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ABSTRACT 
Anthocyanin  pigmentation  patterns  in  different  plant  species  are  controlled  in  part by members  of  the 

my-like R regulatory  gene  family. We have  examined  the  molecular  evolution  of  this  gene  family  in  seven 
plant  species.  Three  regions of the R protein show sequence  conservation  between  monocot  and  dicot 
R genes.  These  regions  encode  the  basic  helix-loophelix  domain,  as  well  as  conserved  N-terminal  and 
Gterminal  domains; mean  replacement  rates  for  these  conserved  regions  are 1.02 X lo-’ nonsynonymous 
nucleotide  substitutions  per  site  per  year.  More  than  one-half of the  protein, however, is diverging  rapidly, 
with  nonsynonymous  substitution  rates  of 4.08 X lo-’ substitutions  per  site  per  year.  Detailed  analysis  of 
R homologs  within  the  grasses  (Poaceae)  confirm  that  these  variable  regions  are  indeed  evolving  faster 
than  the  flanking  conserved  domains.  Both  nucleotide  substitutions  and  small  insertion/deletions  con- 
tribute to  the  diversification of the  variable  regions  within  these  regulatory  genes.  These  results  dem- 
onstrate  that  large  tracts of sequence  in  these  regulatory  loci  are  evolving  at a fairly  rapid  rate. 

I T is  widely believed that regulatory gene evolution is 
a significant factor in organismal diversification 

(DOEBLEY 1993;  DICKINSON 1991). Changes in regulatory 
loci, for example, are  thought  to  underlie  the evolution 
of developmental mechanisms that result in morpho- 
logical differentiation between taxa (Gourn 1977). De- 
spite their  central relevance to organismal evolution, 
however,  relatively little is known about  the molecular 
evolution of regulatory genes. Information on  the pat- 
terns and rates of DNA sequence variation for regulatory 
genes is crucial if we are  to  understand  the evolution of 
genes  that  control  pattern  formation in eukaryotes. 

The genetic loci that specify the diverse anthocyanin 
pigmentation  patterns in plants provide a system for 
studying the molecular evolution of regulatory genes. 
Anthocyanins are responsible for  the purple-red pig- 
mentation of the vegetative and floral organs of a large 
number of plant species. These  plant pigments are be- 
lieved  assist in pollinator  attraction,  fruit dispersal and 
possibly W protection (EPPERSON and CLEGG 1987; 
STAPLETON 1992). Genetic and molecular analyses in 
both Zea mays (maize) and Antirrhinum majus (snap 
dragon) have demonstrated  that  patterns of  tissue- 
specific anthocyanin pigmentation are partially con- 
trolled by a gene family  whose products regulate the 
structural  genes of the anthocyanin biosynthetic path- 
way (LUDWIG et al. 1989; LUDWIG and WESSLER  1990; 
~ D I C E L L A  et al. 1991; GOODRICH et al. 1992). Members 
of this regulatory gene family in maize include  the R and 
B loci, which direct  pigmentation of inflorescence, leaf, 
root  and seed tissues.  Closely related but distinct R 
genes,  including R-S, Sn and LC, are  found  on chromo- 

’ Present address: Department of Biology41 16, University of California at 
San Diego, La Jolla, California 92093. 

Genetics 138 849-854 (November, 1994) 

some 10. These  genes  are believed to have arisen 
through  the  recent duplication of a single ancestral 
gene within the  genus Zea (ROBBINS et al. 1989). A 
paralogous gene, B, is located on chromosome 2, and 
appears  to have arisen earlier  during  the evolution of the 
grass (Poaceae) family  (ROBBINS et al. 1989; HELENTJARIS 
et al. 1988). Genetic mapping studies show that  the R 
and B loci in 2. mays reside in chromosomal segments 
which apparently duplicated during a polyploidization 
event that  produced  the  amphidiploid  genomes of  many 
grass species (AHN and TANKSLEY 1993; HELENTJARIS 
et al. 1988). 

Genetic and molecular studies demonstrate  that  the 
maize R and B genes  are functionally equivalent; any 
R / B  gene is capable of  activating expression of the struc- 
tural genes in the anthocyanin biosynthetic pathway. 
Homologs to these maize genes are also  believed to func- 
tion as anthocyanin pigmentation regulators in other 
flowering plants. A homolog of the maize R / B  genes, for 
example, has been isolated in the dicot plant species A .  
majus. This gene, delila, regulates the  purple coloration 
of the  snapdragon flower (GOODRICH et al. 1992). The 
maize R and B and  the  Antirrhinum delila genes con- 
stitute a regulatory gene family  which we collectively 
refer to as the R family. 

Molecular studies reveal that  the  genes in the R fam- 
ily encode myc-like proteins which contain a basic 
helix-loop-helix (bHLH) motif found in other eukary- 
otic  transcriptional activators such as Max and MyoDl 
(DEPINHO et al. 1987; DAVIS et al. 1987).  Although all 
myc-like regulatory  proteins share this  conserved 
bHLH  domain, they posses little  sequence similarity 
outside this motif. The bHLH  domain is responsible 
for  the DNA binding activity  of several transcriptional 




