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Abstract: Seed coat color is an important consumer-related train in cowpea (Vigna unguiculat14 

Walp.) and has been a subject of study for over a century. Utilizing newly available resource15 
cluding mapping populations, a high-density genotyping platform, and several genome as16 

blies, red seed coat color has been mapped to two loci, Red-1 (R-1) and Red-2 (R-2), on Vu0317 

Vu07, respectively. A gene model (Vigun03g118700) encoding a dihydroflavonol 4-reducta18 
homolog of anthocyanidin reductase 1, which catalyzes the biosynthesis of epicatechin 19 

cyanidin, has been identified as a candidate gene for R-1. Possible causative variants have been20 

identified for Vigun03g118700. A gene model on Vu07 (Vigun07g118500), with predicted nucl21 
function and high relative expression in the developing seed, has been identified as a candida22 

R-2. The observed red color is believed to be the result of a buildup of cyanidins in the seed co23 
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 26 

1. Introduction 27 

Cowpea (Vigna unguiculata [L.] Walp.) is a diploid (2n = 22) warm season leg28 

which is primarily grown in sub-Saharan Africa, where it serves as a major sour29 

protein and calories. Further production occurs in the Mediterranean Basin, south30 

Asia, Latin America, and the United States. Just over 8.9 million metric tonnes of31 

cowpeas were reported worldwide in 2019 [1], though these numbers do not inc32 

Brazil, Australia, and some other relatively large producers. Most of the productio33 

sub-Saharan Africa is by smallholder farmers in marginal conditions, often as an i34 

crop with maize, sorghum, or millet [2]. Due to its high adaptability to both heat35 

drought and its association with nitrogen fixing bacteria, cowpea is a versatile crop36 

[3]. 37 

The most common form of consumption of cowpea is as a dry grain, with seeds 38 

Citation: Lastname, F.; Lastname, F.; 

Last-name, F. Title. Horticulturae 

2021, 7, x. 

https://doi.org/10.3390/xxxxx 

Received: date 

Accepted: date 

Published: date 

Publisher’s Note: MDPI stays 

neutral with regard to jurisdictional 

claims in published maps and 

institutional affiliations. 

 

Copyright: © 2020 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(http://creativecommons.org/licenses

/by/4.0/). 

lor 

J. 

A 

ta [L.] 

es, in-

ssem-

3 and 

ase, a 

from 

n also 

leolar 

ate for 

oat. 

yping; 

gume 

ce of 

heast 

f dry 

clude 

on in 

inter-

t and 

p [2], 

used 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 8, 2024. ; https://doi.org/10.1101/2024.01.08.574663doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.08.574663
http://creativecommons.org/licenses/by-nc-nd/4.0/


Horticulturae 2021, 7, x FOR PEER REVIEW 2 of 18 
 

 

whole or ground into flour [4], [5]. Seed coat color is an important consumer-related trait 39 

in cowpea, as consumers usually make decisions about the quality and presumed taste of 40 

a product based on appearance [6], [7]. Cowpea grain displays a variety of colors, in-41 

cluding black, brown, red, purple, and green. Each cowpea production region has pre-42 

ferred varieties, valuing certain color and pattern traits above others for determining 43 

quality and use. In West Africa, consumers pay a premium for seeds exhibiting certain 44 

characteristics specific to the locality, such as lack of color for use as flour or solid brown 45 

for use as whole beans [3], [8]–[10]. In the United States consumers prefer varieties with 46 

tight black eyes, commonly referred to as “black-eyed peas” [11]. 47 

Seed coat traits in cowpea have been studied since the early 20th century, when 48 

Spillman [12] and Harland [13], reviewed by Fery [14], explored the inheritance of factors 49 

controlling seed coat color and pattern. In a series of F2 populations, Spillman [12] and 50 

Harland [13] identified genetic factors responsible for color expression, including “Red” 51 

(R), which was confirmed by Saunders [15] and Drabo et al [16]. The previous studies 52 

noted above, as well as similar studies in soybean (Glycine max) [17] and common bean 53 

(Phaseolus vulgaris) [18]–[20], have shown that there are two loci involved in red coat 54 

color, each following a simple Mendelian inheritance. One of those loci seems closely 55 

associated with the Color Factor locus, which controls overall pigmentation distribution 56 

on the seed coat [19]–[21]. This simple inheritance makes it relatively easy to develop re-57 

liable markers for use in marker-assisted breeding. Due to the high level of synteny be-58 

tween cowpea and other leguminous grain crops [22], markers developed in cowpea may 59 

be directly useful for breeding in those closely related species. 60 

A genotyping array for 51,128 single nucleotide polymorphisms (SNP) been devel-61 

oped for cowpea [23] which, combined with relatively large populations, offers oppor-62 

tunities to improve the precision of genetic mapping. In particular, new populations have 63 

been developed for higher-resolution mapping including a minicore collection repre-64 

senting a worldwide cross-section of cultivated cowpea (“UCR Minicore”) [24] and an 65 

eight-parent Multi-parent Advanced Generation Inter-Cross (MAGIC) population [25]. In 66 

addition, a reference genome sequence of cowpea (phytozome-next.jgi.doe.gov) [22] and 67 

genome assemblies of six additional diverse accessions [26]; 68 

(https://phytozome-next.jgi.doe.gov/cowpeapan/) have been produced recently. Here, 69 

we make use of genetic and genomic resources available for cowpea to map the red seed 70 

coat trait, determine candidate genes, and propose sources of the observed variation.  71 

2. Materials and Methods 72 
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2.1. Plant Materials 73 

Three cowpea populations were used for mapping: the UCR Minicore, which in-74 

cludes 368 accessions [24], a MAGIC population consisting of 305 lines [25], and an F2 75 

population developed as part of this work from a cross between Sasaque (Red, r-1) and 76 

Sanzi (Not Red, R-1), consisting of 108 individuals. Example images of the seed coats, 77 

including these two accessions, can be found in Figure 1. 78 

Candidate gene sequences were compared using the sequences of the cowpea ref-79 

erence genome (IT97K-499-35-1) and the six additional sequences from the pangenome 80 

(Sanzi, CB5, Suvita-2, UCR779, ZN016, and TZ30) [26].  81 

These accessions used as parents in the mapping populations and as part of the 82 

cowpea pangenome [26] consist of at least one from each of the six identified subpopula-83 

tions in global cowpea [24] (Supplementary Table S1). 84 

2.2. SNP Genotyping and Data Curation 85 

DNA was extracted from young leaf tissue using the Qiagen DNeasy Plant Mini Kit 86 

(Qiagen, Germany) per the manufacturer’s instructions. The Cowpea iSelect Consortium 87 

Array (Illumina Inc., California, USA), which assays 51,128 SNPs [23] was used to geno-88 

type each DNA sample. Genotyping was performed at the University of Southern Cali-89 

fornia Molecular Genomics Core facility (Los Angeles, California, USA). The same cus-90 

tom cluster file as in Muñoz-Amatriaín et al [23] was used for SNP calling.  91 

For the UCR Minicore, SNPs with >20% missing data and a minor allele frequency 92 

(MAF) < 0.05 were eliminated, leaving a total of 42,603 SNPs used for mapping. For the 93 

MAGIC population, SNP data and a genetic map were available from Huynh et al [25], 94 

including 32,130 SNPs in 1,568 genetic bins. For the Sasaque by Sanzi F2 population, SNPs 95 

were filtered to remove non-polymorphic loci between the parents, leaving 14,772 total 96 

polymorphic markers (Supplementary Table S2). 97 

2.3. Seed Coat Phenotyping 98 

Phenotype data for seed coat traits were collected by visual examination of the 99 

seeds. The scored phenotypic classes consisted of “Red” and “Not Red,” as dictated by 00 

the presence or absence of observable red pigmentation in the mature seed coat. For 01 

mapping purposes, the “Red” lines were marked with a “1” and the “Not Red” with a 02 

“0.” Accessions with black seed coat pigmentation or no pigmentation whatsoever were 03 

regarded as missing data as it is believed that black pigmentation obscures other colors 04 

from view [27] and that the lack of color is controlled by the Color Factor locus Herniter et 05 
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al [21]. Phenotype data can be found in Supplementary Tables S3 (UCR Minicore), S4 06 

(MAGIC), and S5 (Sasaque by Sanzi). 07 

Expected segregation ratios were determined based on the type of population and 08 

the parental and, when available, F1 phenotypes. Expected segregation ratios were tested 09 

by chi-square analysis. 10 

Dominance relationships were determined by examining the phenotypes of the F1 of 11 

the Sasaque by Sanzi population, the segregation of the parental phenotypes in the F2 12 

generation, and individuals from the early development of the MAGIC population. Seeds 13 

from relevant individuals were visually examined for the presence of red pigmentation 14 

on the seed coat. 15 

2.4. Genetic Mapping of the Red Seed Coat Trait 16 

Genetic mapping of the red seed coat trait was achieved with different methods for 17 

each type of population. In the MAGIC population, the R package “mpMap” [28] was 18 

used as described by Huynh et al [25]. The significance cutoff values were determined 19 

through 1000 permutations, resulting in a threshold of p = 8.10E-05 [-log10(p) = 4.09]. Due 20 

to the high number of markers in the genotype data, imputed markers spaced at 1 cM 21 

intervals were used. 22 

A Genome-Wide Association Study (GWAS) was performed in the UCR Minicore to 23 

identify SNPs associated with the Red phenotype. The weighted mixed-linear model 24 

(MLM) function [29] implemented in TASSEL v.5 (www.maizegenetics.net/tassel) was 25 

used, with five principal components accounting for population structure in the dataset. 26 

The -log10(p) values were plotted against the physical coordinates of the SNPs [26]. A 27 

Bonferroni correction was applied to correct for multiple testing error in GWAS, with the 28 

significance cut-off set at α/n, where α is 0.05 and n is the number of tested markers, re-29 

sulting in a cut-off of -log10(p) = 5.93.  30 

For the Sasaque by Sanzi F2 population, the genotype calls of each bulked DNA pool 31 

in the population were filtered to leave only the markers known to be polymorphic be-32 

tween the parents, and these were then sorted based on physical positions in the 33 

pseudochromosomes of IT97K-499-35 [26]. The genotype data was then examined visu-34 

ally in Microsoft Excel for areas where the recessive bulk was homozygous and the 35 

dominant bulk was heterozygous.  36 

2.5. Candidate Gene Identification and PCR Amplification 37 
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The gene-annotated sequences of the overlapping QTL and region of interest for 38 

both Vu03 and Vu07 were obtained from the v1.2 of the reference genome sequence of 39 

cowpea (https://phytozome-next.jgi.doe.gov/info/Vunguiculata_v1_2) [22]. Candidate 40 

genes were identified through location within the significant regions and similarity to 41 

genes known to be involved in red pigmentation in soybean and common bean in the 42 

literature (see Discussion). Additionally, data from the Gene Expression Atlas (VuGEA) 43 

of the reference genome was utilized (https://legumeinfo.org) [30]. 44 

Primers were developed to amplify sections of the candidate gene Vigun03g118700 45 

in Sasaque to examine the sequence for causative variations. Each primer pair, as well as 46 

the annealing temperatures, are listed in Supplementary Table S7. PCR was performed 47 

using the Thermo Scientific DreamTaq Green PCR Master Mix (Thermo Scientific, Mas-48 

sachusetts, USA) per the manufacturer’s instructions. Primers were developed using 49 

Primer3 v0.4.1 (bioinfo.ut.ee/primer3) and ordered from Integrated DNA Technology 50 

(Coralville, Iowa, USA). PCR was run for 25-45 cycles with an annealing temperature 51 

compatible with the primer pair and an extension time of 60-75 sec. Amplicons were 52 

confirmed by gel electrophoresis. PCR products of the expected size were purified using 53 

the QIAquick PCR Purification kit (Qiagen, Germany) and Sanger sequenced in both di-54 

rections on an Applied Biosystems 3730xl DNA Sequencer (University of California, 55 

Riverside IIGB Genomics Core). 56 

Additional sequences of Vigun03g118700 and Vigun07g118600 were obtained from 57 

IT97K-499-35 (https://phytozome.jgi.doe.gov) and the other genomes sequenced as part 58 

of the pangenome, consisting of Sanzi (Red), CB5-2 (Not Red), Suvita-2 (Not Red), 59 

UCR779 (Not Red), TZ30 (Red), and ZN016 (Red) 60 

(https://phytozome-next.jgi.doe.gov/cowpeapan/) [26]. Complete nucleotide and amino 61 

acid sequences of both candidate genes were compared using MultAlin [31]. 62 

3. Results 63 

3.1. Phenotypic Variation for Red Seed Coat Color 64 

As described in Materials and Methods, phenotypic data were collected from the 65 

three populations and their parents (when applicable) by visual examination of the seeds. 66 

A summary of the phenotypic data, along with predicted segregation ratios, chi-square 67 

values, and probability can be found in Table 1, with demonstrations in Figure 2. 68 

Expected segregation ratios were determined based on the type of population and 69 

the parental and, when available, F1 phenotypes. For example, the Sasaque by Sanzi F2 70 
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population was expected to segregate in a 3:1 ratio. For the MAGIC population, based on 71 

how the population was constructed [25] it was assumed that each fully homozygous 72 

parent had a roughly 1/8 chance to pass its genotype at a particular locus to a given RIL. 73 

Three of the MAGIC parents had red seed coat (IT89KD-288, IT84S-2049, and 74 

IT93K-503-1) while the other five parents did not, resulting in an expected 5:3 segregation 75 

ratio. 76 

The observed 3:1 segregation ratio of the Sasaque by Sanzi population together with 77 

the observed Not Red seed coat of the F1 indicate the dominance of R-1 (Not Red) over r-1 78 

(Red). Similarly, a cross from the early development of the MAGIC population demon-79 

strated the dominance of R-2 (Not Red) over r-2 (Red): IT84S-2246 (R-2R-2, Not Red) was 80 

crossed with IT93K-503-1 (r-2r-2, Red). The resulting plant, 2011-020-3 (R-2r-2) produced 81 

seeds with the Not Red phenotype (Figure 2B).  82 

3.2. Loci Controlling Red Seed Coat Color 83 

Two QTL, one each on Vu03 and Vu07, were identified using the three populations. 84 

The Vu03 QTL was identified in the UCR Minicore and the Sasaque x Sanzi F2 popula-85 

tion, while the Vu07 QTL was identified in the UCR Minicore and the MAGIC population 86 

(Table 2; Figure 3). Higher-resolution mapping for both genomic regions was achieved 87 

using the UCR Minicore due to the higher genetic diversity and number of recombination 88 

events available in this population. In particular, the significant region was 135 kbp in 89 

size for Vu03, and it was reduced to just one SNP position for Vu07 (Table 2; Supple-90 

mentary Table S6). An analysis of linkage disequilibrium (r2) between pairs of SNPs lo-91 

cated 50 kbp upstream and downstream from the significant SNP for Vu07 (2_02375) 92 

revealed low LD between the marker and nearby variants (analysis not shown). Com-93 

plete information on the mapping results can be found in Supplementary Tables S7 94 

(UCR Minicore) and S8 (MAGIC). 95 

3.3. Identification of Candidate Genes 96 

The overlapping areas of the QTL and regions of interest on Vu03 and Vu07 were 97 

examined for candidate genes in the cowpea reference genome v1.2 98 

(phytozome-next.jgi.doe.gov/info/Vunguiculata_v1_2) [22]. Eleven genes were identified 99 

in the minimal area (the area in which all the independent mappings identified) on Vu03 00 

and one gene in the minimal area on Vu07 (Supplementary Table S9). Of the genes in the 01 

minimal area on Vu03, Vigun03g118700 is the best candidate as it encodes a 02 

dihydroflavonol 4-reductase, which shows a highly elevated expression levels during 03 
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early seed development (Supplementary Figure S2 [30]). The peak SNP on Vu03 is also 04 

located within Vigun03g118700. The closest homologs to Vigun03g118700 are 05 

anthocyanidin reductases identified in various leguminous plants, including Vigna 06 

radiata, Vigna angularis, common bean (Phaseolus vulgaris), and soybean (Glycine max), 07 

among others (Supplementary Table 10). 08 

In the UCR Minicore, GWAS only identified a single significant SNP on Vu07, 09 

2_02375, contained within the larger region identified in mapping the MAGIC popula-10 

tion (Table 2, Supplementary Tables S7 and S8). This SNP is located in the third intron 11 

of Vigun07g118600, which is orthologous to the Arabidopsis BAH1/NLA gene encoding 12 

an E3 ubiquitin-protein ligase with roles in defense response, plant growth and devel-13 

opment [32]. The significant SNP is not in high LD with nearby variants. Vigun07g118600 14 

does not show a high expression in developing seed tissue of the reference genome cv. 15 

IT97K-499-35, which possesses black-eyed seeds (https://legumeinfo.org) [30].  16 

To identify possible causative polymorphisms, sequence comparisons were made 17 

using the published cowpea genomes [26] and the sequence of Vigun03g118700 amplified 18 

from the Sasaque genome. Variant locations in the following data are calculated from the 19 

start of the coding sequence. 20 

In Vigun03g118700, several SNPs were observed among accessions, one of which 21 

could be causative (Figure 4, Table 3). In the two Red-seeded genotypes from the 22 

pangenome, TZ30 and ZN016, there is a substitution at base 593, C→A, resulting in an 23 

amino acid substitution, Ala→Asp. In Sasaque, there were two substitutions. One at base 24 

661, T→G, resulting in an amino acid substitution, Met→Ser; the other at base 672, G→T, 25 

resulting in an amino acid substitution, Val→Phe. 26 

In addition, there were two substitutions in UCR779, a brown-seeded genotype from 27 

the pangenome. At base 378, there is a silent mutation, C→T, still encoding Ile; and at 28 

base 592, G→A, resulting in an amino acid substitution, Thr-Ala. 29 

In Vigun07g118600, additional mutations were observed (Figure 5, Table 3). In both 30 

TZ30 and ZN016 there are major differences from base 850 onwards, resulting in a dif-31 

ferent amino acid sequence. In addition, at base 761 in UCR779, there is a SNP, T→C, 32 

resulting in an amino acid substitution. 33 

 34 

3.5. Figures, Tables and Schemes 35 
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 36 

Figure 1. Images of accessions expressing and not expressing red seed coat color. Sasaque and37 

IT93K-503-1 express red seed coat color; Sanzi and IT82E-18 do not. 38 

8 of 18 

d 
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 40 

Figure 2. Segregation at the two Red loci, R-1 and R-2. (A) Segregation at the R-1 locus in the 41 

Sasaque by Sanzi F2 population. (B) Cross between IT84S-2246 and IT93K-503-1 from the early42 

development of the MAGIC population, resulting in Not Red phenotype in the seed coats on s43 

of the F1 maternal parent. 44 

9 of 18 

y 
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45 

Figure 3. Mapping of the red seed coat trait in the MAGIC and UCR Minicore populations. Th46 

significance threshold is indicated by the dashed line. 47 

48 

Figure 4. Alignment of proposed amino acid sequences of Vigun03g118700 among genotypes i49 

pangenome with the addition of Sasaque. Sasaque, ZN016, and TZ30 express the red seed coa50 

phenotype. The other genotypes do not have red seed coat coloring. 51 

52 
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 53 

Figure 5. Alignment of proposed amino acid sequences of Vigun07g118600 among genotypes in the 54 

pangenome. ZN016 and TZ30 express the red seed coat phenotype. The other genotypes do not 55 

have red seed coat coloring. 56 

 57 

 58 

Population (# of lines) 
Not 

Red 
Red Other 

Pred. Seg. 

Ratio 
X2 Probability 

UCR Minicore (368) 190 80 98 -- -- -- 

MAGIC (305) 157 92 56 5:3 0.032 0.86 

Sasaque by Sanzi (108) 86 22 0 3:1 1.23 0.27 

 59 

Table 1. Seed coat phenotypes and segregation ratios of the tested populations. “Other” includes 60 

seeds with black pigmentation or no pigmentation. 61 

 62 

Population Chr Peak SNP Flanking SNPs QTL pos. (bp) LOD/-log10 (p) R2 (%) Effect 

Sasaque x Sanzi (F2) Vu03 -- 2_38494 - 2_05272 7,657,076 - 41,457,212 -- -- 

UCR Minicore Vu03 2_20787 2_03389 - 2_20787 10,933,603 - 11,068,119 9.82 16.6  -0.56 (G) 

UCR Minicore Vu07 2_02375 -- 22,014,760 6.26 9.8  -0.61 (A) 

MAGIC Vu07 -- 2_51274 - 2_04829 14,976,909 - 22,928,810 29.81 38.82   

Table 2. Mapping results in the different populations. 63 
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 64 

Vigun03g118700           

BP RefGen Base Mutant Base Genotypes Present In AA Code AA Mutation Type 

378 C T UCR779 ATT→ATC Ile→Ile Silent 

592 G A UCR779 ACT→GCT Thr→Ala Polar Uncharged → hydrophobic 

593 C A ZN016, TZ30 GCT→GAT Ala→Asp hydrophobic → polar negative 

661 T G Sasaque ATG→AGC Met→Ser hydrophobic → polar uncharged 

672 G T Sasaque GTT→TTT Val→Phe hydrophobic → hydrophobic 

Vigun07g118600           

BP RefGen Base Mutant Base Genotypes Present In AA Code AA Mutation Type 

761 T C UCR779 TTC→TCC Phe→Ser hydrophobic → polar uncharged 

849+ ZN016, TZ30  Completely different AA sequence 

Table 3. Observed variations in the coding DNA sequence of the candidate genes. The base number 65 

is calculated from the start of the coding sequence. “849+” indicates that including base 849 to the 66 

end of the coding sequence. 67 

4. Discussion 68 

Previous studies, dating back over a hundred years, by Harland [13] and Spillman 69 

[12], reviewed by Fery [14] and confirmed by Drabo et al [16], identified only the single 70 

locus R as being responsible for the red seed coat phenotype in cowpea. The present data 71 

suggests the presence of two loci each of which can be independently responsible for the 72 

expression of red seed coat color. To avoid confusion, the locus on Vu03 is referred to as 73 

R-1 while the locus on Vu07 is referred to as R-2. While the previous studies in cowpea 74 

and soybean have only identified a single locus responsible for red seed coat color, Bas-75 

sett et al [33] identified two loci in common bean, termed Rk (red kidney) and R (oxblood 76 

red). The candidate gene on Vu07, Vigun07g118600, is closely linked the Color Factor 77 

locus, believed to be controlled by Vigun07g110700 [21], just 1.5 Mb [26] and 0.96 cM 78 

distant according to the consensus map established by Muñoz-Amatriaín et al [23]. This 79 

occurrence could explain why a second locus for Red color in cowpea was not previously 80 

identified, as on seeds with only small areas of pigmentation, such as IT93K-503-1 (Fig-81 

ure 1) it can be difficult to discern Red (r-1/r-1, r-2/r-2) from Not Red (R-1, R-2). A similar 82 

linkage has been well-documented in common bean (Phaseolus vulgaris) [33], and has 83 

been recently confirmed through trait mapping [19], [20]. 84 

The flavonoid biosynthesis pathway has been well characterized in a number of 85 

plants, including soybean [17] and Arabidopsis [34], among others. An intermediate 86 
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group of molecules in the flavonoid biosynthesis pathway are cyanidins. Cyanidins are 87 

well-described pigmentation molecules, identified in a wide range of plants, including 88 

red cabbage [35], clover [36], and various red berries [37], among others. Cyanidins ap-89 

pear red in low pH (<3.5) conditions [38]. It has been well-established much of the ob-90 

served variation in plant organ pigmentation arises from differential levels of pigmenta-91 

tion molecules and pH in those organs [39]. 92 

The present study reports the identification of the R-1 locus on Vu03. The most likely 93 

candidate gene, Vigun03g118700, encodes a dihydroflavonol 4-reductase protein (D4R). 94 

Based on the dominance pattern, with Not Red (R-1) dominant towards Red (r-1), it is 95 

most likely that this is the previously identified R locus from the literature [14], [16]. A 96 

BLAST search of the soybean (Glycine max) genome on Phytozome, showed that the 97 

closest homolog of Vigun03g118700 in soybean Glyma.08G062000 (previously referred to 98 

as Glyma08g06630), with 90.63% identity and a e-value of 0.0 from pairwise BLAST of the 99 

coding sequence. 00 

Kovinich et al [17] demonstrated that soybean mutants with reduced function of the 01 

soybean ANR1 gene (Glyma.08G062000) had a red seed coat phenotype. This would be 02 

consistent with a complete dominance model as a single functional copy of the gene 03 

would allow successful catalysis of cyanidin to epicatechin and result in no red pigmen-04 

tation, while an individual with two recessive alleles and nonfunctional D4R would not 05 

catalyze the biosynthesis of epicatechin, resulting in a buildup of cyanidin, and instead 06 

would express red seed coat pigmentation. The observed allele sequence in common 07 

bean would match this, with the dominant Rk allele not expressing red pigmentation, the 08 

recessive rkd allele expressing red pigmentation, and the semidominant rk allele in the 09 

middle, with some red pigmentation [18]. 10 

Similarly, the closest homolog of Vigun03g118700 in common bean is 11 

Phvul.002G218700, with 95.66% identity and an e-value of 0.0 from pairwise BLAST of the 12 

coding sequences. This gene is also predicted to encode an ANR. The recent mapping of 13 

color in common bean by Campa et al [19] and Sadohara et al [20] identified SNPs which 14 

were significantly associated with the a* trait, which measures greenness-redness, as de-15 

termined by the International Commission on Illumination [40]. Both found significantly 16 

correlated markers located 6-15 Mb up and downstream of Phvul.002218700. It is possible 17 

that the mapping did not identify markers closer because they did not map Red versus 18 

Not Red phenotypes directly, incorporating the green color as part of the phenotyping. 19 
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While the sequence comparisons of Vigun03g118700 identified several potentially 20 

causative variations in Sasaque, TZ30, and ZN016, they also identified variations present 21 

in UCR779, which does not have any red pigmentation (Table 3). While the base substi-22 

tution at base 378 (C→T, Ile→Ile) in Vigun03g118700 is a silent mutation, the substitutions 23 

at base 592 (G→A, Thr→Ala) in Vigun03118700 and at base 761 (T→C, Phe→Ser) in 24 

Vigun07g118600 are more substantial. It is unclear why these mutations do not result in a 25 

similarly expected loss of the function to the mutations found in the Red phenotyped 26 

varieties. Perhaps some insight could be gained from the determination that UCR779 is 27 

part of the most highly divergent subpopulation of cowpea [24], from eastern and 28 

southern Africa. It may be that its sequence represents alternative Not Red alleles (r-1 & 29 

R-2). To better understand this, future studies should examine other diverse cowpea 30 

genotypes. 31 

The R-2 locus identified in the present study mapped to Vu07. Like the dominant 32 

red R locus in common bean, Not Red color was dominant at this locus (Figure 2B) and it 33 

is closely linked to the Color Factor (C) locus, previously mapped by Herniter et al [21]. 34 

The lone significant SNP identified here falls within an intron of Vigun07g118600, which 35 

is predicted to encode an E3 ubiquitin ligase. The available expression data for this gene 36 

shows quite low expression, with only about 0.5 TPM in the early developing seed and 37 

dropping off thereafter (Supplementary Figure S3). However, it should be noted that the 38 

only genotype for which transcription data is available is the cowpea reference genome, 39 

IT97K-499-35, which does not have red pigmentation and likely has the recessive, non-40 

functional (r-2) allele, which is likely not expressed. This expression differential might be 41 

explained by variation in the promoter region. Future studies should seek to identify the 42 

transcription factor which controls expression of Vigun07g118600 and identify potential 43 

binding sites which could vary between genotypes. 44 

While the function of Vigun03g118700 can be inferred based on previous research in 45 

other species, the function of Vigun07g118600 in seed coat color is much less clear. Some 46 

possibilities include regulation of the flavonoid biosynthesis pathway, perhaps even ex-47 

erting negative control over D4R (R-1 locus, Vigun03g118700). Similarly, the closest 48 

homolog in soybean is Glyma.10G018800, with 90.26% identity and an e-value of 0.0 from 49 

pairwise BLAST of the coding sequence. Interestingly, Glyma.10G018800 shows elevated 50 

expression in the root 51 

(https://phytozome-next.jgi.doe.gov/report/transcript/Gmax_Wm82_a4_v1/Glyma.10G052 
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18800.1) and has been identified as a candidate gene controlling root growth [41], [42], 53 

potentially resulting from divergent evolution. 54 

The closest homolog of Vigun07g118600 in common bean is Phvul.007G143600. In 55 

their mappings, both Sadohara et al [20] and Campa et al [19] identified a SNP 6 Mb 56 

downstream of Phvul.007G143600, as significantly associated with the a* trait. However, 57 

Sadohara et al [20] did not proffer candidate genes and Campa et al [19] did not consider 58 

this gene. It may be that, similarly to the function of the homolog in soybean, the function 59 

of Phvul.007G143600 has diverged over evolutionary time. 60 

 61 

5. Conclusions 62 

This study presents the mapping of red seed coat color in cowpea, identifying two 63 

loci, one each on Vu03 and Vu07, and proposing a candidate gene for each, 64 

Vigun03g118700, encoding a dihydroflavonol 4-reductase, and Vigun07g118600, encoding 65 

an E3 ubiquitin ligase. Sequence comparisons between accessions either expressing or 66 

not expressing red pigmentation identified multiple potentially causative variations. The 67 

red seed coat color is likely caused by the disruption of the flavonoid biosynthesis 68 

pathway, resulting in a buildup of anthocyanidin in the seed coat.  69 
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