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GWAS identifies regulators of seed and leaf morphology in
common bean, revealing OFP5 as a major seed size
determinant
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SUMMARY

Phaseolus vulgaris (common bean) is one of the most economically important members of the Fabaceae
family and a crop of high nutritional value. Seed and leaf morphological traits are key determinants of yield,
shaped by genetic and environmental factors. In this study, we characterized a diversity panel of 434 P. vul-
garis accessions for morphological and colorimetric traits. Using genome-wide association studies based on
both single-nucleotide polymorphisms and structural variants, we identified 73 high-confidence quantitative
trait locus (QTL). In total, we present 114 candidate genes within 25 quantitative trait loci linked to seed and
leaf morphology and color, including an OVATE Family Protein 5 (PvOFP5), which was functionally validated
as a key regulator of seed size in common bean. We employed a heterologous approach by overexpressing
the inferior (Mesoamerican) and superior (Andean) alleles of PvOFP5 in Arabidopsis thaliana wild-type and
knockout lines, and confirmed the key role of PvOFP5 in determining seed area. This work provides a com-
prehensive atlas of genetic associations for bean morphology and color, and highlights PvOFP5 as a promis-
ing target for marker-assisted breeding aimed at optimizing seed size.
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INTRODUCTION et al., 2014). Due to their low carbon and water footprints

The common bean (Phaseolus vulgaris) is one of the most
important legume crops and the most widely consumed by
humans. It is a diploid (2n=2x=22), predominantly
self-pollinated species and one of the five domesticated
species within the Phaseolus genus (Bitocchi et al., 2017).
It holds significant economic and nutritional value world-
wide (Bulut et al., 2023; Cronk et al., 2006; Hayat
et al., 2014; Murube et al., 2021). Beans are consumed both
as immature pods (snap beans) or mature dry seeds, and
both are a rich source of proteins, complex carbohydrates,
dietary fiber, minerals, and bioactive phenolics (Hayat
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and ability to fix atmospheric nitrogen, beans also contrib-
ute significantly to sustainable agriculture (Uebersax
et al., 2022). In 2023, global dry bean production reached
28.5 million tonnes, with an export value of 5 million USD,
with the top five producers being India, Brazil, Myanmar,
China, and the United States (FAO, 2025). Common bean
exhibits substantial morphological diversity, particularly in
seed shape, size, weight, and color-related traits (Garcia-
Fernandez et al., 2021; Giordani et al.,, 2022; Jurado
et al., 2024). Seed morphology is important to both con-
sumer preferences and agronomic value. These traits
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influence market class, processing quality, cooking time,
water absorption, and nutritional composition (Berry
et al., 2020; Vidak et al., 2022). For example, the seed coat
not only determines color and texture but also contributes
to mineral content (Blair et al., 2013).

Two independently domesticated gene pools, the
Andean and Mesoamerican, have shaped the global diver-
sity of common bean (Bellucci et al.,, 2023; Bitocchi
et al., 2012; Cortinovis et al., 2024; Gepts et al., 1986; Singh
et al., 1991). These pools differ significantly in seed traits
such as size, color pattern, and storage protein composi-
tion (Murube et al., 2021). Their hybridization in
post-domestication breeding has introduced broad pheno-
typic variation in plant and seed morphology, especially in
European cultivars, which often carry introgressions from
both pools (Angioi et al., 2010; Bellucci et al., 2023; Campa
et al., 2018; Santalla et al., 2002).

This phenotypic diversity has enabled genome-wide
association studies (GWAS) and quantitative trait locus
(QTL) mapping approaches to uncover the genetic basis of
important agronomic traits (Alves et al.,, 2024; Blair
et al., 2009; Garcia-Fernandez et al., 2021; Giordani
et al., 2022; Izquierdo et al., 2023; Jurado et al., 2024; L6
pez-Hernandez et al., 2023; Mir et al., 2021; Murube
et al., 2020). Recent GWAS have identified numerous QTL
associated with seed morphological traits (Alves
et al., 2024; Giordani et al., 2022; Jurado et al., 2024), pod
morphology and color (Di Vittori et al., 2021; Garcia-Fern-
andez et al., 2021), and yield-related attributes (lzquierdo
et al., 2023; Mir et al., 2021).

Next to seeds, leaf traits are critical targets for investi-
gation due to their central role in photosynthesis, which
directly influences plant productivity and yield potential
(Zhu et al., 2010). Leaf morphology, including size, shape,
and color, plays a critical role in photosynthetic efficiency,
light capture, transpiration, and stress response. As such,
these traits are closely linked to yield and resilience under
environmental stress, making them valuable targets for
genetic improvement, particularly in the context of climate
change (Chitwood & Sinha, 2016; Niinemets, 2010). To
date, a GWAS on drought tolerance was conducted includ-
ing leaf elongation rate highlighting a QTL on Pv03
(Hoyos-Villegas et al., 2017) and a QTL analysis focusing
on leaf allometry (Zhang, Zhang, et al., 2020). However,
comprehensive GWAS covering diverse leaf morphological
traits in P. vulgaris are still lacking and none yet have lev-
eraged high-throughput image phenotyping for leaf shape
traits in large panels.

In this study, through the application of image-based
phenotyping, we mapped 71 morphological and colorimetric
traits related to leaves and seeds using a panel of 434 P. vul-
garis accessions genotyped by sequencing (GBS), as well as
a subset of 200 accessions sequenced using whole-genome
sequencing (WGS). By integrating both single-nucleotide

polymorphism (SNP) and structural variant (SV) data, we
identified 73 high-confidence marker-trait associations
(MTAs). We provide 114 candidate genes of 25 QTL involved
in seed and leaf morphology and pigmentation. Notably, we
validate PvOFP5 as a key determinant of seed size using het-
erologous expression in Arabidopsis thaliana, comparing
superior and inferior alleles from P. vulgaris. The genetic
architecture of leaf and seed morphological traits presented
here not only provides insights into domestication and diver-
sification processes but also supports marker-assisted selec-
tion for improved varieties. This is particularly relevant for
developing resilient, high-yielding cultivars in the face of
global food demand and environmental challenges. These
findings provide new insights into the genetic architecture of
the common bean phenome and offer a foundation for future
molecular breeding efforts.

RESULTS

Analysis of morphological and colorimetric traits in the
common bean diversity panel

We analyzed seed and leaf morphological and colorimetric
traits of a common bean diversity panel comprising 434
accessions (Figure 1; Figure S1; Table S1) and subjected
these traits to GWAS using both GBS data on 434 acces-
sions and WGS-derived data on a selected subset of 200
accessions. The subset accessions were selected to maxi-
mize genetic diversity and ensure balanced representation
of the major gene pools identified in the GBS dataset. GBS
of the full 434 accession panel yielded 4771 SNPs, whereas
WGS of a representative 200-accession subset identified
3.57 million SNPs and 7100 duplications and deletions, col-
lectively referred to as SVs. Population structure analysis
using the GBS data assigned accessions to either the
Mesoamerican or Andean gene pools, or as admixed (for
accessions with <80% assignment to either pool;
Figure S2A). Principal component analysis (PCA) using
GBS data revealed that PC1 explained 51.66% of the total
genetic variance, clearly separating the two gene pools,
while PC2 explained 3.96% of the within-group variation.
Similar patterns were observed using WGS-derived SNP
and SV data: for SNPs, PC1, and PC2 explained 57.19 and
6.06% of the variance, respectively, and for SVs, 40.47 and
4.37% (Figure S2b).

Morphological traits recorded for seeds included
weight, area, perimeter, circularity, height, and width
(Table 1; Table S2). Colorimetric descriptors encompassed
gray value, integrated density, L*, a* b* values, RGB
values, and reflectance across the visible spectrum: violet
(380-450 nm), blue (450-495 nm), green (495-570 nm), yel-
low (570-590 nm), orange (590-620 nm), and red
(620-750 nm). In a follow-up experiment, we rephenotyped
the 200 WGS accessions by measuring seed size, L*, a*, b*
values, X/Y/Z spectra, and visible light wavelengths.
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Figure 1. Seeds and leaves of the bean diversity panel.

Seed and leaf morphological and colorimetric traits were measured including: weight, area, perimeter, circularity, height, and width, gray value, integrated den-
sity, L* a* b* values, RGB values, and reflectance across the visible spectrum: violet (380-450 nm), blue (450-495 nm), green (495-570 nm), yellow
(570-590 nm), orange (590-620 nm), and red (620-750 nm). Morphological descriptors were obtained by using seed and leaf images. Images of (A) seeds and
(B) single leaves were obtained from the full 434 panel and (C) trifoliate leaves were obtained from accessions of the 200 panel. Scale bar = 5 cm.

In addition to seed traits, we characterized apical leaf-
let morphology in all 434 accessions, assessing extent,
solidity, area, perimeter, and roundness. For the
200-accession subset, we extended this analysis to the tri-
foliate leaves, capturing morphological traits (area, extent,
solidity, perimeter, eccentricity, centroid, and roundness)
and colorimetric descriptors (spectral integral, chlorophyll
content, infrared reflectance, R/G/B, H/S/V, X/Y/Z, L*/a*/b*,
and reflectance from violet to red; Figure 1B,C).

We then assessed whether morphological and colori-
metric traits differed significantly between the Mesoameri-
can and the Andean gene pools. In the trifoliate leaves,
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Mesoamerican accessions exhibited significantly higher
absorbance in the violet, blue, green, yellow, orange, and
red wavelengths, as well as for L*, spectral integral, chloro-
phyll, and X/Y/Z color metrics (Table 1; Table S2;
Figure S3). Morphologically, Mesoamerican trifoliate
leaves showed higher solidity, roundness, and centroid 1
value, but lower perimeter, area, and centroid 2 values
compared to Andean accessions (Table 1; Table S2;
Figure S4). For the apical leaflets, solidity, roundness, and
extent were also significantly higher in the Mesoamerican
gene pool; however, unlike the trifoliate leaves, leaf area
did not differ significantly between pools.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2026), 126, €70909

- 1yooong eud (3 Ag 6060 I/ TTTT 0T/10p/w00" Ao IM Al 1 jpuluO// SNy WOIY POPEOIUMOQ ‘€ ‘9202 ‘XETESIET

85UB9 | suowWoD aAee1D a|gedi|dde ay Aq peusenoh ale sapie YO ‘8sn Jo saini 1oy Akeiqi]auljuO A8|IM UO (SUOIIPUOD-pUR-SLLIBIWOD AB 1M AReuq 1 U UO//:SdNY) SUOIIPUOD Pue SWB | 8y} 88S *[9202/50/90] uo ARiqiTauluo A8|IM ‘81ed Mjod AiseAlun



1365313x, 2026, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/tpj.70909 by Elena Bitocchi - University Polit Delle, Wiley Online Library on [06/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(panunuoo) 2:3
c—o
£2%

69060 L9769 2G09°0 F LL6'L G20 F LLTEL el86°0 F LGL°L yEY poes e 28¢
700'88-6v.6  TY66E 8L8'L F [967CG eLLO'L F GLG8Y G9°€ F 9L67LG yEY poeg 1 PPV

OYT'€S9 28 0Z-9GV'LYL 9YE  LL9TL BLGVLL 86E F YOS’ LLL €28 G .£0'890 LOZ F €0E°0ZL 822G »9G€'CLE OVS F 80°L0Z €66 ¥ vEY poeg Ausuap pajesbaju| = >5

[58'80Z-L'G  9ZL'89 ¢999°G F 29'86 oC60°€ F 08°LL «G06°0L F 869°L6 y€Y posg uelpaw anjea Aeig =8
G62°L02-99L°9L vL'8G 997'S F vLY'70L LT F VT8 #28L°0L F 198'66 yEY poes ueaw anjeA Aeip mm <
G87°0S2-999'¢GL 6208 89L°L F €722 o060 F 808°L2C 68T F 91°92C YEYTPOOS  WnwixXew anjeA Aeig 05T
L0 66L°00L qLL6°0 F 866°ZL €GP0 F LLLL qe856°L T 88°LL YEPYPOOS  wnwiuiw anjeA Aeiy o5
GEQ'LLVGL0  LLY'ES BL6T F 9286 8LGL F L6V'9E BLL'G F LYY'LE 007" peag pay mm
€9'7/-889°0  GBL'EL ol98°C F GZL'LE 999'L F Z68°€C GLO'G F ¥68'LT 00z poas abueiQ NS
9TGEL VL0  19LT8 V8T F LZE6T GEG'L F ¥8L°0Z €887 F 2076l 007" poeg MOJ|3A S
L6990  LLL'L6 «GCL'T F 880°9C #G8E°L F 189l elTry F £8L°9L 002 paas usain 29
7€'99-999°0  SEL'LOL 86G°C F LE9TT 89L°L F €29°7L 969°€ F 864°7L 007" peag anig g
G68'LGL0L'0  8ELOLL «68L°C F G0L'8L «CL6'0 F L6E6 608 F L8L'8 002 paag 19]0IA £
L67G 01 L6L'8—  90Z'6L ql2T’L F 180°CL 7'l F 260°8L qeL6V'€ F 859°GL 007" posg q £
[66'€E 0} GGGl ¥SZ'68 qC66°0 F LLL9 oZL8°0 F L¥6'LL qEL0T F 2266 00z Poas e =
L00'88—¥¥8'S  290°L¥ CYL'E F ¥86°0G OL6'L F L9E9Y G66'G F ¥G'LY 00z poess 1 g
26€°25-LG0 7'€0L €66'L F €€9'LL 2060 F 9'6 el9L°T F ELE'6 00z Poas V4 w
8ECTLEL90  €09°€8 299L°C F 2208 oCVV'L F VLL6L 829 F 79€°8L 007" peag A K]
v6L°69-199°0  807'LL B6Y9°T F EL'8T #88'L F G0¥'0C OF'7 F 786'8L 00z poes X P
8L6'87-662°GL 6Tl €9€°0 F G0E'LT L97°0 F 9€€°07 ¢999°0 F ¥0L°0Z 007 4887 pay 3
GLLPL-LGL'Y  662°GC ol¥2°0 F 98G°L eP7L’0 F 8G9 qelLE°0 F 8789 007 Je91 abueiQ &
G60'6L-GEL'9 65T 4€€°0 F 2501 eLLT0 F 9VT6 429250 F €086 007 4887 MO|[BA 2
87L°8L-689°9  967°LT 4862°0 F 290°LL 2020 F GL6'6 qe667°0 F €87°0L 00z Jee] usaIp o
v¥9'9-9G.C  ¥29El aL0°0 F 88€¥ «870°0 F €66°€ qe8LL°0 F 2LO'Y 00g"jee1 an|g <
€68'G178C  799'LL 49500 F LLT V700 F L86E qe9GL°0 F 9¥6°E 00z Je97] 19101\ =
LYT9E-L6'LL  BVETT elL90 F 2T elG'0 F LEELT 9LTL F €0°€T 007 4887 q 2
760°0L— 0}9L6'8L—  LZLLL— #G8L°0 F 8E7L— eL6L°0 F LTV YL~ 9G7°0 F L0T'GL~ 00z 4897 e 3
L06'67€8L°0E  G68'6 qCL¥'0 F 8L0°8E oLGE'0 F 82°9€ qe998°0 F €T°LE 007 4897 1 m
¥96'G-88€C 916771 qLS0°0 F 9EL°€ v0'0 F 8Zv'E elVL°0 F EVPE 007" Je91 V4 3
9ee'8LYvE'9  98E°TT ql0E'0 F G850l oL6L°0 F G8E6 qel67°0 F 7266 00g"jee1 A =
I8YL-120G  6LETT oFT0 F LLYS GL°0 F LLYL qe8€°0 F G6L°L 00z Jee] X g
_ €EC6rTYY'6C  890°0L VL70 F ¥69°LE V9E°0 F L26°GE ¢998°0 F 896'9€ 007 4887 ‘A'd °
° G66'79-0¢  Z50ML ZEL°0 F 80G'GY ZLL'0 F GZG'GY €68°L F ¥8L'8Y 007 Je91 S s
o ZTTL0L-€EE6L  YOLY oLVS°0 F 221706 VYY'0 F GYE'L6 ¢l88°0 F LLZ'06 007 4887 H
S 99909999/  €6L'8 997°0 F 6LT°LG €85°0 F ZLE6Y 095°L F 18y 007 Je91 !
£ 9zL-€€€'GL  890°0L oCLT'L F 98'96 926°0 F ¥89°L6 L8L°T F 6GL'76 00 Jeo1 )
8 G0L-99L9G  GLG'LL oSCLL F 20€GL 87L°0 F L09°0L 4826'L F 87L°ZL 007" Je91 Y
n G6E'799 GL—LLE'LBE  699°CL 9LT'98L F GLI'6Y8 LL €E6'9GL F GY6°Z67 L1 ¢869°0€€ F 8L8'LYL LL 00 Jeo1 paseu|
S YL YPZL—Y89°L GG 64°€L aCEIVL F ¥TV6L8 987’8 F 8LLOVL €0 F LI9WVL 00z 4897 liAydouolyg
w v7'20L GZEEV'TEL8  19GTT oCEE'8TY F 290'766 71 «80€76C F G86'8vY €L «G0L'EZL F 61°€6Z 7L 007 4887 084/025
S £€0°098 6L9-9L£'0G6 887 961 4C68'LYL8 F LZ6'20€ 807 GYT'SYYS F 6777060 8LE 428927798 TL F ¥¥G6LL 88E 007 4e97] [eaBajul eapoads
= 10|09
2 abuey AD SE anvy paxiwpy  |sued anssi| ued|
o
M S}ieJ} 91J19W 10|09 pue |edifojoydiow jes| pue pasag | ajqel



1365313x, 2026, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/tpj.70909 by Elena Bitocchi - University Polit Delle, Wiley Online Library on [06/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GWAS reveals OFP5 as key seed size regulator in common bean 5 of 15

"UOI}eLIBA JO JUBIOIB0D ‘A (UOIRINIGQY
*UOIINQISIP [BWIOU Blep 8y} UO paseq paledlpul se 188} qSH Ae)n | 20y-1sod VAONY 10 1s8)-uung 20y-1sod sij|ep\-—|exsniy|
Jayle YHm pale|nojes paxiwpe pue ‘jood auab (SJ|A) UBILIOWEOSIA ‘(QNY) UBBpUY U8amiaq (G0'0> [pe-d) @ouedliubis ajedlpul 191197 "10JJ9 pIepuUBlS F UBBW SB UMOYS ale ejeq 810N

6¥0°6L-G82°C 2800 q¢80°0 F L0S'V «670°0 F 896'Y eLCL'0 F CLY'Y Y€V Poss [ww] yipip
L10°LL-8C€ 6L0°0 ¢6L0°0 F L68'Y 9700 T 8LLG eL0L'0 F ¢8L°S Y€V Pass [ww]ybieH
LLE'BL-E6LOL €0 q€€0 T ¥LL8L 2€8L°0 F 200°Le eSLY'0 F 96L°8L Y€V Poses [ww] Jejwiad
668'62-9L6°G G190 q9le’0 + 9€91 2€8C°0 T G68°6L 7650 F 89l Y€V Pass [fww] ealy
8EY'C-90Y°0 99G6°C¢ 28¢0°0 F L¥6°0 qc0'0 F GE'L ¢6€0°0 F GLO°L Y€V Pass [6] 1yBrap
€08'0-129°0 er'9 q€00°0 + G69°0 ¢¢00°0 F G99°0 2500°0 F+ G99°0 vy P9ss Aenoay
¢6°LEL-C0L0E c0'Le 2980°€ F L1999 q986°L F L6CV8 9LL°€ F 20099 002 Pass [;wuw] 8z1g
LEG'SCTILY'EL 1LS9°0 el LG50 F LE6'CY 2L99°0 F 8ECYY e6€C°L F 6CL°LY yev e [wd] Jejwliad
L8V EV-LCL' YT 666°L ¢666°L F+ L89°G6 eCOV'C F €€9°L6 el0G°S F 6LC°L8 vV Jea [;wo] ealy
YGL°0-¥°0 9678 q900°0 ¥ 199°0 ¢700°0 F €L9°0 ¢600°0 + 6290 yev e ssaupunoy
166°0-758°0 18L°C ql00°0 F 876°0 2¢00°0 F 2€6°0 qe700°0 F 8€6°0 yEY Jeo Aupijos
99'0-GLY°0 G90°'S q€00°0 + G89°0 ¢¢00°0 F ¥99°0 ¢500°0 + 699°0 yev e juslix3
€LG18-6L6'GL 9g°L 299°L F €88°L0L qll0'C F €LV’ LCL eLEV'S F 80G°LLL 00Z jea [wd] Jejowiliad
S6L°C9L-LCS'LC 99’8 499’8 T €99°¢ce e699°LL F 926°GLY qe7€E'8C T Y0E'ELE 00z jea [;W9] eaty
Lyy'0-L0C0 Sy'El q700°0 + 9¥€°0 ¢700°0 + C€°0 qe?10°0 F 6€€°0 00Z jea ssaupunoy
L1 L8L-165'6S50L €eeel 2€00'7L F €0L°L6CL q9L88L F €29°L9vL 9’09 T ¥SL'E0VL 00z jea ¢ pronus)
LSO'6LLL-8LY'OLEL 88€ qlGL'S F ¢99°¢94GL eCCL’9 F LELVLGL e8CCEL T 8ECCLGL 00Z jea L pronus)
GC9'0-€LLO €L9°8l ¢800°0 F ¥¢v°0 26000 F ¥S¥°0 qe8L0°0 F ¢S¥°0 00z Jea Ayo11U8203
€€8'0-29°0 999°G q700°0 + €970 €000 F LLLO EL00 F8LLO 00z jea Aupijos
719°'0-€LY°0 L80°8 ¢¥00°0 F ¥0S°0 ¢700°0 F G0S°0 ¢L0°0 F S05°0 00Z Jeo juslix3
ABojoydio
SvL0-L0°0 L89°C9 eL10°0 F €€°0 26000 F €LC°0 V€00 F €LE0 Y€V Pa9s pay
LGL0-11L0°0 81°€9 ¢8L0°0 + LEEO ¢600°0 + 8¢°0 2G9€0°0 + €¢€°0 Y€V Poass abueiQ
¥L'0-1LL0°0 89Y°'LL 28L0°0 F 8L€0 el0'0 F 8120 29€0°0 F LEO Y€V Poes MO[[IDA
€0L°0-L0°0 €L9°68 ¢810°0 + 19¢°0 28000 F LL0 <¥€0°0 + 6¥C°0 Y€V Poass usaip
629°0-CL00 6€°L0L 29100 ¥ 81¢°0 2L00°0 F 9¢L°0 €00 F C0 Y€V poes anig
GZy'0-L0°0 6268 el10°0 F 8GL°0 29000 F L°O 2€0°0 F G¥L°0 Y€V Pass 19]0IA
¢SL°0-¢S0°0 968'69 qLL0°0 F 99€°0 2800°0 F 89¢°0 qeEE0°0 T LEE'O Y€V Poss g
¢€8'0—¢L00 89.°CS ¢610°0 F E¥°0 eL0°0 F 85€°0 ¢9€0°0 + ¢¢v'o Y€V Pass D]
998'0-LL0°0 L€0'6E 2810°0 F 6¢5°0 el00 F 190 29€0°0 F L1S0 Y€V poes d
9G69°LG0 6¢8°'L9 eL08°0 F LYl ¢689°0 + LSL'6L 879l F 199°GL Y€V Pass q
abuey W) S3IN anNv paxiwpy [pued~anssi| Hel|

(penupuod) - 8jqey

© 2026 The Author(s).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2026), 126, €70909



6 of 15 Julia von Steimker et al.

In the 200-accession panel, Mesoamerican seeds had differences reflect distinct morphological and colorimetric
significantly smaller seed size and lower a* and b* color traits between the two gene pools.
values (Table 1; Table S2; Figure S5). For the full 434-panel, PCA of leaf and seed morphological and colorimetric
Mesoamerican seeds exhibited higher minimum gray traits revealed that PC1 and PC2 accounted for 34.2 and
value, blue spectrum reflectance, and circularity, while a*, 23.4% of the total variance, respectively (Figure 2A). Inter-
b*, area, weight, height, width, and perimeter were all sig- estingly, no clear separation was observed between
nificantly lower (Table 1; Table S2; Figure S6). Andean and Mesoamerican accessions based on pheno-

In summary, Mesoamerican plants tend to have leaves typic and colorimetric traits. Analysis of variable contribu-
with higher color intensity and more compact, rounded tions indicated that variation along PC1 was primarily
shapes, while Andean plants have larger, less compact driven by seed colorimetric traits, while leaf colorimetric
leaves. Mesoamerican seeds are generally smaller, lighter traits contributed most to the variation along PC2. We per-
in color, and more circular, whereas Andean seeds are formed a correlation network analysis and identified 10
larger, more elongated, and more intensely colored. These clusters comprising >2 features, of which five were
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Figure 2. Colorimetric and morphological descriptors of leaves and seeds.

(A) Principal component analysis (PCA) of Andean (AND), Mesoamerican (MES), and admixed common bean accessions including variable contribution to PC1
and PC2. PC1 explains the separation of accessions mainly by seed descriptors while PC2 by leaf descriptors.

(B) Network analysis using |4 >0.7 and P < 0.05. L/S200 = Leaf and seed descriptors from the 200 panel, L/S434 = Leaf and seed descriptors from the 434 panel.
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GWAS reveals OFP5 as key seed size regulator in common bean 7 of 15

color-related and five morphology-related (Figure 2B). Of
the top three clusters, two were color-related comprising
25 seed color features and 18 leaf color features, and one
morphology-related cluster comprising six seed morphol-
ogy features (size, area, height, perimeter, weight, width;
Table S3). These phenotypic differences between gene
pools reflect domestication-related divergence and lay the
foundation for GWAS to dissect the genetic architecture of
color and morphology in P. vulgaris.

The genetic architecture of the common bean leaf and
seed phenome

We performed GWAS for a total of 71 morphological and
colorimetric descriptors across the common bean diversity
panel. Using GBS data, we identified 35 high-confidence
MTAs, defined as associations detected by at least two of
the five GWAS models (CMLM, MLM, MLMM, BLINK, and
FarmCPU). Similarly, WGS identified 24 MTAs based on
SVs and 15 MTAs based on SNPs (Figure S7; Tables S4-
S7). In total, we identified four QTL previously reported in
common bean GWAS analyses (Garcia-Fernandez
et al., 2021; Hagerty et al., 2016; Murube et al., 2020). For
instance, a MYB transcription factor (Phvul.004G144900)
associated in our dataset with multiple seed color traits—
orange, red, yellow, gray value, green, and L*—is also
linked to pod width, height, and wall thickness in earlier
studies (Garcia-Fernandez et al., 2021; Hagerty et al., 2016).
Moreover, two QTL located on chromosome 11 were con-
sistent with prior findings (Garcia-Fernandez et al., 2021;
Murube et al., 2020). The first QTL, located at 2.3 Mb and
associated with violet and X seed color, encompassed two
candidate genes: a basic helix-loop-helix (bHLH) transcrip-
tion factor (Phvul.011G026500) and a WD40 repeat protein
(Phvul.011G028400), which share 17 and 19% sequence
similarity, respectively, with the WD40 proteins ZmKRN2
and OsKRN2 known to regulate grain yield in maize and
rice (Chen et al., 2022). The second QTL, located at 4.2 Mb,
was linked to blue, green, and violet seed wavelengths and
included a bZIP transcription factor (Phvul.011G047100)
and a probable lipid transfer protein (Phvul.011G047400).

Across all datasets, we detected 21 novel QTL and 114
candidate genes. Of these, five QTL were identified from
GBS data, eight from WGS-SV data, and one from
WGS-SNP data using at least two GWAS models, corre-
sponding to 10, 51, and 3 candidate genes, respectively
(Figure S8; Table S8). In addition, we identified 32, 10, and
7 additional QTL from GBS, WGS-SV, and WGS-SNP data-
sets, respectively.

To assess pleiotropic effects across the three datasets,
we compared significant signals (>2 GWAS models) and
identified three shared QTL comprising 35 candidate genes
(Figure 3). Two pleiotropic QTL were located on chromo-
some 2 and were detected in both WGS-SNP and WGS-SV
analyses. The first, located at 1.77 Mb, contained eight

© 2026 The Author(s).

candidate genes associated with seed perimeter, area, and
width and was previously identified by Garcia-Fernandez
et al. (2021) to be associated with pod perimeter and WRKY
transcription factor (Phvul.002G016100), MYB transcription
factor (Phvul.002G015100) and two CYP82C2-related genes
(Phvul.002G022800, Phvul.002G022900) as candidate genes.
Here, we present six more candidates: These included
two isoflavone 2'-monooxygenases (Phvul.002G014700,
Phvul.002G014800), a microtubule-associated protein
(Phvul.002G015300), an ethylene-responsive transcription
factor (Phvul.002G016700), a caffeoyl-CoA
O-methyltransferase (Phvul.002G017500), and a zeaxanthin
epoxidase (Phvul.002G018700). Expression data support
the functional relevance of these candidates, with
Phvul.002G014800 expressed in Andean domesticated
pods, high transcript levels of Phvul.002G014700,
Phvul.002G016700, and Phvul.002G018700 at 40 days
post-anthesis (DPA), and mature black seeds exhibiting ele-
vated expression of Phvul.002G015100, Phvul.002G015300,
Phvul.002G016100, and  Phvul.002G017500 (Parreira
et al., 2018; Perez de Souza et al., 2019; Roy et al., 2025).

The second QTL on chromosome 2, located at
35.56 Mb, was associated with seed gray value and com-
prised 20 candidate genes. These included a VQ-motif-
containing  protein  (Phvul.002G189900), a PLATZ
transcription factor (Phvul.002G190500), eight CCR4-NOT
transcription  complex subunits  (Phvul.002G 191700,
Phvul.002G191800, Phvul.002G191900, Phvul.002G 192100,
Phvul.002G 192300, Phvul.002G 192400, Phvul.002G 192500,
Phvul.002G 192900), five CCR4-associated factor 1 homolog
11-related genes (Phvul.002G192200, Phvul.002G192950,
Phvul.002G 193000, Phvul.002G192700, Phvul.002G193100),
three glycerol-3-phosphate O-acyltransferases
(Phvul.002G 192000, Phvul.002G 192600, Phvul.002G 192901),
a flavin reductase-related gene (Phvul.002G194000), and a
bHLH transcription factor (Phvul.002G194400). Transcrip-
tomic data support their developmental relevance:
high expression was observed in Andean flowers
(Phvul.002G 189900, Phvul.002G192000), Mesoamerican
wild  pods  (Phvul.002G192600,  Phvul.002G 194000,
Phvul.002G194400), 10 DPA (Phvul.002G190500), mature
black seeds (Phvul.002G191700, Phvul.002G 191800,
Phvul.002G191900, Phvul.002G193000), and in final
seed developmental stages (Phvul.002G 192000,
Phvul.002G 191900, Phvul.002G193000) (Jurado et al., 2024;
Parreira et al., 2018; Perez de Souza et al., 2019; Roy
et al., 2025).

A third pleiotropic QTL was located on chromosome 10
(26.75 Mb) and was identified in both GBS and WGS-SV ana-
lyses. This region was associated with trifoliate leaf round-
ness and perimeter and comprised six candidate
genes, including a MYB/SANT-like DNA-binding protein
(Phvul.0710G083800), a MYB domain protein 100-related gene
(Phvul.010G078300), two trichome birefringence-like 3 genes
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Figure 3. Common bean phenotype QTLome using genotype-by-sequencing (GBS), structural variance (SV) and whole-genome sequencing (WGS).

Counts of associated traits of leaf and seed color and morphology using WGS, SV and GBS data. Only significant single-nucleotide polymorphisms (SNPs) iden-
tified in > two GWAS methods were considered significant. Common QTL across all panels are highlighted with a candidate gene. Lc, leaf color traits; Lm, leaf
morphology traits; QTL, quantitative trait locus; Sc, seed color traits; Sm, seed morphology traits.

(Phvul.010G075700, Phvul.010G075800) moderately
expressed in Mesoamerican wild pods (Perez de Souza
et al, 2019), an AtMYB1-like gene (Phvul.010G075500)
expressed at 40 DPA and in mature seeds (Jurado et al., 2024;
Parreira et al., 2018), a pectinacetylesterase family protein
(Phvul.010G075200), an ABC transporter G family member
38 (Phvul.010G076901), highly expressed in Andean
domesticated flowers (Perez de Souza et al., 2019), a
CYP71B21-related gene (Phvul.010G079100) expressed in
Andean domesticated flowers, at 40 DPA, and in mature
seeds (Jurado et al., 2024; Parreira et al., 2018; Perez de
Souza et al., 2019), and a MATE efflux family protein
(Phvul.010G068200).

Additionally, a GBS-derived QTL on chromosome 6
was associated with multiple colorimetric traits, including
the green, orange, and yellow wavelengths; X and H color
coordinates; the 520/580 nm wavelength ratio; and R and Y
components. Candidate genes in this region included a
flavonol  3-O-glucosyltransferase  (Phvul.006G201100)
highly expressed in Mesoamerican wild pods, Andean
domesticated flowers and pods, and 10 DPA (Parreira

et al., 2018; Perez de Souza et al., 2019), an SRF-type tran-
scription factor (Phvul.006G202300) highly expressed in
black seeds (Roy et al., 2025), and a SAC51-related tran-
scription factor (Phvul.006G203400) highly expressed in
black seeds, 40 DPA, and in mature seeds (Jurado
et al., 2024; Parreira et al., 2018; Roy et al., 2025).

In total, we identified 66 candidate genes associated
with seed color, 20 with seed morphology, 14 with both
seed color and morphology, 19 with leaf morphology, and
3 with leaf color. Among these, we found 59 transcription
factors, 14 monooxygenases, 14 transferases, and 6 trans-
porters, highlighting the diverse molecular mechanisms
underlying variation in seed and leaf traits in common
bean.

Functional validation of PvOFP5 as a key player regulating
the seed size in common bean

Seed area is a major determinant of yield in common
bean. In this study, we identified a prominent QTL located
on chromosome 6. This locus was detected in the GBS
dataset but not in the WGS dataset, potentially due to

© 2026 The Author(s).
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differences in population size and sequencing approach.
This QTL harbors the candidate gene PvOFP5, a 1218 bp
gene encoding an ovate family protein, located at position
27.49 Mb (Figure 4; Table S9). Using WGS-SNP data, the
between the target SNP (S06_27905417) and the nearest
gene SNP (S06_27485455) was 0.497, indicating moderate
linkage disequilibrium. We cloned two alleles of PvOFP5:
the inferior allele (OFP5-1) from the Mesoamerican gene
pool and the superior allele (OFP5-2) from the Andean
gene pool. Comparative sequence analysis revealed five
SNPs (T533A, T727A, G814A, C1095T, A1101G) comparing
Ece122 (MES) to Ece153 (AND) that result in three amino
acid substitutions: D178E, V243E, and R272K. Structural
predictions using AlphaFold suggested that the D178E sub-
stitution occurs within an alpha-helix, while the V243E and
R272K changes are located in unstructured regions.

Due to the challenges associated with stable transfor-
mation and long generation time in common bean, we
used A. thaliana as a heterologous system to investigate
the functional role of these alleles. Both PvOFP5 alleles
were overexpressed in the Columbia-0 (Col-0) wild-type
(WT) background and used to complement the ofp5 T-DNA
knockout (KO) line. For the WT overexpression (0OX) lines,

we obtained two independent biological replicates per
allele, while three and five independent lines were
obtained for the OFP5-1 and OFP5-2 complementation
lines, respectively.

Phenotypic analysis showed that plant height was sig-
nificantly reduced in both independent ofp5 KO lines
(Figure 5A). Complementation with either allele restored
the WT phenotype, but OX of the inferior OFP5-1 allele
resulted in a significantly smaller plant height compared to
both WT and the OFP5-2 OX lines. Rosette diameter was
not significantly altered in the KO or complementation
lines. However, OX of OFP5-1 in the WT background led to a
reduced rosette diameter compared to the corresponding
complementation line. Silique morphology, quantified
through image analysis, revealed that WT OX of both alleles
led to shorter and rounder siliques relative to WT
(Figure 5B). Silique width was significantly increased only
in OFP5-2 OX lines compared to both WT and ofp5 mutants.

To validate the function of PvOFP5 in regulating seed
size, we used seed cross-sectional area as a proxy and
quantified seed area, length, and width using image-based
phenotyping (Figure 5C). All three traits were reduced in
the KO lines. Across all parameters, OFP5-2 consistently
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Figure 4. Identification of PvOFP5 as seed size determinant.

(A) Manhattan plot overlay of BLINK, CMLM, FarmCPU, MLM, and MLMM of seed area using genotype-by-sequencing (GBS) data and haplotype plot of seed
area in mm? with dots representing the accession’s gene pool. Chromosome 6 shows an association with a quantitative trait locus (QTL) comprising PvOFP5.
(B) Cloning of PvOFP5 identified five single-nucleotide polymorphisms (SNPs) at indicated positions in Ece122 with low seed area, a Mesoamerican gene pool
accession, compared to Ece153 with high seed area, an Andean gene pool accession, translating to three amino acid substitutions. D178E is located in an alpha-
helix. Asterisks indicate significant differences as assessed by Student’s t-test (P < 0.001).
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Figure 5. Both bean alleles PvOFP5 complement the Arabidopsis thaliana AtOFP5 knockout lines. The Mesoamerican OFP5-1 allele (five SNPs) as well as the
Andean OFP5-2 (no SNPs) complement the A. thaliana knockout line ofp5-1 (two independent biological replicates) and the overexpression (OX) in wild type
Columbia-0 (Col-0; three and five biological independent replicates for the OFP5-1 and OFP5-2 alleles) shows a slightly reduced height.

(A) Height and rosette diameter of 4-week-old plants (ncoio0 = 5, Nofps-1 = 4, Nofps-2 = 4, NoFPs-1-0x Col-o = 21, NoFPs.2-0X Col-0 = 33, NOFP5-1-0X ofps-1 = 8, NOFP5-2-0X
ofps-1 = 6) and phenotypic image with respective mutant lines.

(B) Length [cm], width [mm] and roundness of the siliques of 5-week-old plants (ncor.o = 19, Notps-1 = 12, Nofps-2 = 12, NoFps.1-0x Col-0 = 63, NoFps-2-0x col-o = 100,
NOFP5-1-0X ofps-1 = 23, NOFP5.2-OX ofps-1 = 34).

(C) Seed area [mm?], width and length [mm] of wild type, knockout, overexpression, and complementation lines (ncoyo = 4379, Nofps-1 = 2308, Nofps.2 = 2091, Nor.
ps-1-0x Col-0 = 3799, Norps.2.0x col-o = 7994, NoFPs-1-0X ofps-1 = 1516, Norps.2-0x ofps-1 = 3152). Letters indicate significances P < 0.05 calculated either with two-way
ANovA or Kruskal-Wallis test with post-hoc Tukey’s HSD or Dunn-test, respectively, based on the data normal distribution. SNP, single-nucleotide polymorphism.
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produced larger seeds than OFP5-1. The inferior allele
complemented the seed area and length phenotype in the
KO background but led to reduced seed size when overex-
pressed in WT. In contrast, OX of the superior allele OFP5-
2 led to increased seed area and length compared to WT.
Interestingly, seed width showed a more complex pattern:
OX of OFP5-1 in WT resulted in an increase in seed width,
while its complementation line showed reduced width.
Both OX and complementation of OFP5-2 led to increased
seed width.

Together, these results demonstrate that PvOFP5
plays a key role in regulating seed size in common bean.
The superior allele from the Andean gene pool enhances
seed area, length, and width, whereas the Mesoamerican
allele is associated with smaller seeds. This functional
divergence reflects natural allelic variation contributing to
this vyield-related trait of seed volume in domesticated
common bean.

DISCUSSION

Seed color and morphology are key traits influencing both
consumer preference and breeder selection. In this study,
we mapped multiple seed morphological and colorimetric
descriptors (Figures 1 and 2; Table 1; Table S2) and con-
ducted GWAS of leaf morphological and colorimetric traits
(Figure 3; Tables S4-S7). In addition to SNP-based map-
ping, we incorporated SV data to uncover novel
loci, particularly those involved in seed morphology. While
SNP-based GWAS have identified numerous trait-
associated loci, SVs—such as insertions and deletions—are
increasingly recognized for their capacity to drive substan-
tial phenotypic variation (Alonge et al., 2020). Integrating
SVs with SNP data enhances both the resolution and
power of association analyses, thereby providing a more
comprehensive understanding of the genetic architecture
underlying complex traits.

Previous studies (Garcia-Fernandez et al., 2021; Hag-
erty et al., 2016; Murube et al., 2020) have identified QTL
associated with seed morphology and pod color. Interest-
ingly, several co-localized QTL were reported to influence
both seed morphology and color, suggesting potential
pleiotropic effects.

In the present analysis, we applied a stringent filtering
criterion by considering only SNPs detected in at least two
GWAS models (MLM, MLMM, CMLM, FarmCPU, and
BLINK). This conservative approach was chosen to mini-
mize false positives arising from multiple testing across
numerous traits. While this likely reduced the total number
of detected loci, it increased the reliability of identified
associations (Table S8). It is plausible that additional candi-
date genes and QTL could be revealed under a less strin-
gent threshold, particularly for complex polygenic traits.

Despite the well-established genetic differentiation
between Andean and Mesoamerican gene pools, PCA of

© 2026 The Author(s).

seed and leaf descriptors revealed no clear separation
between these groups (Figure 2A). This lack of phenotypic
stratification may suggest convergent selection on these
traits, extensive gene flow between the populations, or a
high degree of plasticity in the morphological and colori-
metric traits analyzed. However, pairwise comparisons did
reveal significant differences between Andean and Meso-
american accessions for many traits (Table 1).

Most traits exhibited positive correlations, reflecting
shared developmental or biochemical pathways influenc-
ing morphology and pigmentation (Figure 2B). However,
some leaf colorimetric parameters, such as leaf saturation
and the a* and b* components, showed negative correla-
tions. This may result from opposing pigment contribu-
tions (e.g., chlorophyll versus carotenoids) or from light
reflectance differences linked to developmental or physio-
logical variation among accessions.

Together, these findings highlight the complex yet
interconnected genetic basis of seed and leaf morphology
and coloration in common bean. The integration of SNP-
and SV-based GWAS approaches revealed both
known and novel loci (Figure 3; Table S8), underscoring
the importance of combining complementary genomic
resources to capture the full spectrum of genetic variation
underlying these traits. This comprehensive framework not
only refines our understanding of the phenotypic diversity
observed across gene pools but also provides a robust
foundation for functional validation of key candidate
genes, such as PvOFP5, implicated in seed size regulation
(Figure 4).

PvOFP5 regulates seed size

Similarly, Alves et al. (2024) mapped seed weight to posi-
tion 22 116 966 bp on chromosome 6, approximately
5.37 Mb upstream of PvOFP5; however, the underlying
candidate gene was not reported (Alves et al., 2024). Given
that A. thaliana is a well-established heterologous system
for functional validation of crop and wild plant genes
(Cheng et al., 2020; Niu et al., 2025; Qin et al., 2025), we
employed the Mesoamerican (inferior) and Andean (supe-
rior) PvOFP5 alleles to complement the Arabidopsis ofp5
KO phenotype and to overexpress them in a WT back-
ground (Figure 5). Members of the OFP group are known
to interact with TONNEAU1 RECRUITMENT MOTIF (TRM)
proteins, thereby modulating cell division and determining
fruit and organ shape in diverse crops such as tomato,
pepper, cucumber, melon, and potato (Snouffer
et al., 2020; Tsaballa et al., 2011, 2013; Wang et al., 2016,
2025; Wu et al., 2018). OFPs have also been implicated in
drought resilience in rice (Ma et al., 2017) and fruit ripening
in banana (Liu et al.,, 2015). In Arabidopsis, AtOFP5
is essential for female gametophyte and embryo sac devel-
opment (Pagnussat et al., 2007), and accordingly, the ofp5
KO exhibits reduced seed size. Remarkably, despite
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fundamental differences in seed storage composition
between Arabidopsis (predominantly lipids) and common
bean (proteins and starch), both common bean alleles suc-
cessfully complemented the KO phenotype. These obser-
vations support the notion that seed size regulation may
rely, at least in part, on conserved mechanisms among
dicotyledonous species. Moreover, the alleles preserved
their relative phenotypic effects, with the superior allele
conferring larger seeds than the inferior one. These find-
ings highlight the robustness of A. thaliana as a heterolo-
gous system for dissecting functional and allelic variation
in crop genes, providing an efficient alternative to transfor-
mation in complex or recalcitrant species such as common
bean. Moreover, our results position PvOFP5 as a central
regulator of seed development in common bean and high-
light its potential as a breeding target for improving seed
traits and overall bean quality.

CONCLUSION

Our study provides a comprehensive resource of QTL and
candidate genes controlling leaf and seed morphology and
color in common bean, thereby significantly enriching the
genetic framework available to the legume research com-
munity. By exploring multiple morphological and colori-
metric descriptors—many of which were analyzed by
GWAS for the first time—we uncovered novel loci and trait
relationships that deepen our understanding of phenotypic
diversification and its molecular underpinnings. The inclu-
sion of both SNP- and SV-based association analyses
proved particularly powerful, enabling the discovery of
candidate genes that may have remained undetected by
conventional SNP-only approaches. These findings not
only advance fundamental insights into organ develop-
ment, pigmentation, and adaptation but also provide valu-
able targets for marker-assisted selection and genomic
prediction in breeding programs. Furthermore, our suc-
cessful use of A. thaliana as a heterologous system to
functionally validate PvOFP5 underscores the versatility of
this model plant for rapid gene characterization across spe-
cies. Together, this integrative approach—linking popula-
tion genomics, quantitative genetics, and functional
validation—illustrates an effective and scalable framework
for elucidating the genetic architecture of complex traits in
crops with long generation times and limited transforma-
tion efficiency.

EXPERIMENTAL PROCEDURES
Plant material and sequencing

The original seed and sequencing data for the common bean
accessions used in this study were previously described
(Table S1) (Bellucci et al., 2023; Cortinovis et al., 2024). In total 434
P. vulgaris accessions were sequenced by GBS revealing 4792
SNPs, a subset of 200 accessions were selected and sequenced by

WGS revealing 7100 duplications and deletions and 3 570 040
SNPs. As reference genome we used the P. vulgaris Pha-
vu.G19833v2.1 (common bean genotype G19833) from Phytozome
(DOE-JGI and USDA-NIFA; https://phytozome-next.jgi.doe.
gov/info/Pvulgaris_v2_1), which comprises approximately 537 Mb
assembled into 11 chromosomes with ~27 000 annotated genes.
Two experiments were conducted to characterize the morphologi-
cal traits of leaves and seeds. In Experiment |, 200 WGS acces-
sions were grown under long-day conditions. Specifically, seeds
of each accession were scarified and germinated at room temper-
ature in Petri dishes. Once the radicle had emerged, germinated
seeds were transplanted into 30 cm (diameter) x 30 cm (height)
pots in a climate-controlled greenhouse. The plants were grown
under an 8/16 h light/dark regime with a photon flux density of
400-500 pmol m~2 sec™! (LED lighting), 70% relative humidity,
and day/night temperatures of 24°C/20°C, following a randomized
complete block design with three biological replicates per acces-
sion. In Experiment I, 434 GBS accessions, including the 166
WGS accessions, including three replicates were grown in a poly-
tunnel greenhouse between June and August 2023.

Morphological analysis

For colorimetric features of seeds and leaves X-Rite ColorMunki
spectrophotometer controlled by ArgylICMS v.1.9.2 profiling soft-
ware was utilized. Shape-related features were analyzed by Adope
Photoshop® and Python 3.6 ANACONDA distribution using
‘skimage’, ‘pandas’, and ‘matplotlib’. We summarized the wave-
length detected by ‘ColorMunki’ spectrophotometer to the color
ranges of the visible light (violet: 380-450 nm, blue: 450-495 nm,
green: 495-570 nm, yellow: 570-590 nm, orange: 590-620 nm,
red: 620-750 nm). ‘Spectra Integral’ is the total reflectance over
the full spectral range measured and gives an indication of bright-
ness or reflectance intensity, ‘5620/580" is referred to as the reflec-
tance in green-yellow range between 520 and 580 nm and
indicates the chlorophyll or carotenoid content, ‘Chlorophyll’ is
the chlorophyll-specific index (670 and 750 nm), and ‘Infrared’ the
infrared reflectance (700-1000 nm) often used to describe plant
health. The red, green and blue channel intensities of the visible
spectrum is described as ‘R'/'G’/'B’, the HSV model with hue (type
of color), saturation (intensity/purity of color), brightness (value/lu-
minance, color lightness or darkness) with ‘H/'S’/'BV’, while
X'I'Y'['Z" is the color space components CIE 1931 tristimulus
values. The CIELAB color refers to ‘L’/'a’/'b’ and is the lightness,
red-greenness, and yellow-blueness. For the seed 434 panel the
gray value which is a proxy for the brightness level of individual
pixels and the integrated density which is the sum of all pixel
values in a region was calculated.

As morphological descriptors, the area, extent (bounding box
area; shape compactness versus bounding box), solidity (convex
hull area; convexity; 1 = solid, <1 = concave), perimeter, eccentric-
ity (ellipticity — shape elongation), centroid (geometric center of
the object), roundness (4-r-area/perimeter?), circularity (roundness
measure), size, height, width, and weight were considered.

GWAS of morphological traits

For GWAS, the R package GAPIT3 (Wang & Zhang, 2021) was
used, employing EMMA (efficient mixed-model association) as a
variance component method to correct for population structure
effects with a kinship matrix and three PCs as fixed effects. MLM,
compressed MLM, MLMM (Zhang et al., 2010), BLINK (Huang
et al., 2019), and FarmCPU (Liu et al., 2016) were used as models
for association testing to identify significant associations between
genetic variants (SNPs) and the phenotype of interest. We used

© 2026 The Author(s).
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the Bonferroni correction to adjust the significance threshold for
multiple comparisons and used only signals detected by up to
three methods for downstream analysis. Overlaid Manhattan plots
were generated in the R package rMVP (Yin et al., 2021). Candidate
genes were identified by scanning the genetic area + 100 kb of
the lead SNP.

Genomic analysis

For the analysis of the genomic diversity, Tassel 5 (Bradbury
et al., 2007) was used in combination with iTOL (https://itol.embl.
de/) for visualization of the WGS phylogenetic tree. To assess pop-
ulation structure within the GBS GWAS panel, we used STRUC-
TURE v2.3.4 (Pritchard et al., 2000) under the admixture model
with correlated allele frequencies, testing K values from 1 to 13.
For each K, six independent runs were performed, each with 500
burn-in iterations followed by 5000 Markov Chain Monte Carlo
iterations. The optimal number of clusters was determined using
the AK (Evanno et al., 2005) method implemented in PopHelper
(Francis, 2017). Accessions with an unknown origin were assigned
to either the Mesoamerican or Andean gene pool (membership
>0.8), or classified as admixed if the percentage of membership of
any sub-cluster was <0.8.

Data analysis

Data were analyzed using the R environment version 4.3.2 using
the packages ‘ggplot2’. Significances were computed by either
ANoVA with post-hoc Tukey HSD test or Kruskal-Wallis and post-
hoc Dunn-test based on the data normal distribution.

Network analysis

The morphological and colorimetric data network was constructed
with features annotated by tissue and class. Pairwise Pearson cor-
relations between metabolites were calculated, and edges were
retained for correlations |4 >0.7 with P < 0.05. The network was
built using ‘igraph’, with node degree calculated to identify hub
features. The network was visualized using ‘ggraph’ with the
Kamada-Kawai layout. All analyses were performed in R (4.3.2.)
using the ‘tidyverse’, ‘igraph’, and ‘ggraph’ packages.

Genotyping of A. thaliana T-DNA insertion lines

DNA was extracted following (Berendzen et al., 2005) from
SALK 201425 and SALK_203823, and positive T-DNA insertion
lines were identified following the instructions of the provider
(http://signal.salk.edu/tdnaprimers.2.html).

Arabidopsis thaliana OX and complementation

The total RNA from ECe122 (MES, small seeds; OFP5-1) and
ECe153 (AND, large seeds; OFP5-2) was isolated using a
NucleoSpin® RNA plant kit (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’'s instructions. First-strand cDNA
was synthesized using 1.5 ug RNA and Prime Script™ RT reagent
Kit with gDNA eraser (Takara, Kusatsu, Japan) according to the
manufacturer’s instructions. Full-length cDNA of leaf samples of
the founder lines was amplified by using 250 ng (fw-primer:
TAGGTACCATGGAACCAAGAAGGAACAC, rv-primer: TATACTC-
GAGAGTCGCCTCCACTGACAAG). Gateway™ pENTR™ 1A Dual
Selection Vector was used for restriction-enzyme based cloning
(Kpnl and Xhol) followed by LR recombination using pK2GW?7
(Karimi et al., 2002). Columbia-0 and T-DNA insertion lines of
OFP5 were transformed using Agrobacterium tumefaciens strain
GV3101 (Zhang, Chen, et al., 2020) and screened for single homo-
zygous insertions using kanamycin resistance.

© 2026 The Author(s).

Arabidopsis thaliana phenotyping

Plants were grown under long-day conditions in a greenhouse
and phenotyped for rosette diameter and plant height. For seed
size and silique measurements, seeds were placed on a square-
shaped Petri dish, while siliques were scanned directly without
support (Figure S10). All samples were scanned at a resolution of
600 dpi. Seed area [mm?], width and length [mm] and silique
roundness, length [cm] and width [mm] was quantified using
Python 3.6 (Anaconda distribution) with the ‘skimage’, ‘pandas’,
and ‘matplotlib’ library.
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Table S2. Morphological and colorimetric descriptors of leaves
and seeds.

Table S3. Clusters and features of network analysis of morpholog-
ical and colorimetric leaf and seed descriptors.

Table S4. Mapping results of genome-wide association study
(GWAS) using single-nucleotide polymorphisms (SNPs) of geno-
typing-by-sequencing and whole-genome sequencing or structural
variants of leaf color, morphology, and seed color and
morphology.

Table S5. Genotyping-by-sequencing significant associations of >
two methods of genome-wide association study using leaf and
seed morphology and colorimetric data.

Table S6. Significant structural variants of > two methods of
genome-wide association study using leaf and seed morphology
and colorimetric data.

Table S7. Whole-genome sequencing significant associations of >
two methods of genome-wide association study using leaf and
seed morphology and colorimetric data.

Table S8. Novel candidate genes identified using seed and leaf
morphological and colorimetric descriptors with GBS, WGS-SV,
and WGS-SNP data.

Table S9. GWAS results for seed area in the full panel of 434
accessions genotyped by genotyping-by-sequencing, analyzed
using MLM, CMLM, MLMM, BLINK, and FarmCPU models.

Figure S1. Methodological overview.

Figure S2. Population structure analysis of common bean diversity
panel.

Figure S3. Colorimetric features of leaves of the subset of 200
accessions.

Figure S4. Morphological features of leaves of the subset of 200
and the full 434 panel.

Figure S5. Colorimetric and morphological features of seeds of
the subset of 200 accessions.

Figure S6. Colorimetric and morphological features of seeds of
the subset of 434 accessions.

Figure S7. Genome-wide association mapping of leaf and seed
agro-morphological traits using MLM, CMLM, MLMM, BLINK, and
FarmCPU.

Figure S8. Significant associations across five GWAS methods
using GBS, SV, and WGS data.
Figure S9. AtOFP5 T-DNA insertion lines ofp5_1 and ofp5_2.

Figure $10. High-throughput phenotyping of siliques and seeds of
Arabidopsis thaliana.
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