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Abstract

Key message Identification of Rk candidate gene and diagnostic markers enabled precise introduction of the
slow-darkening (SD) allele into pink beans, producing stable SD phenotypes and expanding breeding utility across
market classes.

Abstract Common bean (Phaseolus vulgaris L.) is a globally important and nutritious crop with diverse market classes.
Multiple genes control the seed coat color and patterns that characterize these market classes. Therefore, understanding the
genetic control of seed coat color is critical for breeding purposes, especially when making crosses among different market
classes. One such gene is Rk, the “red kidney” color gene. The recessive rk” allele controls the characteristic color expres-
sion of the pink market class. Through GWAS analysis, sequencing candidate genes across multiple market classes, genetic
mapping, and phylogenetic analysis, we determined the gene model PvUI111.02G213800, which encodes anthocyanidin
reductase, is the most likely candidate for the Rk gene. Pink beans, along with several other market classes, suffer from
postharvest seed coat darkening, a quality issue that causes significant economic losses and reduces consumer appeal and
nutritional value. The recessive P* allele present in some pinto genotypes imparts a “slow-darkening” (SD) phenotype. To
introduce the P* allele into the pink market class, crosses were made between three pink beans and the SD pinto cultivar
ND Palomino. Among 2240 F, plants screened using PACE markers targeting multiple genes (P*, 7k, and pi) controlling
pink color and slow-darkening, 32 individuals exhibited the desired alleles and SD pink genotype. The SD phenotype was
verified via ultra-violet (UV) testing (A =254 nm), and field trials of F5 generation lines demonstrated their phenotypic
stability. Parallel efforts are underway to incorporate the SD trait into light red kidney and cranberry beans, broadening its
utility across market classes.

Communicated by Elena Bitocchi.

Introduction
Dr. Phillip E. McClean is deceased; this article is published in

his memory. Common bean (Phaseolus vulgaris L.) is an essential legu-

minous crop due to its high nutritional components such as
protein, fiber, fat, minerals, and others. The protein content
of beans ranges from 20 to 30%, making them compara-
ble to meat (Brick et al. 2022). Considerable variability
exists among common bean seed characteristics such as
type, size, shape, seed coat color, and pattern, which define
distinct market classes (Beninger and Hosfield 2003).
Seed coat color, in particular, is a major contributor to the
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nutritional value of the crop. These colors are products of
different classes and concentrations of flavonoids synthe-
sized in the flavonoid pathway (Rodriguez Madrera et al.
2020). Flavonoids are associated with many health benefits,
enhancing nutritional value and exerting positive effects on
human health by functioning as antioxidants and exhibiting
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anti-diabetic, anti-obesity, and anti-mutagenic properties (de
Mejia et al. 1999; Beninger and Hosfield 2003; Rodriguez
Madrera et al. 2020).

Seed coat colors and patterns are major factors differ-
entiating the varied dry bean market classes with regional
consumer preference throughout the world. In several
cases, multiple market classes can be preferred across dif-
ferent regions within a country, showing the strong local
cultural influence (Singh 1999). Understanding the genet-
ics of seed coat color is, thus, imperative for the improve-
ment of different market classes, especially when trying to
introgress genes of interest across different marker classes.
Several genes that control seed coat color or pattern have
already been cloned, including P (McClean et al. 2018) and
V (McClean et al. 2022). In addition, candidate genes have
been identified for the partial seed coat color genes Bip, T,
and Z (Parker et al. 2024; McClean et al. 2024). There are
three independent gene loci of particular importance in this
study: P, Rk, and Pi. The P (pigment) gene on chromosome
Pv07, often referred to as the basic color gene or the ground
factor, determines if the seeds and flowers can produce pig-
ment or not. When a plant is homozygous recessive for p,
it will have white seeds and white flowers, which in almost
all cases, trumps the action of any other color gene. The
dominant allele P allows for the production of color (Bassett
2003). The “red kidney” (Rk) gene on Pv02, controls red
seed coat color in a recessive manner (Bassett and Miklas
2003). The dominant form Rk gives no red color, whereas
recessive alleles rk, rk”, rk?, and rk@ confer various hues
of red. The rk allele conditions the pink/testaceous color
found in light red kidneys (LRK), the 7&” allele gives the pale
pink color found in pink beans, and the 7k? allele gives the
garnet brown color found in dark red kidneys (DRK). The
rk° allele, as described by Bassett and Miklas (2003), gives
a “convertible dark” phenotype which results in either pink
or garnet brown seeds depending on the genotype of the C
locus. Lastly, the Pi gene on Pv08, located in the complex
C locus, controls expression of the pinto pattern. Genotypes
with a dominant Pi allele express the pinto pattern, while
those homozygous recessive for pi are without pinto pattern
(Prakken 1977). Different types of seed coat patterns: mar-
bling, striping, red color, light mottling, etc., are controlled
by either alleles of a single locus “C” or tightly linked genes
within the complex C locus because recombination between
the patterns have not been validated (Bassett 2007). Until
a multiple allelic series or tightly linked series of pattern
genes is established, Pi (Prakken 1977) can be considered a
temporary symbol for the gene in complex C locus, condi-
tioning pinto pattern.

Seed coat color and pattern are important traits for con-
sumers, but seed quality is also an important factor. Seed
coats darken after harvest, a trait that is undesirable for both
the industry and consumers (Mbiu et al. 2025). Darkened
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seeds are associated with longer cooking times and have
been shown to have less bioavailable iron (Wiesinger et al.
2021). Postharvest seed coat darkening results in signifi-
cant economic losses for farmers, as they must sell darkened
seeds at a discounted price (Miklas et al. 2020). The severity
of this problem varies between market classes and is most
prevalent for market classes with light-colored seed coats
such as pinto, pink, LRK, carioca, and cranberry, among
others. Furthermore, the darkening effect is accentuated
when seeds are exposed to high temperatures, humidity, and
light (Junk-Knievel et al. 2008).

Pinto beans, the most widely produced market class in the
USA (USDA-NASS 2024), have some of the most adverse
postharvest darkening effects. However, this problem was
addressed recently with the release of “slow-darkening”
pinto bean cultivars, or SD pintos (Osorno et al. 2018, 2024).
For example, in North Dakota, the largest producer of pinto
beans in the US, industry estimates show that ~40% of the
pinto cultivars grown are SD cultivars. Slow-darkening was
initially thought to be controlled by a separate gene referred
to as Sd (Elsadr et al. 2011). It has since been found to be a
recessive allele at the P locus, denoted as P*%, which results
in reduced production of proanthocyanidins and reduced
seed coat darkening (Junk-Knievel et al. 2008; Islam et al.
2020). The SD trait was first identified at CIAT in various
germplasm accessions. These lines were used in crosses
to develop the first SD cultivar, “Pinto Saltillo” (Sanchez-
Valdez et al. 2004; Singh 2006). Slow-darkening is now
present in multiple pinto bean cultivars and widely adopted
by the industry (Miklas et al. 2020). SD beans are particu-
larly important in the Midwest, where the high humidity
in the region accelerates darkening, compared to the more
arid dry bean production regions further west. Several slow-
darkening carioca cultivars have also been developed in Bra-
zil (Carneiro et al. 2012). Carioca is the largest dry bean
market class in Brazil. Carioca seeds are smaller than pinto
but have a similar darker brown pattern on a lighter cream
background.

Currently, only pinto and carioca beans have slow-dark-
ening cultivars available, despite the fact that several other
market classes such as pinks, LRKs, and cranberries suf-
fer losses from seed coat darkening. Attempts have been
made by several breeders to introduce the SD trait into
these other market classes with no success, mostly due to
the complex interactions among the genes controlling seed
coat colors. This study aims to overcome this limitation by
utilizing marker-assisted selection to ensure inheritance of
both slow-darkening and desired seed coat color and pat-
tern. The Andean and Middle American gene pools of P.
vulgaris have partial reproductive isolation which dictates
introgressing traits within gene pools when possible (Papa
et al. 2006). The pinto and pink market classes are both from
race Durango/Jalisco in the Middle American gene pool
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(Kelly 2010), and thus our primary objective was to transfer
the SD trait from pinto into pink beans.

To develop SD pink beans, molecular markers were
required to select three key seed traits: reduced posthar-
vest darkening, pink seed coat color, and no pinto pattern.
Progeny homozygous for the P*¢, rk”, and pi alleles were
expected to exhibit slow-darkening, solid pale pink seeds,
and no pinto pattern, respectively. While pre-existing PCR
Allele Competitive Extension (PACE) markers linked to
P (Alvares et al. 2019) and Pi (Roy et al. 2025a) were
available, no diagnostic marker exists for selecting the solid
pink 7k” allele. Thus, identification of the Rk gene and devel-
opment of an allele-specific marker for rk” were essential
steps toward enabling marker-assisted selection (MAS)
for SD pink beans. To address this need, the current study
was designed to meet the following objectives: (i) define
the genomic region underlying the Rk locus by GWAS and
identify its candidate gene; (ii) validate the candidate gene
through gene expression analysis, linkage mapping, phyloge-
netic analysis, and sequence comparison; (iii) develop diag-
nostic PACE markers for the Rk locus; (iv) implement MAS
using P*, pi, and rk” markers to develop SD pink beans;
and (v) establish a groundwork for applying these and other
seed coat color and pattern gene markers for extending the
slow-darkening trait to Andean market classes such as LRK
and cranberry.

Materials and methods
Plant materials and phenotyping

The Durango Diversity Panel (DDP; n=192), a subset
of the Middle American Diversity Panel (MDP; n=280)
(Moghaddam et al. 2016), was used as plant materials
for the GWAS analysis. The DDP panel includes pinto,
pink, Durango red, great northern, and navy bean market
classes. Only the genotypes belong to the pinto (n=92),
pink (n=22), and Durango red (n =22) market classes were
used in the GWAS analysis. Phenotyping for the GWAS was
based on the known genotypic differences among these three
market class groups. The panel was scored in a binomial
manner: pinto beans (n=92; genotype: G B v Rk Pi) vs a
pooled group consisting of solid-colored pink beans (n=22;
genotype: G b v rk” pi) and Durango red beans (n =22; geno-
type: G b v rk* pi). These two pools differ specifically at the
B, Rk, and Pi loci. The phenotype scores used for the GWAS
are provided in Supplementary Table S1.

Genotyping and variant calling

Fresh young leaves at trifoliate stage were collected from a
single plant per genotype, and genomic DNA was extracted

using the Mag-Bind Plant DNA Plus Kit (Omega Bio-Tek,
Norcross, Georgia, USA). The DDP panel (n=192) was
resequenced in 150-bp paired-end mode at approximately
8% depth by the HudsonAlpha Institute for Biotechnology
(Huntsville, AL). Sequencing reads were aligned to the
UI111 vl1.1 reference genome (https://phytozome-next.jgi.
doe.gov/info/PvulgarisUI111_v1_1) using BWA-MEM (Li
2013) with default parameters. The resulting BAM files
were sorted with SAMtools v1.15.1 (Li et al. 2009), and
duplicate reads were removed using Picard (http://broadinsti
tute.github.io/picard). Variant calling was performed using
GATK v3.3 (McKenna et al. 2010). Multiallelic SNPs and
SNPs with a read depth <5 were removed using VCFtools
(Danecek et al. 2011). SNPs with <20% missing data were
imputed using the likelihood-based method implemented
in fastPHASE v1.3 (Scheet and Stephens 2006), resulting
in 2,051,922 SNPs. Finally, SNPs with a minor allele fre-
quency (MAF) <0.05 were excluded prior to GWAS analy-
sis. Some of the resequenced DDP genotypes were used in
this study for the creation of Rk markers (Table 1).

Genome-wide association study (GWAS)

A binary GWAS was performed using the phenotype clas-
sification described above to identify genomic regions asso-
ciated with the Rk, B, and Pi loci. A total of 1,170,272 SNP
loci with MAF >0.05 from 136 genotypes were included in
the GWAS. A principal component analysis (PCA) using the
R prcomp function implemented in the GAPIT R package
(Lipka et al. 2012) was used to estimate population structure.
The centered relatedness algorithm to determine population
relatedness was computed in GEMMA (Zhou and Stephens
2012). A general linear mixed model was performed in
GEMMA that included population structure and relatedness
as fixed and random effects, respectively. To determine if
the SNP effect size was significantly different from zero,
a Wald test was used (Wald 1943). SNPs within the lower
0.01% tail of the SNP P value were considered significant. A
Manbhattan plot was created using SNPs with a minor allele
frequency (MAF) > 0.05 with the mhtplot function in the R
package gap (Zhao 2007).

To further investigate potential epistatic interactions
between the Rk and C loci, a targeted GWAS was conducted
using two genetically defined groups: i) solid-colored pink
beans (n=22) and (ii) Durango red beans (n=22). A total
of 1,010,744 SNPs were used for the analysis, and GWAS
was performed using the same filtering criteria, statistical
models, and population structure controls described above.

Candidate gene selection

The + 50 kb region surrounding the Rk peak on Pv02 was
searched for genes associated with flavonoid production.
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Table 1 Genotypes used to

. d Market class Genotypes Sequence origin®

create diagnostic PACE markers

for Rk Durango red NW63, Common Red, UI37, USRM20 DDP resequencing
Pink Gloria, CDC Rosalee, Pink Floyd, Yolano, USWAG61, DDP resequencing

Viva

DRK Montcalm, MDRK, RedHawk, Royal Red Amplicon sequencing
LRK Sacramento, USLK1, CELRK, Pink Panther Amplicon sequencing
Red mottled Rozi Koko, Maalasa, PI310511 (Calima) Amplicon sequencing
Small red Kibumbula, G1368, G20729, G23070 Amplicon sequencing
Cranberry USCR-CBB-20, Capri, Bellagio Amplicon sequencing
Black Labor Ovalle, 5-593 Phytozome
Pinto Ull11 Phytozome
Liborino G19833 Phytozome

#Source of the Rk DNA sequence. Sequences were captured from resequencing data of the DDP mapped to
the UI111 reference genome (DDP resequencing; https://phytozome-next.jgi.doe.gov/info/PvulgarisUI111_
v1_1), amplicon sequencing data collected during this project (amplicon sequencing), or the annotation of
the four common bean reference genomes (Phytozome; https://phytozome-next.jgi.doe.gov/)

Two tandemly duplicated genes, PvUI111.02G213700 and
PvUI111.02G213800, were selected as prospective candi-
dates. Both genes were annotated as anthocyanidin reductase
(ANR).

RNA-seq data was analyzed from the black-seeded 5-593
genotype seed coat tissue collected at four stages of seed coat
development (Roy et al. 2025b). The line 5-593 (genotype: T
Z Bip P [Cr]J G BV Rk Gy sal), developed by Dr. Mark J.
Bassett at the University of Florida, carries dominant alleles
controlling seed coat color and pattern for all but two of
the listed genes (Bassett 1998). The expression data were
compared and due to the lack of expression of the 5-593
homolog of PvUI111.02G213700, PvUI111.02G213800 was
selected as the candidate gene for Rk.

Phylogenetic analysis of Rk gene alignment
of orthologs

A neighbor-joining (NJ) phylogenetic tree was constructed
using the Rk protein (PvUI111.02G213800) together with
its orthologous proteins. Orthologs were identified through
blastp searches against Phytozome 13 (https://phytozome-
next.jgi.doe.gov/) and NCBI databases. A total of 61 amino
acid sequences annotated as ANR proteins, representing
57 species previously used for V gene analysis by McClean
et al. (2022), were included in the analysis (Supplementary
Table S2). Protein sequences were aligned using the MUS-
CLE algorithm (Edgar 2004) as implemented in MEGA11
(Tamura et al. 2021). The Jones—Taylor—Thornton substi-
tution model was applied for tree development. The NJ
tree was generated with 1000 bootstrap replicates to assess
branch support.
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Genetic linkage mapping

A bi-parental Fs-derived population of recombinant inbred
line (RIL) was developed from a cross between G122 (cran-
berry) and Montcalm (dark red kidney), hereafter referred
to as the GM population, (Bello et al. 2014) was used for
mapping of the Rk locus. G122 has the genotype T P [C*' R
pi] J g b v'® Rk, while Montcalm has the genotype T P [c* r
pil J g Bv rk?. This population consists of 108 RILs and was
used to assess recombination rates in the genomic region
surrounding the Rk candidate gene. The GM RILs were visu-
ally scored based on seed coat color. Lines exhibiting the
DRK market class characteristic of garnet brown seed color
were classified as 7k, while all other seed coat types were
classified as Rk (Supplementary Fig. S1). Detailed pheno-
typic information about each GM RIL can be found in Sup-
plementary Table S3.

Whole-genome resequencing data were aligned to the
UIL11 P. vulgaris reference genome to create bam file for
visualization. Integrative Genomics Viewer (IGV) (Rob-
inson et al. 2011) was used to identify polymorphisms
between the GM RIL parental lines, G122 and Montcalm.
PACE markers were designed approximately every 200 kb
across the genomic interval identified in the GWAS analysis,
including flanking regions on both the left and right sides
of the Rk locus. A total of 18 PACE markers polymorphic
between G122 and Montcalm were designed for the region
spanning 37,339,802 bp to 41,080,767 bp (UI111) on chro-
mosome Pv02 for fine-mapping (Supplementary Table S4).
These PACE markers were subsequently used to genotype
and map the Rk gene in the GM population (Supplementary
Table S3).
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The SNP allelic discrimination genotyping data of the
GM RIL population were analyzed using MapDisto v.2.1.8.7
(Heffelfinger et al. 2017). Linkage group was created using
the Kosambi mapping function with a minimum LOD (loga-
rithm of odds) threshold of 5.0 and a maximum classical
recombination fraction of 0.3. Marker ordering was per-
formed using the “Seriation II”” algorithm under the “order
a linkage group” command. The order was refined and opti-
mized further with the “check inversions” and “ripple order”
commands.

DNA isolation

Trifoliate young leaf tissue or embryo tissue collected from
each member of the GM RIL population (Supplementary
Table S3) and amplicon sequencing genotypes were used
for DNA extraction (Table 1). DNA was extracted using the
Mag-Bind DNA Plus kit (Omega Bio-Tek, Norcross, Geor-
gia, USA). The same strategy was employed for leaf tis-
sue harvested from F, progeny resulting from crossing ND
Palomino with the other genotypes. DNA extractions on leaf
tissue were performed using half-reaction mix.

DNA amplicon sequencing of the Rk candidate gene

The structure of the Rk gene model PvUI111.002G213800
from UI111 reference genome was used to develop primers
for PCR amplifications (Supplementary Table S5). DNA
fragments were amplified in a 20 uL volume reactions with
an amplification protocol with 45 cycles and annealing
temperatures specific to each primer pair. PCR products
were run on a 1.5% agarose gel, and the DNA fragments
were extracted using the NEB Monarch Gel Extraction kit
(https://www.neb.com/products/t1020-monarch-dna-gel81
extraction-kit). The purified DNA fragments were Sanger
sequenced by Eton Bioscience Inc. (https://www.etonbio.
com/). The coding region was assembled from the sequence
fragments using the Staden Package (Staden 1996).

Diagnostic marker development and PCR allele
competitive extension (PACE) analysis

To develop diagnostic PACE markers differentiating Rk
alleles, whole-genome shot gun sequencing data along with
amplicon sequencing data from genotypes across multiple
market classes were analyzed (Table 1). Three missense
SNPs within the Rk candidate gene model were identified as
being associated with specific market classes. These SNPs
were used to design three allele-specific PACE markers (Sup-
plementary Table S6). These PACE markers were applied to
determine Rk genotypes for the crosses created in this study
and in two diversity panels: the Middle American Diversity
Panel (MDP; n=284; Supplementary Fig. S2; Supplementary

Table S7) and the Andean Diversity Panel (ADP, n=256;
Supplementary Table S8). Seed type classifications for both
panels were obtained from McClean et al. 2024.

PACE assays were performed in a total of 8 pL reaction
volume, each containing 2 pl (approximately 10 ng/pl) of
genomic DNA, 0.15 pl of primer mix (12 pM of each allele-
specific forward primer and 30 pM of the common reverse
primer), 4 pl of 3CR Bioscience PACE Master Mix Standard
Rox, and 1.85 pl of H,0O. PCR amplifications followed the
protocol described in McClean et al. (2024). Following post-
PCR, end-point fluorescence was measured using the CFX
Opus 96 Real-Time PCR System (Bio-Rad®, Inc., Hercules,
CA, USA). The relative fluorescent unit (RFU) intensities
data were then analyzed for allelic discrimination using the
CFX Maestro v2.3 software (Bio-Rad®).

Development of populations to introduce the P*
allele into pink beans

The SD pinto cultivar ND Palomino was jointly developed
by North Dakota State University (NDSU) and the USDA-
ARS and released in 2016 (Osorno et al. 2018). ND Palo-
mino (P*? Rk Pi) was used as the SD donor male parent and
crossed to three pink-seeded parents, Rosetta (Kelly et al.
2012), PK16-1 (breeding line from the USDA-ARS bean
breeding program at Prosser-WA), and ND112929, a breed-
ing line from NDSU in the NDSU Jack Dalrymple green-
house complex in Fargo, ND. All three regular-darkening
pink parents possess the P rk” pi genotype. F, seeds from
these crosses were advanced to F, generation.

The F, populations from each cross were grown, and
DNA was extracted from leaf tissue of individual F, plants
for genotyping using three PACE markers targeting the Rk,
P4 and Pi loci associated with seed coat color and pattern.
These markers were used to identify plants homozygous for
the desired alleles. The F; seeds derived from selected F,
plants were evaluated for seed coat color and pattern through
phenotypic scoring with UV light. Finally, 16 out of 28 via-
ble F; lines were advanced to the F5 generation.

Ultra-violet (UV) screening for the slow-darkening
trait

To evaluate postharvest seed coat darkening, seeds from
F, (greenhouse-grown), and F5 (field-grown) generations
SD pink bean lines were subjected to UV light exposure to
induce postharvest darkening. Seed samples (5-20 seeds)
were arranged in a single layer and placed approximately
20 cm beneath a germicidal UV light source (1=254 nm) for
120 h. This protocol was adapted from Islam et al. (2020),
with modifications including a shorter distance from the
light source and extended exposure duration to enhance the
visibility of darkening effects.
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Following treatment, the UV-exposed surface of each
seed was visually compared to the unexposed side and to
untreated control seeds. Genotypes with known seed coat
darkening behaviors were included as controls. This compar-
ative approach enabled clear differentiation between slow-
darkening and regular-darkening phenotypes and validated
trait expression across generations.

Results
GWAS

The GWAS conducted with 1,170,272 SNP loci and two
seed coat categories for the DDP: pinto (n=92) and a pooled
group of solid-colored pink and Durango red beans (n=44),
identified candidate genomic regions for the Rk, B, and Pi
loci that aligned fully with expectations. A strong associa-
tion corresponding to the target gene Rk was detected toward
the distal end of chromosome Pv02 (Fig. 1). A cluster of 22
SNPs spanning a 0.8 Mb interval (39.3—40.1 Mb) on Pv02
chromosome were identified and used for candidate gene
exploration of the Rk gene (Supplementary Table S9). A
second peak was also observed at the distal end of Pv02.
Because the B locus has historically been linked to the /
virus resistance gene (Temple and Morales 1986), which
also maps to chromosome Pv02. Preliminary data (not
shown) suggest that this peak is positioned with the B locus.
Apparently, pintos in the DDP are predominantly dominant
B while reds and pinks are recessive b. The analysis also
showed, as expected, a distinct peak for the seed coat pattern
gene Pi at the proximal end of chromosome Pv08 (Roy et al.
2025a) where the complex C locus is located.

The targeted GWAS comparing solid-colored pink beans
and Durango red beans revealed a prominent association

peak on chromosome PvO8 (Supplementary Fig. S3). This
genomic interval corresponds to the known physical loca-
tion of the complex C locus, supporting the hypothesis
of Bassett and Miklas (2003) that the darker background
pigmentation of Durango red beans may result from an
interaction between the C gene and the 7k allele at the Rk
locus. An additional peak was detected on chromosome
Pv07; however, examination of annotated genes within
this region did not identify any genes associated with the
flavonoid biosynthesis pathway or with known seed coat
color loci.

Candidate gene selection

The 0.8 Mb region surrounding the Rk peak genomic
interval was searched for genes associated with flavo-
noid production. Two tandemly duplicated gene mod-
els, PvUI111.02G213700 and PvUI111.02G213800,
were selected as prospective candidates. The ortholog
for these genes in the model organism Arabidopsis is
ATI1G61720, deemed the BANYULS (BAN) gene. This
gene has the same negative regulatory effect on flavonoid
synthesis as the Rk gene (Albert et al. 1997). The BAN
gene encodes for anthocyanidin reductase (ANR) (Xie
et al. 2003).

RNA-seq data of seed coat tissue from the 5-593 genotype
sampled across four development stages of seed coat color
formation showed that Pv5-593.02G212800, the homolog for
PvUI111.02G213800, was expressed at all stages (Table 2)
(Roy et al. 2025b). In contrast, the 5-593 homolog of
PvUI111.02G213700, Pv5-593.02G212700, had virtually
no expression across all stages. Based on these expression
profiles, PvUI111.02G213800 was chosen as the most plau-
sible Rk candidate gene.
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Fig. 1 Manhattan plot and Q-Q plot for the GWAS of red seed coat color. The Manhattan plot shows a strong peak for Rk in chromosome 2.
Associations were also found for Pi and B. The dotted line represents the 0.01% significance threshold
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Table2 RNA-seq based expression profiles of Rk candidate genes in seed coat tissue of genotype 5-593 across four developmental stages
[adapted from Roy et al. (2025b)]

Gene model in 5-593 Gene model in UI111 Stage 1* Stage 2° Stage 3* Stage 4*
Pv5-593.02G212700 PvUI111.02G213700 0.03 0 0.01 0.03
Pv5-593.02G212800 PvUI111.02G213800 738.9 542.47 217.24 123.57

*Values represent the mean of three biological replicates measured in transcripts per million (TPM). Stage 1 corresponds to the earliest stage of
seed coat color development, while stage 4 represents a nearly mature seed coat. Expression data were generated from genotype 5-593; homolo-

gous gene models from UI111 are provided for reference

Phylogenetic analyses of Rk gene and their
orthologs

To evaluate the evolutionary conservation of the Rk can-
didate gene, a neighbor-joining (NJ) phylogenetic tree was
constructed using the Rk protein (PvUI111.02G213800)
and 60 additional ANR orthologs representing 57 species.
Orthologs were identified via blastp searches across the Pha-
seolus genus and broader angiosperm and gymnosperm line-
ages. The tree (Fig. 2) reveals strong clustering of Phaseolus
species, with the Rk protein showing complete identity to
its orthologs from the other three common bean reference
genome annotations (G19833 v2.1, 5-593 v1.1, and Labor
Ovalle v.1.1), and 99% identity to tepary bean (P. acutifo-
lius), and 98% to scarlet runner bean (P. coccineus). Rk was
94% and 90% identical to cowpea (Vigna unguiculata) and
soybean (Glycine max) orthologs, respectively.

In soybean, two ANR orthologs were identified in the
Williams82 reference genome, Glyma.08G062000 (ANR1)
and Glyma.08G062100 (ANR2). Glyma.08G062000 (ANRI)
has been associated with red-brown seed coat pigmentation
in soybean (Kovinich et al. 2012). The Rk protein shared
90% identity with ANRI and 79% with ANR2. These identity
values and clade placements in Fig. 2 reflect taxonomic dis-
tances and support the functional conservation of ANR-type
enzymes in seed coat color regulation.

Genetic linkage mapping

To refine the genomic region surrounding the candidate
gene, PvUI111.02G213800, genetic linkage mapping was
performed using the GM RIL population. This population
was chosen because the parents, G122 and Montcalm, have
contrasting Rk alleles: Rk and rk“, respectively. The mapping
interval spanned from 37,339,802 bp to 41,080,767 bp on
Pv02, extending beyond the GWAS-defined peak interval
(39.3-40.1 Mb) in both directions to ensure comprehensive
coverages.

Polymorphic SNPs between the two parents were identi-
fied approximately every 200 kb in either direction flank-
ing the candidate gene and converted into PACE markers.
This strategy yielded nine proximal markers and six dis-
tal markers relative to PvUI111.02G213800 gene model.

Additionally, two flanking markers were placed roughly
500 kb beyond the nearest marker at each end of the interval.
Finally, the PACE marker denoted Pv02_39518891, located
inside the candidate gene, was designed. In total, 18 PACE
markers were used to genotype all 108 GM RILs and both
parental lines. Linkage analysis revealed that two markers
cosegregated with the Rk gene, including Pv02_39518891,
providing strong support for PvUI111.02G213800 as the
candidate gene. The resulting genetic map is presented in
Fig. 3.

Diagnostic Rk PACE marker development

The Coding DNA Sequences (CDS) for the Rk gene
PvUI111.02G213800 were searched across multiple mar-
ket classes (Table 1) to identify nucleotide polymorphisms.
Three SNPs were found that resulted in amino acid sub-
stitutions distinguishing different Rk alleles correlated with
specific market classes. All pink and Durango red genotypes
shared identical CDS sequences and carried a SNP G193A
at position 39,518,531 bp which led to an A65T amino
acid substitution. Both LRKs and DRKs genotypes shared
a SNP A443G at 39,518,891 bp, corresponding to E148G
substitution. Additionally, a DRK-specific SNP C707T was
identified at 39,519,517 bp, leading to a S236L substitution
(Fig. 4). These diagnostic SNPs are summarized in Table 3,
and visualized in Fig. 5, providing molecular markers for
distinguishing Rk alleles across market classes.

Three PACE markers targeting these SNPs were devel-
oped and validated using the diverse MDP and ADP panels.
The PACE marker for the rk” allele (rk”-PACE-PinkFloyd-
SNP-39518531-Ull11) [Marker name components indi-
cate: allele targeted (rk”), assay type (PACE), source geno-
type (Pink Floyd), variant type (SNP), physical position
(39,518,531 bp), and reference genome (UI111)] was 100%
diagnostic in classifying pink and Durango red beans from
other market classes in both panels. The marker targeting
the shared SNP between LRK and DRK (rk-PACE-Celrk-
SNP-39518891-UI111) genotypes successfully detected
both market classes in the ADP panel, with few exceptions,
and represented an alternate allelic state in the MDP panel.
The DRK-specific PACE marker (rk‘-PACE-Montcalm-
SNP-39519517-UI111) successfully differentiated the DRK
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Fig.2 A neighbor-joining (NJ) phylogenetic tree of anthocyani-
din reductase (ANR) orthologs from 57 plant species spanning the
diversity of land plants. The Rk candidate protein (P.vulgaris.UI111:

genotypes from LRK in the ADP, and from the other market
classes in both panels (Table 3; Supplementary Tables S7
and S8).

In addition to these diagnostic SNPs, three other poly-
morphisms detected in this study could not be defini-
tively associated with an Rk allele. Two SNPs at position
39,518,497 and 39,519,757 bp within the Rk gene were
silent mutations, although they may still have associations
with particular market classes. These SNPs were present
in multiple bean types, including the small red landraces.
Attempts to develop a marker for identifying small red lan-
draces using these polymorphisms in combination with other
markers proved unsuccessful. Furthermore, analysis of the
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PvUI111.02G213800) clusters within the Fabales clade, reflecting
high conservation among legumes. Colors denote major plant orders.
Bootstrap values (1000 replicates) indicate branch support are shown

red mottled market class revealed a missense SNP at posi-
tion 39,518,750 bp, potentially associated with red mottled
beans (Supplementary Table S10). A marker was developed
for this SNP to identify red mottled beans, but it also failed
to provide reliable classification.

Introduction of the P*? allele into pink beans

To introduce the slow-darkening (P*¢) allele into pink bean
backgrounds, crosses were made between the SD pinto cul-
tivar ND Palomino and three pink bean genotypes: Rosetta,
ND112929, and PK16-1 (Fig. 6). The F, plants from these
crosses were genotyped with the Pi, 7k”, and P*¢ markers to
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Fig.3 Genetic linkage mapping of the Rk locus in the G122 x Mont-
calm recombinant inbred line population. The physical position of
SNP markers denoted after Pv02 correspond to the coordinates in the
UIl11 reference genome. The mapping software’s approximation of
genetic distance is indicated in ¢cM on the left. The Rk locus, high-
lighted in red, cosegregates with two markers: Pv02_39345720 and
Pv02_39518891

select individuals with the desired genotypic combination.
The goal was to select F, plants exhibiting slow-darkening
pink bean phenotype, characterized by homozygous reces-
sive alleles at all three loci: P*, rk”, and pi. Of the 2240
F, plants screened, 2,171 plants had successful genotyping
results for all three markers. Among these, 32 individuals
carried the target allelic combination predictive of slow-
darkening pink phenotype. Total evaluated individuals
from each cross are presented in Table 4, while genotype
and their assumed phenotype associations are summarized
in Supplementary Table S11. The segregation patterns for
all three loci fit an expected Mendelian ratio, as supported
by j° analysis (Supplementary Table S12).

UV testing

Seeds from the parental lines and F, progeny were
exposed to UV light for five days (120 h) to evaluate
postharvest darkening. Following UV exposure, 28 slow-
darkening pink lines were compared to both untreated
seeds and their regular-darkening pink parent. This com-
parison revealed a clear phenotypic distinction in seed
coat darkening between the SD and regular-darkening
(RD) populations (Fig. 7). The selected F, SD pink lines
were advanced in the field to the F5 generation. Geno-
typing of these generations using PACE markers for P*¢
and rk? further validated the presence of the homozygous
alleles associated with reduced darkening and pink seed
coat color, respectively. UV-treated seeds from the F, and
F5 SD lines consistently exhibited reduced darkening, and
visual inspection of Fs-derived seeds confirmed reten-
tion of the characteristic pink seed coat color, indicating
phenotypic stability across generations.

Discussion

Mapping and candidate gene selection for the Rk
locus

The Rk gene is responsible for red kidney seed coat color
in common bean and is known to regulate red pigmentation
in LRKs, DRKSs, pink, and Durango red beans (Bassett and
Miklas 2003). The GWAS conducted in this study mapped
the Rk locus within a narrow 0.8 Mb interval (39.3—40.1 Mb)
near the end of chromosome Pv02. Candidate gene searches
within this interval, focused on genes involved in flavo-
noid biosynthesis, revealed a pair of duplicated genes,
PvUI111.02G213800 and PvUI111.02G213700, with identi-
cal annotation. The ortholog of these two genes in the model
organism Arabidopsis is AT/G61720, known as the BAN
gene. BAN is a negative regulator of flavonoid biosynthesis
(Albert et al. 1997). BAN encodes anthocyanidin reductase
(ANR), an enzyme in the flavonoid pathway that converts
anthocyanidins into flavan-3-ols, which in turn are polym-
erized into condensed tannins (Xie et al. 2003). This enzy-
matic activity is important as it lessens the accumulation
of red colored anthocyanidins, and the resulting brown tint
from condensed tannins that further obscure red pigmenta-
tion (Liu et al. 2021).

The common bean Rk gene appears to function analo-
gously to BAN, acting as a negative regulator of red pigment
production. When a dominant Rk or BAN allele is present,
there is no red color. This functional similarity strongly
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Fig.4 Amino acid alignment
of proteins representing distinct
genotypes of the Rk gene model
PvUI111.02G213800. Three
SNPs associated with different
Rk alleles that result in amino
acid substitutions are high-
lighted
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unn1 NﬂTVKKIEKKﬁl:VIGGSGFNRSCLVKIILLHKGVRVNTTVRDPI'IHHKKISHLLRLQSLGDLNIFE‘RDLTEERI'IFllIlPIHEEELVFﬂLﬁIPVNFRSEDPENﬂ
G19833 MATVKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCEL YFQLATPYNFASEDPEND
Labor Ovalle HATYKKIGKKACYIGGSGFHASCLYKOLLHKGYAYNTTVYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCELVFALATPYNFASEDPEND
5-593 HATVKKIGKKACYIGGSGFHASCLYKALLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGADLTGERDFDAPIAGCELYFQLATPYNFASEDPEND

CDC Rosalee HATYKKIGKKACYIGGSGFMASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGYDLTGERDFDAPIAGCELVFQLATPYNFASEDPEND
Gloria HATVKKIGKKACYIGGSGFHASCLYKQLLHKGYAVNTTYRDPDNAKKISHLLALQSLGDLNIFGTDLTGERDFDAPIAGCELVFQLATPYNFASEDPEND

Pink Floyd HATYKKIGKKACYIGGSGFMASCLYKOLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGYDLTGERDFDAPIAGCELVFQLATPYNFASEDPEND
USWAB1 HATYKKIGKKACYIGGSGFMASCLYKQLLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGY DL TGERDFDAPIAGCEL VFQLATPYNFASEDPEND
Viva HATVKKIGKKACYIGGSGFHASCLYKQLLHKGYAVNTTYRDPDNAKKISHLLALQSLGDLNIFGTDLTGERDFDAPIAGCELVFOLATPYNFASEDPEND
Yolano MATYKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGT DL TGERDFDAPIAGCELYFQLATPYNFASEDPEND
Common red HATYKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGTDLTGERDFDAPIAGCELYFQLATPYNFASEDPEND
NW63 HATVKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGTDLTGERDFDAPIAGCELYFQLATPYNFASEDPEND

UI37 MATYKKIGKKACYIGGSGFMASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGYDLYGERDFDAPIAGCELVFQLATPYNFASEDPEND
USRM20 HATYKKIGKKACYIGGSGFHMASCLYKQLLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGTDLTGERDFDAPIAGCELVFQLATPYNFASEDPEND
CELRK HATVKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGADLTGERDFDAPIAGCELVFQLATPYNFASEDPEND
Pink Panther HATVKKIGKKACVIGGSGFHASCLYKQALLHKGYAVNTTVRDPDNAKKISHLLALQSLGDLNIFGADLTGERDFDAPIAGCELYFALATPYNFASEDPEND
Sacramento HATYKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCELYFQLATPYNFASEDPEND
USLK-1 HATYKKIGKKACYIGGSGFHASCLYKOLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCEL VFQLATPYNFASEDPEND
MDRK HMATVKKIGKKACYIGGSGFHMASCLYKQLLHKGYAVNTTYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCEL VFQLATPYNFASEDPEND
Montcalm HATYKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPTAGCELYFQLATPYNFASEDPEND
Red Hawk HATYKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADLTGERDFDAPIAGCELYFALATPYNFASEDPEND
Royal Red HATYKKIGKKACYIGGSGFHASCLYKALLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCEL VFQLATPYNFASEDPEND
Bellagio HATYKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCELYFQLATPYNFASEDPEND
Capri HATYKKIGKKACYIGGSGFHASCLYKOLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCELYFQLATPYNFASEDPEND
USCR-CBB-20 HATYKKIGKKACYIGGSGFHASCLYKOLLHKGYAYNTTVYRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCELYVFALATPYNFASEDPEND
P1310511 HATYKKIGKKACYIGGSGFHASCLVKALLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCELVFQLATPYNFASEDPEND
G1368 MATVKKIGKKACYIGGSGFHASCLVKOLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADLTGERDFDAPIAGCELYFQLATPYNFASEDPEND
G2029 MATYKKIGKKACYIGGSGFMASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADLTGERDFDAPTAGCELYFQLATPYNFASEDPEND
G23070 HATVKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGADLTGERDFDAPIAGCELVFQLATPYNFASEDPEND
KIBUMBULA HATYKKIGKKACYIGGSGFHASCLVKQLLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCELVFQLATPYNFASEDPEND
Maalasa HATYKKIGKKACYIGGSGFHASCLYKALLHKGYAYNTTVRDPDNAKKISHLLALQSLGDLNIFGADL TGERDFDAPIAGCELVFALATPYNFASEDPEND

Rozi Roko HATVKKIGKKACYIGGSGFHASCLYKQLLHKGYAYNTTYRDPDNAKKISHLLALQSLGDLNIFGADLTGERDFDAPIAGCELVFQLATPYNFASEDPEND
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Ui HIKPRISEVLNVLKREHRHKGV‘(RVIIJSSRRRV'lINPVKI]TﬁLVI|D‘ESNHTI]VEFLNTRKPPTHGVPVSKRLREKRRHKFHEENHIDLIYVIPTLIIGP
G19833 TIKPAISGVLNYLKACARAKGYKRVILTSSAAAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPVSKALAEKARKKFAEENHIDLITVIPTLTTGP
Labor Ovalle HIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDYEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
-593 HIKPAISGYLNVLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKAAHKFAEENHIDLITYIPTLTTGP

CDC Rosalee HIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYMDESNHTDVEFLNTAKPPTHGYPYSKALAEKAAKKFAEENHIDLITYIPTLTTGP
Gloria HIKPAISGYLNVLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP

Pink Floyd HIKPAISGYLNYLKACARAKGYKRYIL TSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
USWAG1 HIKPAISGYLNYLKACARAKGYKRYIL TSSAARYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITYIPTLTTGP
Viva HIKPAISGYLNYLKACARAKGYKRYVILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP

Yolano HIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
Common red HIKPAISGYLNYLKACARAKGYKRYIL TSSAARYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITYIPTLTTGP
NW63 HIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP

UI37 MIKPAISGYLNVLKACARAKGYKRYILTSSAAAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITVIPTLTTGP
USRM20 HIKPAISGYLNVLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
CELRK MIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
Pink Panther MIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYMDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
HIKPAISGVLNVLKAC TLTSSARAYTINPYKDTGL YHDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITVIPTLTTGP

USLK-1 HIKPAISGYLNVLKACARAKGYKRVIL TSSAARYTINPYKDTGLYHDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITYIPTLTTGP
MDRK HIKPAISGYLNVLKACARAKGYKRYIL TSSAARYTINPYKDTGLYHDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITVIPTLTTGP
HIKPAISGVLNVLKAC TLTSSARAYTINPYKDTGL VHDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITVIPTLTTGP

Red Hawk MIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
Royal Red WIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYMDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITVIPTLTTGP
Bellagio HIKPATISGYLNYLKACARAKGYKRYIL TSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
Capri HIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPVKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITVIPTLTTGP
USCR-CBB-20 HIKPAISGYLNVLKACARAKGYKRVILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARNKFAEENHIDLITVIPTLTTGP
P1310511 TIKPAISGYLNVLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKAAHKFAEENHIDLITVIPTLTTGP
G1368 MIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITVIPTLTTGP
G2029 HIKPAISGYLNYLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
G23070 HIKPAISGYLNYLKACARAKGYKRYILTSSARRYTINPYKDTGLYHDGSNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITYIPTLTTGP
KIBUMBULA HIKPAISGYLNYLKACARAKGYKRVILTSSAARYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKAAKKFAEENHIDLITYIPTLTTGP
Maalasa TIKPAISGYLNVLKACARAKGYKRYILTSSARAYTINPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARKKFAEENHIDLITVIPTLTTGP
Rozi Roko TIKPAISGYLNYLKACARAKGYKRVILTSSAAR IPYKDTGLYHDESNHTDVEFLNTAKPPTHGYPYSKALAEKARMKFAEENHIDLITVIPTLTTGP
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U111 SLTPllIPSSVGLiﬂSLITGNIJFLI!IHLKGHDFLSG‘SISI"WEDICRHNIFVHENESRSGRVIVSSHSTSVPELRKFLSKRVP(]VKVPTEFDDEPSKHKL
G19833 SLTPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHVEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
Labor Ovalle SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
5-593 SLTPDIPSSVGLATSLITGNDFLINALKGHQFLSGSISITHVEDICRAHIFVAENESASGRYIVSSHSTSVPELAKFLSKRYPQYKVPTEFDDCPSKAKL

CDC Rosalee SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
_Gloria SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
Pink Floyd S| TPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
USWAG61 SL-PDIPSSYGL-~--ITGNDFLINALKGHOFLSGSISITHVEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
Viva SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHVEDICRA====-=: -NESASGRYIVSSHSTSVPELAKFLSKRYPQYKVPTEFDDCPSKAKL

Yolano S| TPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHVEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
Common red SLTPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHVEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
NW63 SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHVEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL

UI37 SLTPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
USRM20 S| TPDIPSSVGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
CELI SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL

Pink Panther SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
Sacramento S| TPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHVEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
USLK-1 SLTPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
MDRK' SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGLISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
Montcalm SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGLISITHYEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
Red Hawk SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGLISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
Royal Rgd SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGLISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
Bellagio 5| TPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHVEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL

apri SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHVEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
USCR-CBB-20 SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHVEDICRAHIFVAENESASGRYIVSSHSTSVPELAKFLSKRYPQYKVPTEFDDCPSKAKL
P1310511 SLTPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHVEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
G1368 SLTPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHVEDICRAHIFVAENESASGRYIVSSHSTSVPELAKFLSKRYPQYKVPTEFDDCPSKAKL
G2029 SLTPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL

3070 SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKVPTEFDDCPSKAKL
KIBUMBULA SLTPDIPSSYGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL
Maalasa SLTPDIPSSYGLATSLITGNDFLINALKGHOFLSGSISITHVEDICRAHIFYAENESASGRYIVSSHSTSYPELAKFLSKRYPQYKYPTEFDDCPSKAKL

Rozi Roko SLTPDIPSSVGLATSLITGNDFLINALKGHQFLSGSISITHYEDICRAHIFVAENESASGRYIVSSHSTSVPELAKFLSKRYPQYKVPTEFDDCPSKAKL

X
kel

201 210 220 230 337

UI111 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
G19833 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Labor Ovalle TISSEKLYKEGFSFKYGIEEIYDQSYEYLKSKGALKN
5-593 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN

CDC Rosalee TISSEKLVKEGFSFKYGIEEIYDQSYEYLKSKGALKN
Gloria TISSEKLYKEGFSFKYGIEEIYDQSVEYLKSKGALKN

Pink Floyd TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
USWAG61 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Viva TISSEKLVKEGFSFKYGIEEIYDQSYEYLKSKGALKN

Yolano TISSEKLYKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Common red TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
NW63 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN

@
{2

UI37 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
USRM20 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
CELRK TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN

Pink Panther TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Sacramento TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
USLK-1 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
MDRK TISSEKLVYKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Montcalm TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Red Hawk TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Royal Red TISSEKLYKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Bellagio TISSEKLYKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Capri TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
USCR-CBB-20 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
P1310511 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
G1368 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
G2029 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
G23070 TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
KIBUMBULA TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Maalasa TISSEKLYKEGFSFKYGIEEIYDQSVEYLKSKGALKN
Rozi Roko TISSEKLVKEGFSFKYGIEEIYDQSVEYLKSKGALKN

ks
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Table 3 Missense SNPs
distinguishing different market
classes in the Rk candidate gene
model PvUI111.02G213800

Exon 1

Market Class

Genotype

rkP ¢ rk and rk4¢ rkde

Pv02_39518891° Pv02_39519517°

SNP AA° SNP AA° SNP AA°

Pv02_39518531°

Pinto
Liborino
Black

Cranberry

Pink

Durango red

LRK

DRK

Ulll1
G19833
Labor Ovalle
5-593
USCR-CBB-20
Capri
Bellagio
Gloria

CDC Rosalee
Pink Floyd
Yolano
USWAG61
Viva

NW63
Common Red
UI37
USRM20
Sacramento
USLKI1
CELRK

Pink Panther
Montcalm
MDRK
RedHawk
Royal Red
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kP allele is designates the pink and Durango red phenotype; rk designates the light red kidney; and rk?
designates the dark red kidney phenotype at the Rk locus

PSNP locations are based on the reference genome UIL11 (https:/phytozome-next.jgi.doe.gov/info/Pvulg
arisUI111_v1_1). Above each SNP is the allele(s) of Rk associated with it. The amino acid encoded by the
codon that includes each SNP is also shown

“AA indicates amino acid. The highlighted nucleotide in the SNP column and the corresponding amino
acid in the AAcolumn represent the missense SNP and amino acid substitution associated with each allele-
specific locus in therespective market classes

Pink &
Durango red LRK & DRK DRK
39,518,531 39,518,891 39,519,517
G/A A/G c/T
Exon 2 Exon 3 Exon 4 Exon 5 Exon 6

Fig.5 The Rk candidate gene PvUI111.02G213800 and associated
diagnostic SNPs. PvUI111.02G213800 spans from 39,517,944 to
39,519,962 bp on chromosome Pv02. The three SNPs used to create
relevant PACE markers are highlighted in red. SNP positions (rela-

tive to UI111) and the associated market class(es) are shown above
each site. For each SNP, the first listed nucleotide represents the allele
present in UI111, while the second represents the allele found in the
associated market class(es)
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Fig.6 Crossing scheme to

introduce the P*? allele into pink

beans. As seed coat exhibits

maternal effect, the phenotype P
is dependent on the genotype of

the mother. Genotype segrega-

tion begins in the F, generation,

while phenotypic segregation

is not observed until the F;

generation. The scheme illus-

trates the introduction of three

key alleles required to produce F
slow-darkening (SD) pink 1
beans: P (slow-darkening),

rk? (pink seed coat), and pi

(non-pinto pattern). RD =regu-

lar darkening

///\\

Female

X
rkPrkP PP pipi \

RKkRk Psdpsd pipi

Rkrk? PP*? Pipi

!

27:9:9:9:3:3:3]1]

rkPrkP
RD F\ psdpsd
ol pipi
e Target
Note: Seed coat exhibits maternal effect &
Phenotype and
Genotype
Table4 Crosses screened ‘and Number of F, plants Number of SD pink Number of
the ngmber of F, segregating screened plants viable SD pink
SD pink progeny per cross lines®
Rosettax ND Palomino 745 12 12
ND112929 x ND Palomino 780 11 10
PK16-1xND Palomino 715 9 6
Total 2240 32 28

#Four of the SD pink plants did not produce enough seed to move on to further stages of the breeding pro-

cess

suggests that the two bean genes are orthologs of the Arabi-
dopsis BAN gene. Although both bean genes share the same
annotation, RNA-seq analysis of seed coat tissue revealed
that only PvUI111.02G213800 is expressed during seed coat
development. Therefore, PvUI111.02G213800 was selected
as the most likely candidate for the Rk gene.

@ Springer

Evidence supporting the candidate gene

Historically, members of the Phaseolus genus have shown
resistance to the introduction of foreign DNA (Aragdo and
Rech 2001). Because creating transgenic common bean
plants is challenging, alternative approaches must be used to
verify gene function. In this study, multiple lines of evidence
support PvUI111.02G213800 as the candidate gene for Rk,
including genetic linkage mapping, phylogenetic analysis,
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ND Palomino (SD Parent)
Untreated

UV-treated
£

Rosetta x ND Palomino ND112929 x ND Palomino PK16-1 x ND Palomino

Untreated

RD Pink (Parent)

UV-treated

>

Untreated

SD Pink (F2)

k]

Untreated

SD Pink (F5)

|UV-treated

=
UV-treated @

Fig. 7 Ultra-violet (UV)-induced seed coat darkening test results in
bean crosses. Representative seed samples from three crosses involv-
ing the slow-darkening (SD) parent ND Palomino are shown. The top
panel displays untreated and UV-treated seeds of ND Palomino. Each
subsequent panel corresponds to a cross with a regular-darkening

S w
> D>
DT
S
D
>

(RD) pink parent (Rosetta, ND112929, and PK16-1), with untreated
and UV-treated seeds from the RD parent (top row), F, generation
(middle row), and F5 generation (bottom row). UV treatment high-
lights variation in seed coat darkening across genotypes and genera-
tions

@ Springer



157 Page 140f17

Theoretical and Applied Genetics (2026) 139:157

segregation analysis in F, populations, and analysis of mis-
sense SNP markers.

Genetic linkage mapping using GM RIL population con-
firmed the expected marker order based on physical posi-
tions in the reference genome. Most importantly, complete
cosegregation between the Rk phenotype with a missense
SNP, Pv02_39518891 PACE marker located within the cod-
ing region of PvUI111.02G213800, supports that this gene
underlies the Rk phenotype.

Phylogenetic analysis of ANR orthologs across 57 spe-
cies further supports PvUI111.02G213800 as the candi-
date gene underlying the Rk locus. The Rk protein exhibits
extremely high sequence identity (98-99%) with orthologs
from closely related Phaseolus species, reflecting strong
conservation within the genus. Although identity values
decline with increasing taxonomic distance, they remain
high in other legumes such as cowpea (94%) and soybean
(90%). The placement of Rk protein within a well-supported
legume-specific ANR clade in the NJ tree reinforces its func-
tional relevance in seed coat pigmentation pathways. Kovin-
ich et al. (2012) demonstrated that soybean mutants with
reduced expression of ANRI ortholog (Glyma.08G062000)
exhibit a red seed coat phenotype. In cowpea, the gene
model Vigun03g118700, a homolog of soybean ANRI
and common bean Rk, was identified as a strong candi-
date controlling red seed coat color (Herniter et al. 2024).
Together, these cross-species observations highlight the role
of ANR-type enzymes in determining seed coat pigmenta-
tion across legumes. These findings, together with GWAS,
gene expression, linkage mapping, and F, segregation analy-
ses, strengthen the support for PvUI111.02G213800 as the
causal gene underlying the Rk locus.

Alleles of Rk

Currently, four recessive alleles of the Rk gene are recog-
nized: rk, rk”, rk?, and rk“. In this study, sequence analysis
of the candidate gene model PvUI111.02G213800 revealed
that pink (7k”) and Durango red (k%) genotypes shared iden-
tical nucleotide and protein sequences. Both market classes
carried the same missense SNP at 39,518,531 bp, resulting
in an amino acid substitution that distinguishes them from
the other seed coat types. This finding suggests that rk” and
rk“® are not genetically distinct at the Rk locus. According to
Bassett and Miklas (2003), the rk°¢ manifests as a pink hue
when paired with the genotype c“c" and garnet brown (red
hue) with C_. All pink beans carry c*c", while Durango red
beans carry C_, indicating the observed color differences
may be due to variation at the C alleles rather than differ-
ences at Rk. Furthermore, c“c" is known to protect the color
of pink beans from the effects of G B V (Bassett and Miklas
2003), while Durango red beans are affected by G B V inter-
actions. Durango red beans typically have the genotype G b

@ Springer

v, indicating that G and C could contribute to the seed coat
color variation between Durango red and pink beans rather
than distinct Rk alleles. Based on this evidence, we propose
retiring the 7k allele designation and using 7" for both
pink and Durango red beans. Moreover, the targeted GWAS
comparing pink and Durango red beans identified a strong
association peak on chromosome Pv08, corresponding pre-
cisely to the physical interval of the complex C locus. This
result reinforces the Bassett and Miklas (2023) hypothesis
that the rk” allele interacts with the C gene to produce the
characteristic dark red background of the Durango market
class. In contrast, pink beans carry the ¢"c" genotype, which
suppresses the expression of this darker pigmentation even
in the presence of rk”. These findings highlight the com-
plementary roles of the Rk and C/c" loci in determining
seed coat background color. Importantly, the combined use
of markers for the rk” allele and the C/c" locus provides
a reliable molecular strategy for distinguishing pink beans
from Durango red beans, enabling more precise selection in
breeding programs.

The existence of the remaining recessive alleles, rk and
rk?, has been supported by distinct missense SNPs in the
Rk gene. Both LRK (k) and DRK (7k%) genotypes share a
missense SNP at 39,518,891 bp, are further distinguished
by another missense SNP at 39,519,517 bp, which is unique
to DRKs (7k%). The pigmentation differences between LRKs
and DRKSs are attributed to varying levels of proanthocya-
nidins. DRKs exhibit a garnet brown color due to the higher
accumulation of proanthocyanidins (Beninger and Hosfield
1999), while LRKs display a testaceous color as a result of
reduced concentration of proanthocyanidins (Bassett 2007).
These differences are consistent with the hypothesis that the
rk? allele results in moderately reduced ANR expression,
allowing sufficient red pigment accumulation for the garnet
brown color found in DRKSs. In contrast, the rk allele likely
causes further suppression of ANR expression compared to
rk¢, resulting in lighter pigmentation to get the testaceous
color found in LRKSs as well as preventing the color from
darkening to garnet brown from the production of a higher
amount of proanthocyanidins. The rk” allele, associated
with pink beans, is likely to cause even lower ANR expres-
sion, producing the pale pink color phenotype. Durango red
beans, although carrying rk”, have a darker seed coat color
due to modifying effects of the C loci.

Based on these findings, we propose a revised designation
for the Rk alleles: Rk, rk, rk%, and rk?, with rk® subsumed
under rk”. Each recessive allele is defined by a unique mis-
sense SNP and is traceable using corresponding functioning
PACE marker. The revised order of dominance suggested by
Bassett and Miklas (2003) (accounting for the removal of
rkd) is Rk> rk > rkP > rk?.
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Development and validation of diagnostic
PACE markers for Rk allele differentiation

All three diagnostic SNPs were successfully converted into
market class specific PACE markers. The r&” (39,518,531 bp)
PACE marker, specific to pink and Durango red bean seed
type, was fully diagnostic across MDP and ADP panels,
clearly differentiating these classes from others. The shared
LRK and DRK marker (39,518,891 bp) was absent in MDP
genotypes and present in both LRK and DRK genotypes
in the ADP panel, with few exceptions. These exceptions
may be attributable to seed type misclassification or residual
heterozygosity, as bean breeders often cross between gene
pools, races, and multiple market classes within the same
gene pools. The LRK and DRK genotypes were further sepa-
rated by the DRK-specific PACE marker (39,519,517 bp)
which reliably identified DRK genotypes in the ADP panel.

In contrast, the markers developed for red mottled and
small red beans (syn. Central American reds) did not prop-
erly identify their respective market classes. The red colora-
tion of red mottled beans is likely controlled by the R gene
within the complex C locus [C* R] rather than Rk, explain-
ing the lack of diagnostic power. Similarly, the small red
markers correspond to silent mutations that did not affect
the phenotype and therefore were not consistently present
across all small red beans.

Introduction of the P*? allele successfully into pink
beans

In this study, we successfully introduced the P* allele into
pink bean backgrounds through intermarket class crosses
and marker-assisted selection. The donor parent, ND Palo-
mino, a slow-darkening pinto variety, was crossed with three
pink bean genotypes. ND Palomino was used as the male
parent in all the crosses to ensure that seed coat phenotype
of the F, generation reflected the maternal genotype, as
the seed coat is derived from maternal tissue (Singh et al.
2017), so seed coats have the genotype and phenotype of
the mother. As expected, the F; seeds displayed the pink
and unmottled phenotype of the female parent, while the
F, generation segregated for seed coat traits, including the
desired SD trait.

To efficiently identify SD pink individuals, we employed
PACE markers targeting P*?, rk”, and pi. This genotypic
selection strategy enabled early identification of F, plants
homozygous for three recessive alleles associated with the
SD pink phenotype, effectively excluding the pinto-patterned
phenotypes. A total of 32 F, individuals (28 viable) were
selected based on the desired three PACE marker profiles,
all of which exhibited SD pink phenotype, confirming the
diagnostic accuracy of the marker sets. This strategy cir-
cumvented the need to wait for seed production to assess

phenotype, highlighting the utility of marker-assisted selec-
tion in overcoming maternal masking effects and accelerate
breeding progress. The selected F, plants were advanced to
the F5 generation through field trials. UV testing and visual
inspection of F,” to Fs-derived seeds confirmed the reten-
tion of the characteristic pink seed coat color, indicating
that the SD phenotype remained stable across generations.
Genotyping these generations further validated the presence
of homozygous P*, rk”, and pi alleles, reinforcing the asso-
ciation between genotype and phenotype.

These results demonstrate the feasibility and effective-
ness of introducing the P*/ allele into pink beans using
marker-assisted selection. The approach can serve as a
model for transferring the SD trait into other susceptible
LRK and cranberry market classes, ultimately contributing
to improved seed quality and consumer acceptance across
the dry bean crop.

Conclusions

This study accomplished two major goals: identifying a
strong candidate gene for Rk and applying that discovery
to introduce the slow-darkening (P*?) trait into pink beans.
Given the vulnerability of pink beans to postharvest seed
coat darkening, the development of SD pink germplasm
represents a significant advancement toward improving
seed quality and market competitiveness. Through an inte-
grated approach combining GWAS, gene expression pro-
filing, phylogenetic analysis, and genetic linkage mapping,
PvUI111.02G213800, encoding anthocyanidin reductase,
was selected as the most compelling candidate gene for Rk.
This gene model was further supported by its functional
annotation, expression in seed coat tissue, and the coseg-
regation of the phenotype with a marker located within the
gene. A suite of diagnostic PACE markers linked to specific
Rk alleles were developed from missense SNPs within the
Rk candidate gene, demonstrating their diagnostic accuracy
across diverse germplasm panels (ADP and MDP). The rk”
allele marker was particularly instrumental for the successful
introduction of the SD trait into pink beans.

The future implications of this research look promising.
The newly developed SD pink lines, although not agronomi-
cally suitable for commercial release, will serve as a germ-
plasm resource for future breeding efforts to develop SD
pink cultivars. Additionally, preliminary work has begun to
extend the SD trait into LRK and cranberry beans using
marker-assisted selection for seed color and patterning
genes, broadening the potential impact of this trait across
multiple dry bean market classes.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00122-026-05256-z.
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