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Introduct ion 

Garden pea (Pisum sativum L.) represents one of the mos t impor t an t models for s tudying p lan t 

developmenta l genetics. This species serves as a model object for mos t invest igat ions on the genetic 

cont ro l of formation of c o m p o u n d inflorescence, c o m p o u n d leaf and of symbiot ic in terac t ion w i t h 

nitrogen-fixing bacter ia (nodula t ion) . The la t ter p h e n o m e n o n is typical for mos t legumes and is of 

significant theoret ical and pract ical interest . By now, mult iple genes involved in the genetic cont ro l of 

nodu la t ion have been identified (for review see (2)) . 

One of the key processes in p lan t development is the regulat ion of s t e m apical mer i s t em (SAM) 

activity. Studies on the model p lan t Arabidopsis thaliana (L.) Heynh. (Brassicaceae) demons t r a t ed t h a t 

equi l ibr ium b e t w e e n SAM proliferation and keeping its volume stable is reached via the CLAVATA-

WUSCHEL regulatory feedback loop. Express ion of the gene WUSCHEL (WUS) mainta ins the 

mer is temat ic condi t ion of cells a n d activates express ion of the CLAVATA (CLV1, CLV2 and CLV3) gene 

family. CLV prote ins negatively regulate express ion of WUS t h u s l imiting its express ion pool (14). 

Muta t ions in CLV genes lead to abnormal enlargement of the WUS-expressing zone resul t ing in flower 

and s t e m fasciation. Genes of the FASCIATA (FAS1 and FAS2) family also serve as negative regulators of 

WUS (5). 

Al though no functionally confirmed homologs of CLV, FAS or WUS genes were identified in pea 

previously, some data exist suggest ing t h a t the same genes are involved in b o t h nodu la t ion processes and 

cont ro l of SAM activity in legumes (10). In pea, there are t w o gene muta t ions w h i c h are k n o w n to cause 

s t e m fasciation and hypernodula t ion: Nod4 (11) and Sym28 (9). Nod4 w a s localized earlier in linkage g roup 

(LG) V (11). There is also some evidence t ha t Sym28 also belongs to LGV (J. Wel ler , pers. comm.) . Fu r the r 

dissect ion of the activity, in teract ions and express ion of these genes may provide greater unde r s t and ing 

of the l ink b e t w e e n SAM activity a n d symbiot ic nodule formation. Major macrosynteny observed 

b e t w e e n the chromosomes of pea and alfalfa (Medicago sativa L.) (4) toge ther w i t h the availability of a 

nearly complete genome sequence of Medicago truncatula Gaertn. is expec ted to be helpful in identifying 

the candidate genes and their map-based cloning in pea. 

Our cu r ren t s tudy w a s aimed at the genetic mapp ing of Sym28 along w i t h the puta t ive pea homologs 

from A. thaliana for CLV2 and FAS1, w h i c h can be considered as candidate loci responsible for the 

fasciation trait . A brief character is t ic of these fragments is p resen ted in Table 1. The allelism tes t b e t w e e n 

nod4 and sym28 m u t a n t s w a s also performed in order to clarify the relat ionships b e t w e e n these genes. 

Table 1. Putative pea homologs of C L V 2 and FAS1 used as markers. 

Fragment Length, b.p. Nucleotide sequence 
homology with 

Arabidopsis 

Transla ted sequence 
homology* 

PsCLV2 835 92% (2 * 1 0 - 1 4 0 ) 87% 
PsFASI 933 67% (3 * 1 0 - 9 ) 71% 

*, synonymic replacements left out of account. E- value for homology to Arabidopsis 
nucleotide sequences is presented in parentheses. 
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Mater ia l s and M e t h o d s 

Plant material and growth conditions 

The following lines were used as mater ia l for this study: K301 (nod4) from the Ins t i tu te of Cytology 

and Genet ics (Novosibirsk, Russia) collection; P64 (sym28) from the All-Russia Research Ins t i tu te of 

Agricul tural Microbiology (Pushkin , Russia) collection and marke r line WL1238 from the Genet ics Dept. 

of Moscow State Universi ty ( M S U ) collection. Lines and filial progeny were p lan ted in an exper imenta l 

field on a terr i tory of S.N. Skadovskii Biological Sta t ion of M S U (Moscow District , Russia) in 2007-2008 

and also in greenhouse condi t ions . In total , 158 F 2 p lan ts from the cross P64/WL1238 were examined for 

morphological t ra i ts and 87 were sampled for further DNA analysis. This sample inc luded all fasciated 

recombinan ts toge ther w i t h a g roup of non-fasciated plants . 

DNA extraction, PCR conditions and genetic mapping 

DNA w a s ex t rac ted from freshly collected leaflets of parenta l lines and individual F 2 progeny from 

the cross P64/WL1238 using a modified CTAB procedure (12). PCR w a s carried ou t in a MC2+ the rmal 

cycler (DNA Technology, Russia) according to the pro tocol descr ibed earlier (6). Both morphological (gp, 

te, r, tl) and molecular (see Table 2) markers of LGV were used to localize gene Sym28 more precisely. T w o 

of the CAPS markers used in our s tudy, PsCLV2 and PsFAS1, represent puta t ive pea homologs of the 

genes CLV2 and FAS1 of A. thaliana respectively (unpubl i shed da ta ) thus being candidate genes for the 

fasciated pheno type in P64. The CAPS markers have been tes ted for po lymorph i sm b e t w e e n parenta l 

lines using 12 res t r ic t ion endonucleases: Tru9I, TaqI, RsaI, HaeIII, AluI, BstFNI, HpaII, HinfI, PspN4I, BstDEI, 

Bst4CI, and AspLEI (SibEnzyme, Russia) . PsCLV2 t u r n e d ou t to be monomorph ic in the cross 

P64/WL1238 (data no t shown) . Distances b e t w e e n markers were calculated using Mapmaker /EXP 3.0 

software package us ing the Kosambi mapp ing funct ion and LOD score th resho ld set at 3.0 (7). 

Table 2. Character is t ics of molecular markers used for mapping. 

Marker / 
Endonuclease* 

Genbank 
entry Primer sequences Marker 

type Source 

PsCLV2 / - DQ478949 F: 5'- C C T G A G A G T T T R C T K T A T T T G A A G T C - 3' 
R: 5'- GAGAAAGATACYTGAGGTTKGWCC- 3' CAPS Th is study 

PsFAS1 / TaqI DQ480717 F: 5'- CGTTGTCKAAGCTTGTWGATG- 3' 
R: 5'- AGCTTCWCWTCTATTTYTMTCC- 3' CAPS Th is study 

Fbpp / Hpal 1 L34806 F: 5'- C C T T A C T C T C C T T C A C G T C T - 3' 
R: 5'- C T T T T C A A C C T T C T C C A C C T - 3' CAPS (3) 

AD79 - F: 5'- A C A A G A C T T C C A G A A A T T T T G C A T - 3' 
R: 5'- AGGACTGATGACGGAGACAAAG- 3' SSR (8) 

AD175 - F: 5'- CTTGTGCAGAAGCATTTGATTA- 3' 
R: 5'- AGAGACAATGGATGCTCATAGT- 3' SSR (8) 

*, for CAPS markers only. Note: in degenerate primer sequences R stands for A or G, K for G or T, 
W for A or T, Y for C or T. 

Resul t s and Discuss ion 

Allelism tests 

Sym28 has been s h o w n to have significant l inkage w i t h markers of LGV (see below; J. Wel ler , pers. 

comm.); therefore, i t w a s p roposed t h a t sym28 may be allelic to ano the r m u t a t i o n causing b o t h s t e m 

fasciation and hypernodula t ion , nod4, since nod4 is k n o w n to be on LGV (11). To tes t this , the cross w a s 

made b e t w e e n lines P64 and K301. These lines possess s o m e w h a t different manifes ta t ion of fasciation. 

Phyllotaxis abnormali t ies are observed beginning from node 16.65 ± 4.61 in P64 and from 3.82 ± 0.88 in 

K301 (mean ± s t anda rd deviat ion). Axillary flower-bearing axes te rmina te w i t h an abnormal flower in 

K301 (resembling ectopic flowers descr ibed in (1), whi le no such phenomena were observed in P64. This 

evidence suppor t s the idea t h a t fasciation is caused by different muta t ions in these lines and this 

hypothes is w a s confirmed by allelism tests : all F 1 progeny were non-fasciated t h u s evidencing for 

different genetic mechanisms under ly ing the descr ibed abnormali t ies . 
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Mapping of Sym28 

Significant l inkage w a s found b e t w e e n Sym28 and LGV markers . Based on the linkage data, a m a p 

fragment su r rounding Sym28 w a s cons t ruc ted (Fig. 1b). The a r rangement of sequence- tagged markers 

(CAPS) in the resul t ing m a p w a s compared w i t h the posi t ions of puta t ive homologous loci (according to 

BLAST search resul ts) on the physical m a p of Medicago truncatula Gaer tn . chromosome 7 (Fig. 1c) w h i c h 

w a s repor ted to be syntenic w i t h LGV of pea (4). The ob ta ined m a p w a s also compared w i t h the one 

conta in ing Nod4 and morphological markers , as repor ted in (11). M a p pos i t ion of genes Sym28 and Nod4 

w a s similar. Obviously, more l inkage analyses are needed to reveal a more cer ta in pos i t ion of Nod4 in 

re la t ion w i t h Sym28 and possible cor respondence b e t w e e n the genes s tud ied in this repor t and k n o w n 

genes control l ing mer i s t em ident i ty in Arabidopsis. 

Figure 1. Correspondence between regions of pea LGV 
containing genes nod4 (a, after (11)), sym28 (b) and a 
physical map of chromosome 7 of Medicago truncatula 
(c) generated by Medicago CviT- BLAST tool 
(http://www.medicago.org/genome/cvit_blast.php). 
Chromosome orientation was established according to 
(13). Numbers between markers designate distances, 
cM; numbers in parentheses stand for LOD score. 
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