregating population, an estimation can be made
since two recombinations have occurred between these two markers and Nod3, and similarly
two recombinations (within the same set of RILs) are observed between the cl markers
Mtc831 and Mtc923, and Sym2. Thus, dd21.5 and Psc2.6 are probably as close to the Nod3
locus, as Mtc923 and Mtc831 are from Sym2. The Medicago «Sym2-orthologous region was
determined (Chapter 2) to be about 350 cl/c2 Kbp, indicating that the size of theMedicago
region that could contain Nod3, dd21.5 and Psc2.6 would be similar. Therefore the
identification and construction of the M. truncatula A17 genomic region containing the
orthologues ofdd21.5andPsc2.6wasinitiated.ThisregionmightcontaintheMedicagoNod3
orthologue. By screening aM. truncatulaA17 BAC library with marker dd21.5,BAC clone
21F22 was isolated. BAC 21F22 fully contains the MedicagocW27.5-orthologue single copy
sequence Mtg21.5, but it does not contain the Psc2.6 orthologue. However, five additional
BAC clones were identified that co-hybridize both with dd21.5 and Psc2.6, and since
Mtg21.5 is single copy in Medicago, it is likely that these five BACs form a contig with
21F22. Alternatively, these five BACs could be not linking to BAC 21F22, but contain the
GW27.5-distanthomologous sequence that was identified by low stringency Southern blotting.
In any case, the simultaneous presence of the dd21.5 and Psc2.6 hybridizing sequences on
these five BACs, demonstrates that Medicagocontains genomic regions microsyntenic with
thepealinkagegroupIregioncontainingdd21.5andPsc2.6.
Synteny is often disrupted at both the chromosome and megabase/submegabase levels. Even
for verycloselyrelated species, synteny isnotabsolutely conserved (e.g.sorghumandmaize).
This is caused by events like inversions, duplications, translocations and deletions. Chapter 4
describes a translocation either in Medicago or in pea. When BAC 21F22 (containing the
single copy orthologous sequence Mtg21.5) was studied by FISH it mapped on Medicago
chromosome 4.These reflects achange in synteny between Medicagochromosome 5andpea
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linkage group I that were syntenic at the chromosomal level (e.g. at the Sym2 and EU2 loci)
andmicrosyntenic attheSym2region.Incontrast withothermarkersfrompealinkagegroupI
that were syntenic with Medicagochromosome 5,21F22 revealsthat M21.5 is syntenic with
Medicagochromosome 4. Whether this synteny with chromosome 4 extends beyond dd21.5
and includes the Nod3 locus is unknown, but could be analyzed by studying markers located
tothe "north"ofNod3. Apartfromthe strongFISH signal given by21F22on chromosome 4,
21F22 gives weak reproducible FISH signals on chromosome 5, close to both telomeric
regions on the two homologous chromosomes. In one case, this location is similar to that of
the cl/c2 Syw2-orthologous region, and so it cannot be excluded that this chromosome 5
sequence weakly hybridizing with BAC21F22 has a position "syntenic" with the peadd21.5
region. This could be well analyzed by FISH of a BAC from the cl/c2 Sy/«2-orthologous
region in combination with BAC21F22. Thus, BAC 21F22, located on chromosome 4,
hybridizes with homologous regions on chromosome 5. Future experiments will be essential
to test whether the five BACs that contain both the dd21.5 and Psc2.6 orthologues map in
chromosome 4 and form a contig with 21F22, or whether they contain the dd21.5-diisXanX
homologue and might map in chromosome 5 at the location where the Medicago Nod3
orthologue may map when synteny exists with Medicago chromosome 5 beyond the nonsyntenicMtg21.5locus.

The studies presented inthisthesis demonstrate that microsynteny exists betweentwo species
belonging to the Leguminosae. Thus, one of the main questions addressed within thisthesis,
whether legumes are microsyntenic, is answered for two species belonging to two different
butrelated tribesoftheLeguminosae:PisumsativumandMedicago truncatula,oftheVicieae
and Trifolieae tribes, respectively. Microsynteny in plants was extensively studied within the
Poaceae (grasses) and the Brassicaceae (e.g.Arabidopsis,Brassica).Ingrasses, long-range as
well as local high colinearity were reported, at the whole-genome, and at the megabase /
submegabase levels, respectively (Bennetzen et al. 1997, Foote et al. 1997, Gale et al. 1998,
Hulbert et al. 1990,Dunford et al. 1995,Kilianet al. 1997,Chen etal. 1997,Ahnet al.1993,
Tikhonov et al. 1999). A high level of colinearity was also observed within the Brassicaceae
(Conner et al., 1998). In contrast, when grasses were compared withArabidopsis,a low level
ornocolinearity wasobserved (Devos etal. 1999,van Dodeweerd etal. 1999).Thus,someof
these studies, together with the data presented in this thesis, indicate that submegabase
microsynteny is conserved between species within plant families, while in general,
microsynteny is no longer observed when more distanly related plants like monocots and
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dicots arecompared. Atpresent, no comparisons have beenreported yet for species belonging
to different dicot plant families. The RFLP markers and additional sequences that were
subcloned from cl/c2 will enable the (microsyntenic) comparison of the Sym2 region with
region(s) within the Arabidopsis genome. This will answer the question as to whether
microsynteny exists between species belonging to closely related clades of dicots: Pisum
sativum and Medicagotruncatulafrom the Rosid Iclade, andArabidopsis from the Rosid II
clade.
The pea and Medicago molecular resources presented in this thesis (RFLP markers, cl/c2
subclones and cDNAs,peacosmid contigs,MedicagoBACs),will be useful toreadily extend
comparative microsynteny studies, to other nodulating and non-nodulating plants, such as
Lotusand actinorhizal plants,andArabidopsisand grasses,respectively. These studieswill be
crucial to know whether genes specific of nodule-forming plants do exist at the Sym2 region,
and whether Sym2 itself is one of such specific genes. Moreover, it will answer the question
astowhether asymbioses-specific genecluster existsattheSym2region. Similar comparative
studies can be done on genomic regions carrying other important loci involved in nodulation
(e.g.Nod3),by comparing fully sequenced genomic regions, or when such sequences are not
available by using the molecular genetic methodologies presented in this thesis. Moreover,
these studies can be done at the whole genome level by comparing and integrating
recombination maps of species. All these studies will enhance the identification, cloning and
functional characterization ofgenesthat areuniquetonoduleforming plants.
The findings reviewed in Chapter 1 indicate that (some of) the mechanisms controlling
nodulation are widespread in the plant kingdom. Some genes and signaling pathways that
were considered to be specific of nodulating plants were found inplants unableto establish a
nodule symbiosis. For example, a mutant carrot suspension cell line was rescued by the
addition ofNod factors inthemedium (de Jong etal., 1993),and aNod factor perception and
transduction machinery was found in rice (Reddy et al., 1998). In addition, at least some
common genes are essential for a signal transduction pathway leading to gene activation in
both nodular symbiosis and endomycorrhizal symbiosis (Albrecht et al., 1998).Furthermore,
genes that before were considered to be symbioses-specific, have been found to be expressed
in other non-symbiotic plant tissues, and part of the infection steps of the symbiosis, are
derived from the cell cycle machinery. All these data indicate that the nodulation process is
(in part?) derived from processes that are widespread among higher plants. Thus, it is
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probable that comparative genomic studies similar tothe onespresented inthisthesis,andthe
extension of these studies to other nodule-forming and non-nodule-forming species, could
help to reveal whether genes specific of nodule-forming plants do exist and are responsible
for the unique properties shared by these plants. In addition, comparative genomics in
combination with fuctional genomics will help to reveal how features common to all plants
havebeenrecruited for specific functions innodulation.
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SUMMARY
To determine the usefulness ofM. truncatula as intergenomicvehicle for the positional cloning
ofpeagenes itwas studied whetherthese legumesaremicrosyntenic.These studieswere focused
on the pea Sym2 and Nodi genomic regions. The M. truncatulaorthologous genomic regions
havebeen cloned and itwasshownthattheseregionsofthetwo legumesaremicrosyntenic.Both
Sym2andNod3play akey role inthepea-Rhizobium symbiosis,controllingNod factor-structure
dependent infection andautoregulation ofnodulenumber, respectively.
AM. truncatula Ml BAC library was screened with apeamarkertightly linked toSym2and 11
clones were isolated. These clones formed three different contigs cl, c2, and c3. These three
contigs were extended to about twice their original size by chromosome walking. Genetic and
FISH mapping in Medicagorevealed that the three contigs map on chromosome 5, and that cl
and c2 aretightly linked while c3mapsatadistance of9cM from cl/c2 onthe samearm ofthis
chromosome. 8 RFLP markers (including cDNAs and contig subclones) were isolated from
cl/c2. Mapping of these markers usingpea RILsand introgression lines demonstrated that cl/c2
represents the MedicagoS>vw2-orthologous genomic region. Moreover, three markers showed
recombinations between their pea homologous sequences and Sym2,delimitating the peaSym2
region in the RILs and introgression lines and the Medicago 5ym2-orthologous region. The
Medicago SyOT2-orthologous region was delimitated to about 350 Kbp of cl/c2. In addition, by
using ac2 subclone that encodes for asequence highly homologous tothe LRR-motifofthe Cf4
and Cf9 tomato [L. esculentum] disease resistance proteins, apeacDNA was isolated from apea
root hair library that also contains a LRR-domain highly homologous to that of C/4ICJ9. The
isolation of this pea RFLP marker demonstrates the use of M. truncatula as intergenomic
positional-cloning vehicle of pea genes located within microsyntenic genomic regions.
Furthermore, it was shown that the pea Sym2-region is rich in Cf4ICf9LRR-like sequences.
Detailed analysis of 22 sequences from cl/c2 (including all RFLP markers) showed that 4 of
these sequences have homologues in c3, and that they are organized in clusters with a similar
linear order inthese contigs.This indicates that cl/c2 and c3probably arose through duplication
ofachromosomal segment.
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By using the RNA differential display in combination with RILs and introgression lines, the
tightly linked RFLP markers dd21.5 and Psc2.6 were isolated that are linked to the
hypernodulating Nod3 locus and represent the closest markers mapping to the "south" of this
locus on pea linkage group I. These markers were used to identify the M. truncatulaA17
orthologous region with theaimto startthemicrosynteny-based positional cloning ofNod3. The
M. truncatulaA17 BAC library was screened with these two markers. BAC clone 21F22 was
isolatedthat containstheorthologue ofdd21.5. Inaddition 5BACcloneswere identified thatcohybridize with both dd21.5 and Psc2.6, demonstrating the existence of Medicago genomic
regions microsyntenic with the pea genomic region containing these two markers. BAC 21F22
was mapped by FISH on Medicago chromosome 4, showing a local disruption of synteny at the
dd21.5locus between pea linkage group 1and Medicagochromosome 5that were syntenic for
other markers (e.g. the markers isolated from the S_yAw2-orthologous region, and the peaEU2
marker). This finding reveals a chromosomal translocation that took place either in pea or in
Medicago.However, it is unknown whether this translocation extends beyond the dd21.5locus
and includes the Nodi locus. In addition to the strong FISH signal given by 21F22 on
chromosome 4, weak signals were observed close to the telomeres of chromosome 5 and the
position of one of these signals is comparable to the position of the cl/c2 5yw2-orthologous
region. Thus, it is possible that in spite of the translocation, chromosome 5 contains sequences
withalowhomologywiththoseofthepea linkage groupIsegmentcontainingdd21.5. Itremains
to be determined whether the five microsyntenic BACs map in these chromosome 5regions or
whethertheymapinchromosome4and form acontigwithBAC21F22.

Thedatapresented inthisthesis setthebasisforthe microsynteny-based cloning oftheSym2and
Nod3 genes by using M. truncatulaas intergenomic positional-cloning vehicle. In addition, the
molecular resources generated inthisthesisareuseful toextend microsynteny studiesattheSym2
andNod3regionstoother legumeandactinorhizal nodule-forming species(e.g.Lotusjaponicus),
and alsotonon-nodulatingspecies,(e.g.Arabidopsis). Thiswill enabletheidentification ofgenes
within these genomic regions that might be unique to nodule-forming plants and to symbitic
nitrogen fixation
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SAMENVATTING
Erwt is een belangrijk cultuur gewas maar omdat het genoom van deze plant groot is, is het
zeer moeilijk om genetisch gei'dentificeerde genen te kloneren. Medicago truncatula heeft
daarentegen eenveelkleiner genoom. Het isdaarom aantrekkelijk om Medicago te gebruiken
als 'intergenomic cloning vehicle' voor erwtengenen. Om te beoordelen of dit mogelijk zou
zijn, is bepaald of de genenvolgorde van deze 2 vlinderbloemigen veel op elkaar lijkt
(microsynteny). Deze studies zijn gericht geweest opderegio'srond deerwtengenen Sym2en
Nod3, twee genen die een rol spelen in de Rhizobium-plant interactie. De overeenkomstige
Medicago regio's zijn gekloneerd en er is aangetoond dat de volgorde van de genen in deze
regio'sgeconserveerd is.
M.b.v. een erwtenmerker die strikt gekoppeld is aan Sym2 werden uit een Medicago BAC
bibliotheek klonen gei'soleerd die 3 contigs, cl, c2 c3, vormden. M.b.v. "chromosome
walking" zijn deze contigs vervolgens verlengd. Genetische analyses lieten zien dat deze 3
contigs op chromosoom 5 gelegen zijn en dit werd m.b.v. FISH studies bevestigd. Cl en c2
zijn nauw gekoppeld en c3 ligt 9cM verwijderd van deze 2 contigs. 8RFLP merkers werden
gei'soleerd die op cl/c2 gelegen zijn. De genetische positie van deze merkers op het
erwtengenoom werd bepaald m.b.v. RILsen introgressie lijnen endeze studies lieten zien dat
cl/c2 het Medicago gebied ortholoog aan de Sym2 regio van de erwt omvat. Verder werden
de overeenkomstige posities van recombinaties die het Sym2 gen in de erwt flankeren op
cl/c2 bepaald. Op grond hiervan kan geconcludeerd worden dat het gebied waarbinnen een
evt. Medicago Sym2gengelegen ismaximaal 350kbgroot is.Verderwerdmeteen fragment
van c2, dat sterk homoloog is met het LRR-motief van de Cf4 en Cf9 resistentie genen van
tomaat, een erwte cDNA kloon gei'soleerd die codeert voor een eiwit dat ook een dergelijk
LRR domein bevat. De isolatie van deze erwtenkloon bevestigd dat Medicago een goede
intermediair is voor de klonering van erwtengenen. Verder werd aangetoond dat de Sym2
regio van de erwt relatief veel LRR-achtige sequenties bevat. Hybridisatie studies met 22
subfragmenten van cl/2 (inclusief alle gebruikte RFLP merkers) lieten zien dat 4 fragmenten
hybridiseren met c3 fragmenten. De clusters waarin deze sequenties voorkomen hebben inde
beide contigs een zelfde volgorde. Dit geeft aan dat cl/c2 en c3 zijn ontstaan door duplicatie
vaneenchromosoom segment.
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M.b.v. RNA differential display zijn de RFLP merkers dd21.5 en Psc2.6 gei'soleerd die beide
nauw gekoppeld zijn aan het Nod3 locus en hiervan ten zuiden liggen. De M. truncatula
orthologe regio is vervolgens gei'soleerd met als uiteindelijke doel Nod3 te kloneren.
Medicago BAC 21F22 bevat een ortholoog van dd21.5. Verder werden 5 BAC's gei'soleerd
die met beide erwtenmerkers hybridiseren, hetgeen aangeeft dat de regio's waar deze genen
gelegen zijn eengeconserveerde genvolgorde hebben. FISH studies lietenzien datBAC21F22
gelegen is op chromosoom 4, hetgeen betekent dat de synteny tussen koppelingsgroep Ivan
erwt en 5 van Medicago dus verstoord is. Dit wijst erop dat in erwt of Medicago een
translocatie heeft plaatsgevonden. Het is echter niet duidelijk of deze translocatie ook Nod3
omvat.21F22hybridiseert sterk met chromosoom 4maarook met 2gebieden, gelegen aande
einden van chromosoom5.De positie van eenvan deze gebieden is vergelijkbaar met die van
cl/c2 enhet isdaaromnietuitgesloten datchromosoom 5van Medicago sequenties bevat die
enigehomologie vertonen metdd21.5.

De waarnemingen beschreven in dit proefschrift vormen een basis voor de klonering van de
erwtengenen Sym2 en Nod3 mm. M.truncatula als 'intergenomic cloning vehicle'. Verder
kunnen de gekloneerde fragmenten gebruikt worden om de Sym2 en Nod3 orthologe
gebieden van andere vlinderbloemigen (b.v. Lotusjaponicus), actinorhiza planten en soorten
die geen wortelknolsymbiose kunnen aangaan (b.v. Arabidopsis) te analyseren. Dit zal het
mogelijk maken genen op te sporen die uniek zijn voor planten die stikstofbindende
wortelknollenkunnen vormen.
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RESUMEN
Con el objetivo de determinar el valor de Medicago tuncatulacomo vector intergenomico
para el clonado posicional de genes en la arveja (Pisum sativum), se estudio el nivel de
microsintonia entre estas dos especies de leguminosas. Estos estudios se enfocaron en dos
regiones genomicas independientes de la arveja que contienen los loci Sym2 y Nod3,
respectivamente. Las regiones genomicas ortologas de M. truncatula fueron clonadas,
demostrandoselaexistencia demicrosintonia entre estas regionesenambasespecies.Sym2y
Nod3 tienen un rol principal en la simbiosis arveja-Rhizobium, y controlan la infection
bacteriana dependiente de la estrucutra del factor de nodulacion ("Nod factor") y la
autorregulacion delnumerodenodulos,respectivamente.

Una biblioteca genomica BAC ("Bacterial Artificial Chromosome") fue investigada
empleando una sonda correspondiente a un marcador molecular (RFLP) ligado al gen Sym2.
Esto resulto en el aislamiento be 11 clones BAC que se organizaron en 3 contigs
independientes: cl, c2yc3. Lostres contigs fueron extendidos aproximadamente aldoblede
su dimension por la tecnica de "caminando sobre el cromosoma" ("chromosome walking"),
resultando en contigs de 300 Kbp, 170 Kbp y 150 Kbp para cl, c2 y c3, respectivamente.
Mapeo genetico ypor FISH ("Fluorescent In Situ Hybridization") en cromosomas meioticos
de M. truncatula en estadio de paquiteno demostraron que los tres contigs mapean en el
cromosoma 5 y que cl y c2 se encuentran altamente ligados mientras que c3 mapea a una
distancia de 9 cM de la region genomica cl/c2 en el mismo brazo del cromosoma. Ocho
marcadoresmoleculares,incluyendo cDNAsysubclonesde loscontigs,fueron aisladosdela
region cl/c2. El mapeo de estos marcadores moleculares empleando RILs ("Recombinant
Inbreed Lines") y lineas introgresivas ("introgression lines") demostraron que la region
cl/c2 representa la region de M. truncatula que es ortologa a la region de la arveja que
contiene el locus Sym2. Mas aun, tres marcadores moleculares mostraron recombinaciones
entre sus secuencias homologas en arveja y Sym2. Como consecuecia la region genomica
cl/c2 de M. truncatula, ortologa de la region Sym2 de la arveja, quedo delimitada en 350
Kbp. Ademas, un subclon dec2 conaltahomologia almotivo LRR (Leucine Rich Motif) de
los genes de resistencia a patogenos de tomate [Licopersiconesculentum] Cf4 y C/9 se
utilizoparaaislarelcloncDNAPscLRR52deunabiblioteca decDNAspreparada apartirde
pelos radiculares de arveja. PscLRR52 tambien contiene un motivo LRR altamente
homologo al de las proteinas Cf4 y Cf9. Cuando este cDNA fue mapeado por RFLP en
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arveja, se encontro que hibridizaba a 7 fragmentos de restriction 5 de los cuales eran
polimorficos y se encuentraron altamente ligados a Sym2. Esto demuestra el valor de M.
truncatula como vector intergenomico de clonacion positional de genes de arveja
comprendidos en regiones genomicas microsintenicas. Tambien se demostro que la region
genomica de laarveja que contiene el gen Sym2 es rica en motivos LRR de tipo Cf4 y Cf9,
que por otra parte podrian corresponder al gen Sym2. Entre varios otros genes aislados
candidates a ser el gen Sym2 se encuentran diferentes kinasas de tipo receptor y genes de
resistencia que contiene motivos LRR de tipo TMV. El analisis detallado de 22 secuencias
aisladas de cl/c2 (incluyendo todos los marcadoresRFLP) yde la region Sym2 de la arveja,
mosto que 4 de estas secuencias presentan secuencias homologas en c3, que se encuentran
organizadas en grupos ("clusters") que presentan un orden linear similar en estos contigs.
Esto indica que las regiones genomicas cl/c2 y c3 surgieron probablemente como resultado
deunaduplication deunsegmentocromosomico.

Empleando la tecnica de "RNA differential display" en RILs y lineas introgresivas, fueron
aislados los marcadores moleculares de tipo RFLP dd21.5 y Psc2.6, que se encuentran
altamente ligados entre si y ligados al locus Nod3 {nodi corresponde a la mutation
supernoduladora). Estos dos marcadores constituyen los marcadores que presentan hasta la
fecha el mas alto ligamiento al "sur" del locus Nod3 que se encuentra en el grupo de
ligamineto Ide la arveja. Seemplearon estos marcadores para identificar laregion genomica
ortologa de M. truncatulaque contiene los homologos de estos marcadores, con el objetivo
de comenzar el clonado positional de gen Nod3 de arveja basandose en la microsintonia
entre estas dos especies. Asi se investigo la biblioteca BAC de M. truncatula empleando
ambos marcadores como sonda. El clon BAC 21F22 que contiene el ortologo dedd21.5 fue
aislado. Ademas, 5clones BAC fueron aislados que co-hibridizan con dd21.5ycon Psc2.6,
demostrandose la existencia de regiones genomicas en M. truncatula que presentan
microsintonia con la region de arveja que contiene estos dos marcadores en el grupo de
ligamiento I. El clon BAC 21F22 fue mapeado por FISH en el cromosoma 4 de M.
truncatula,demostrandose asi una disruption local, a nivel del locus dd21.5, de la sintonia
entre elcromosoma 5deM. truncatulayelgrupo de ligamiento Ide laarveja que mostraron
sintonia cromosomica para otros marcadores (p.e. marcadores de la region ortologa de la
region Sym2,yel marcador de la arveja EU2). Este descubrimiento revela una translocation
cromosomica que ocurrio en la arveja o en M.truncatula.Sin embargo, no es sabido aun si
esta translocation se extiende masaliadel locus dd.21.5 e incluye el locusNod3.Ademas de
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la hibridizacion intensa de la BAC 21F22 reveladas por FISH en el cromosoma 4,
hibridizaciones tenues se registraron cerca de los telomeres del cromosoma 5 siendo la
position de una de estas comparable con aquella de la region 5y/n2-ort61oga cl/c2. Por lo
tanto, es probable que a pesar de esta translocation, el cromosoma 5 contenga secuencias
con baja homologia con aquellas del grupo de ligamiento I de arveja alrededor del locus
dd21.5. Resta aun por determinar si los 5 clones BAC microsintenicos mapean en M.
truncatulaen estas regiones del cromosoma 5, o si mapean en el cromosoma 4 formado un
contigconelclonBAC21F22.

Losresultados presentados enestatesis constituyen la"estructura"paraelclonadobasadoen
microsintonia de los genes Sym2 y Nod3 de la arveja, empleando a M. truncatula como
vehiculo intergenomico de clonado posicional. Ademas, los recursos moleculares generados
en esta tesis son utiles para extender estudios de microsintonia de lasregionesSym2yNod3
a otras especies de leguminosas (p.e. Lotus japonicus) y actinorrizas formadoras de
"nodulos", y tambien a especies relacionadas no formadoras de "nodulos" pertenecientes al
clado Rosid Iyaespeciesmenosrelacionadas pertenecientes al clado Rosid II(p.e. especies
de los generos Arabidopsis y Brassica). Esto permitira la identification de genes
comprendidos en estas regionesgenomicasquepodrian serexclusivos deplantas formadoras
de nodulos y de esta fijacion simbiotica de nitrogeno. Dicho de otra forma, estos estudios
haran posible abordar una de las interrogantes mas importantes de labiologia vegetal ydela
ciencia decomparacion de genomas: si existen propiedades unicas de las plantas capaces de
establecer una simbiosis nodular y si estas propiedades han dejado su "firma" evidenciada a
niveldelaestructuragenomica.
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