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In pea, the w h i t e flower pheno type can be p roduced by several muta t ions , including a, a2, ami a n d am2 

(http: / /data. j ic .bbsrc.ac.uk). However , only a and a2 actual ly b lock the synthesis of all an thocyanins in 

the flower, the o the r muta t ions suppress the express ion of the p i n k to violet color of the an thocyanins by 

al tering the pH of the vacuole (2, 6) or o therwise reducing the appearance of the color to the po in t t ha t 

the flower can appear wh i t e ( such as in a bb, kk genotype) . Indeed b o t h a and a2 b lock an thocyan in 

synthesis in all pa r t s of the plant , and current ly the pheno type p roduced by ei ther m u t a n t is 

indis t inguishable , including increased suscept ibi l i ty to p y t h i u m (9), decreased tes ta th ickness (13). 

The a gene is Mendel ' s 'colorless tes ta ' m u t a t i o n (8). I t has been incorpora ted into many commercia l 

varieties, including mos t of those ta rge ted for h u m a n consumpt ion , because seeds homozygous for this 

allele tas te be t t e r and have be t t e r processing qualities. A l though lines homozygous for the a2 m u t a t i o n 

have no t been subjected to r igorous test ing, i t is likely t h a t they, too, wi l l possess the desirable tas te and 

processing t ra i ts s h o w n by homozygous a p lants . 

The loss of the capabil i ty to synthesize any anthocyanins , as wel l as modification of the flavonoid 

componen t s , suggest t ha t an enzyme early in the biosynthesis p a t h w a y of flavonoids may be effected (4) . 

Candida te enzymes include chalcone synthase (CHS) and chalcone isomerase (CHI) . Earlier 

compar isons of these enzymes in near isogenic lines homozygous for a or A revealed no observable 

difference in the i r activity (4). Fur thermore , none of the CHS genes m a p p e d in pea were located near the 

A locus (1). Gorel ' et al. (3) placed the A2 locus approximate ly 14 cM from Uni, p resumably t owards St, 

a l though the di rect ion from Uni w a s no t specified in the manuscr ip t . Several CHS sequences are p resen t 

on Medicago truncatula chromosome 3 in the region homologous to th is po r t i on of pea LG III (7). A 

work ing hypothes is for the cu r ren t invest igat ion w a s t h a t one of these CHS sequences w a s a candidate 

gene for the A2 locus. 

In addi t ion, the widespread use of the a allele in commercial cult ivars represents a minor na r rowing 

of the genet ic diversity in the pea c rop and may represent a genetic vulnerabil i ty in the crop. The a2 allele 

appears to provide the same advantages as the a allele, and i t w o u l d seem advisable to s ta r t incorpora t ing 

the a2 allele into commercial germplasm. As the pheno types of the t w o homozygotes are 

indis t inguishable, the mos t efficient approach to the int rogress ion of a2 in to ge rmp la sm t h a t is current ly 

homozygous a is to employ marker-ass is ted selection. Here, I r epor t a closely l inked DNA sequence, 

Mips, w h i c h wil l be useful as a marke r for a2. Addi t ional markers and an ordering of loci in the region are 

also presented. 

Mater ia l s and M e t h o d s 

Line W6 15182 from the P i sum Genetic Stock Collect ion (h t t p : / /www. ars .usda. gov/ 

main/docs.htm?docid=14120), possessing the LG III morphological markers unitac, st, apu, and le, w a s used 

as one parent . This line was crossed w i t h an inbred line A188-78g t h a t carried the a2 allele from D85-9, 

the type line for the a2 muta t ion . A188-78g is dominan t Uni, St, Apu, and Le. The F 1 w a s wi ld type for all 

markers a n d highly fertile. The F 2 w a s g r o w n in the field in the summer of 2005 and scored for p lan t 

he ight (variat ion a t Le), reduced st ipules (st) and flower color (a2). The F 3 w a s g r o w n in the greenhouse 

in spr ing of 2008 and scored for var ia t ion at the loci Uni, St, Apu, A2, and Le. Several of the F 3 p lan t s were 

semisterile, b u t the fraction of the semisterile p lan t s w a s low (<10%), and the t r a i t d id no t appear to be 

t ight ly associated w i t h any of the segregating muta t ions . F 4 p lan ts from each of 72 lines were g r o w n in 

the greenhouse in summer of 2008. Six addi t ional F 3 l ines t h a t had no t p roduced seed the previous 

spr ing were also g r o w n at this t ime and included in the analysis. All these p lan ts were scored for 
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segregating morphological markers , and DNA w a s ex t rac ted from partially expanded leaflets using the 

procedure of Torres et al. (10). Primers were designed to complemen t sequences in e i ther Medicago 

truncatula or Pisumsativum (Table 1). In order to generate gene-specific pr imers w i t h i n the CHS family, 

sequences w i t h i n in t rons were used to des ign primers. Anneal ing t empera tu res for the pr imer pairs and 

res t r ic t ion endonucleases used to generate po lymorph i sm are p resen ted in Table 1. 

Segregation of the DNA sequences w a s followed using the CAPS technique (5), resolving the 

res t r ic ted fragments on 2% agarose gels. Due to the complexi ty of the popula t ion, precise recombina t ion 

dis tances were no t calculated. Ins tead a 'relative dis tance es t imate ' w a s used to determine an 

approx imate dis tance b e t w e e n loci. The loci were arranged in a l inear order t h a t min imized to ta l 

n u m b e r of recombinants . Based on DNA marke r results , regions w i t h i n each line's LG III t h a t appeared 

to be he terozygous were identified. Recombina t ion events b e t w e e n adjacent loci could t h e n be counted. 

T w o 'dis tance un i t s ' were assigned for a change from a homozygous genotype of one p a r e n t to a 

homozygous genotype of the o the r b u t only one un i t for a change from a heterozygous genotype to a 

homozygous genotype. The 'relative dis tance es t imate ' b e t w e e n each of the loci and A2 w a s de te rmined 

by summing the n u m b e r of dis tance uni t s in t h a t interval and dividing by twice the to ta l n u m b e r of lines 

for w h i c h b o t h loci had been scored (see notes unde r Table 2). No a t t e m p t w a s made to account for 

possible recombina t ion b e t w e e n a he terozygous genotype and a dominan t pheno type at adjacent loci. 

Ins tead all dominan t pheno types adjacent to heterozygous genotypes were t r ea ted as heterozygotes . 

Resul t s 

The scoring of the segregating morphological t ra i ts was s t ra ight forward except t h a t the 

p igmen ta t ion of flowers on A2_ p lan t s w a s occasionally faint. The gene b w a s fixed in the popula t ion , so 

t h a t all A2_ p lan ts had p ink flowers. However , i t appeared t ha t ano the r gene w a s affecting the 

express ion of the p i n k color of the b pheno type in cer ta in lines. For tunately , leaf axil p igmenta t ion , 

conferred by dominan t alleles a t the D locus, w a s con t r ibu ted by b o t h parents , and p igmenta t ion in the 

leaf axil proved to be a more reliable indicator of the presence of the A2 allele t h a n flower p igmenta t ion . 

All whi te- f lowered p lan ts were examined for lack of p igmen ta t ion in the leaf axils and on the tes ta of the 

seeds before classifying t h e m homozygous a2. 

The purple acid phospha tase pr imers genera ted a principle fragment of a b o u t 900 bp and several 

smaller, fainter s ta ining fragments. Restr ic t ing the amplified p roduc t w i t h TaqI endonuclease p roduced a 

mult i - f ragment p a t t e r n indicative of more t h a n a single gene product . TaqI digest ion of the 900 bp 

fragment in M a r x line W6 15182 completely digested the original fragment, giving 5 smaller fragments 

t h a t had a combined size of over twice the original fragment. A similar digest of the original fragment 

from the a2 pa ren t gave 4 fragments, including the original 900 bp fragment and 3 o thers t ha t ma tched 3 

of the 5 observed in the digest of the original fragment from the M a r x line. I t r ied several o the r pr imers 

for this gene, all of w h i c h gave digests indicat ing a mult igene cluster, and several of w h i c h gave different 

res t r ic t ion pa t t e rns b e t w e e n the t w o parents . Those polymorphisms t h a t were m a p p e d all co-

segregated, suggest ing t h a t all polymorphic copies of the gene were clustered. 
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The chalcone synthetase pr imers amplified a single 850 bp fragment. This fragment w a s cu t in to 650 

and 200 bp fragments in the M a r x line and into 350, 300 and 200 bp fragments in the a2 parent . These 

t w o pheno types were found in mos t of the lines of the mapp ing popula t ion , w i t h a th i rd phenotype , 

displaying all 4 fragments, identifying heterozygotes . The myo-inosi tol-1-phosphate synthase pr imers 

amplified a single 1000 bp fragment. This fragment w a s cu t into 800 and 200 bp fragments in the original 

a2 pa ren t b u t w a s no t c u t in the M a r x line. All these DNA markers exhib i ted codominan t expression, 

and the percentage o f heterozygotes in the F 4 lines was compared to t h a t expec ted in an F 4 popu la t ion 

(12.5%). All three DNA markers s h o w e d b e t w e e n 18-20% heterozygosi ty, significantly higher t h a n t h a t 

expected. 

The jo in t segregat ion da ta for a2 w i t h st, apu, purple acid phospha tase , chalcone synthetase 7, and 

myo-inosi tol-1-phosphate synthase are p resen ted in Table 2. The three DNA markers a n d a2 formed a 

wel l defined linkage block, w i t h the order: Pap—Chs7—Mips—A2. The t w o morphological loci, St and 

Apu, segregated independen t ly of A2 in the F4 populat ion. The jo in t segregat ion b e t w e e n Uni and Pap 

also w a s invest igated (Table 2), and these t w o loci also display only w e a k linkage. Le also segregated 

independen t ly of the o the r loci examined (data no t presented) . 

Discuss ion 

Based on the consensus m a p for pea (11), the overall locus order w a s expec ted to be Uni—A2—Apu— 

St—Le. The data genera ted in this s tudy are cons i s ten t w i t h this order and identify three DNA markers 

t h a t are more closely l inked to A2 t h a n any of the loci control l ing morphological t rai ts . The actual order 

of the loci based on minimiz ing the n u m b e r of recombinants w a s de te rmined to be: Uni --- Pap --- Chs7 --¬ 

Mips A2 Apu St. Note t h a t Uni, Apu and St are placed on th is l inkage g roup us ing da ta from o ther 

sources (3, 11, W e e d e n , unpub l i shed) and t h a t the or ien ta t ion of Apu and St relative to A2 is based on 

minimizing n u m b e r of recombinan ts and no t on relative dis tance est imates. 

The complex na ture of the popu la t ion prevents the calculat ion of a precise genetic dis tance. The 

frequency of heterozygotes in the popu la t ion analyzed w a s sufficiently high to preclude the use of 

equat ions designed for recombinan t inbred popula t ions . Instead, relative dis tances were calculated t h a t 

should pe rmi t the compar i son of d is tances among the loci and es t imates of genetic d is tances us ing da ta 

from o ther s tudies. Gorel et al. (3) found a genetic dis tance b e t w e e n Uni and A2 to be abou t 14 cM and 

t h a t b e t w e e n A2 and St to be abou t 27 cM. The cor responding relative dis tance values ob ta ined in the 

cu r ren t s tudy were 0.58 and 0.47, respectively, suggest ing t h a t the relative dis tance values may be 

conver ted to rough cen t iMorgan equivalents by mul t ip lying by 60. Such a conversion w o u l d place Mips 

abou t 6 cM from A2, sufficiently close to be used as a tag for the la t ter locus. 
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The purple acid phospha tase and chalcone synthase markers are t w o addi t ional genes in the region 

t h a t are also presen t on Medicago truncatula chromosome 3 (12). Based on the size and n u m b e r of p roduc t s 

observed after endonuclease digestion, the purp le acid phospha tase appears to represent a cluster of at 

least three homologous sequences. In the JI1794 x Slow mapp ing popu la t ion the c luster co-segregates 

w i t h the isozyme locus Acp3, placing i t at cen t iMorgan 54 of LG III on the consensus m a p and suggest ing 

t h a t one of the sequences may code for Acp3. 

The mapp ing resul ts for a2 do no t s u p p o r t my original hypothes is t ha t a m u t a t i o n in a CHS sequence 

is responsible for the whi te- f lowered pheno type condi t ioned by this gene. There are several chalcone 

synthase sequences on pea LG III and in the cor responding region of the M. truncatula chromosome 3. The 

pr imer sequences given in Table 1 were designed to PsCHS7B (NCBI accession n u m b e r D88263) to 

sequences in the in t rons flanking exon 2. These sequences are relatively specific to this gene in pea and 

show s t rong homology only to t w o M. truncatula chalcone synthase genes in BAC mth2-179n10 

(AC146683) on chromosome 3 and BAC mth2-14m10 (AC137985) on chromosome 1. It appears t h a t 

PsCHS7A and B are or thologous to the M. truncatula chalcone synthase genes in BAC mth2-179n10. The 

pea Chs7 sequence maps 10-15 cM from A2, and the M. truncatula chromosome 3 sequence does no t have 

ano the r CHS gene distal to BAC mth2-179n10. 

Interestingly, in M. truncatula the purple acid phospha tase and CHS sequences are less t h a n 500 kb 

from each o the r (7). Such a shor t dis tance w o u l d normally preclude observat ion of recombina t ion 

b e t w e e n the t w o genes in a popu la t ion of the size used in th is s tudy. In M. truncatula the t w o loci m a p to 

stat ist ical ly indis t inguishable posi t ions (62-63 cM, reference 7). The observat ion of recombina t ion 

b e t w e e n purple acid phospha tase and Chs7 in pea may indicate t h a t the polymorphisms observed using 

the Pap pr imers do no t involve the pea or tholog of the sequence on BAC mth2-17k6 or t h a t this region of 

pea LG III is slightly rearranged relative to the M. truncatula chromosome. Alternative candidate genes for 

Acp3 in this region of the M. truncatula chromosome (e.g. o the r acid phospha tase sequences) have yet to be 

identified (7). 
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