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Abstract 

Common beans, Phaseolus vulgaris, are an important crop for food and nutritional security and 

the ecosystem services they provide, especially in developing countries. They are adapted to a 

broad range of ecogeographic conditions, therefore are genetically diverse and have a complex 

population structure. This includes two wild gene pools, an ancient-relic population, two 

domesticated gene pools and races within each gene pool. There is frequent gene flow, for 

example, between the wild and domesticated populations, the domesticated gene pools and 

between the races.  

The two gene pools (Andean and Mesoamerican) overlap in Colombia. However, the Colombian 

common bean population structure and level of admixture have not been defined. This research 

is testing the hypothesis that Colombia has a large amount of genetic admixture diversity and 

introgressed lines, compared to the ‘ancestral’ Andean and Mesoamerican gene pools.  

This genetic diversity provides a reservoir of adaptive genes that could be used in genetic 

research and crop improvement. Mobilising genetic diversity into elite backgrounds could help 

to reduce the effects of climate change on yields, protecting food security. Exploring the genetic 

diversity in landraces, and linking to phenotypes, could improve tolerance to abiotic stresses in 

elite cultivars and help safeguard future food security through breeding programs. 

144 common beans have been sequenced, primarily landraces from Colombia but also wild 

accessions and heirlooms from neighbouring countries. The sequence data has been analysed 

to infer the population structure and understand the evolution of the diversity panel. The PhD 

also involves phenotyping for domestication traits and tolerance to water-deficit to identify 

molecular markers associated with the traits in common beans via GWAS. The results will 

support future breeding programs to reduce the effects of climate change on common bean 

yields.  
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Figures 

Figure 1; Diagram showing the elements and interactions within agrobiodiversity from 

Brookfield and Stocking (1999). 19 

Figure 2; The split of the wild Mesoamerican and Andean common bean gene pools. 

Highlighting the asymmetric split and bottlenecks of the wild populations from 

Schmutz et al. (2014). 26 

Figure 3; Distribution of the 127 common beans with location data from the diversity 

panel. The coordinates of the capital city were used for those without coordinate 

data. Produced with QGIS. Figure from Denning-James et al. (2025). 43 

Figure 4; Frequency distribution of phenotypic traits for the diversity panel (144 

accessions). (A) Major seed colour, (B) type of accession, (C) country of origin or 

collection and (D) estimated seed size. Data collated from corresponding genebank 

websites and phenotypic studies during 2022 (Appendix 1). 44 

Figure 5; Examples of the three di\erent growth habits for common beans. (A) A 

determinate bush (PHA13862), (B) an indeterminate bush (G5910) and (C) an 

indeterminate climbing growth habit (G50516K). Photos taken at harvesting during 

September 2023. Black arrows are equivalent to 20cm. 45 

Figure 6; Layout of the glasshouse (144 accessions) from phenotyping trials in summer 

2022 (A) and winter 2022 (B). 48 

Figure 7; A scatter plot representing the alignment of the diversity panel (144 

accessions) to the Mesoamerican and Andean reference genomes. The colours 

represent the type of accession from gene bank passport data (Appendix 1). 54 

Figure 8; Analysis of the population structure of 144 accessions belonging to our 

diversity panel focusing on Colombia at K=2, Andean or Mesoamerican groups (A), 

K=4 (B) and K=6 (C) and the cross-validation error for di\erent K values (D) ran using 

ADMIXTURE (v 1.3.0)(Alexander and Lange 2011). (C-EP) accessions mainly from 

Peru, then Ecuador and Colombia; (A1) Andean accessions from a variety of South 
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American countries; (C1) mostly determinate Colombian landraces; (C2) 

indeterminate Colombian landraces; (M1) mainly medium seeded** from Central 

America and Colombia; (M2) mainly small seeded** from Central America and 

Colombia. (Admx_AM) Andean X Mesoamerican hybrids; (Admx_A) and (Admx_M) 

admixed accessions between subpopulations (ancestry composition q <0.7 at 

K=6).  ** p < 0.01 using a two tailed student t-test with unequal variance. Plots A 

and C from Denning-James et al. (2025). 56 

Figure 9; Analysis of the population structure of 144 accessions belonging to the 

diversity panel at K=2 (A) and K=6 (B) and the Delta K for K values 2-10 (C) ran using 

STRUCTURE v 2.3.5 (Pritchard et al. 2000). (A, B) Structured by ADMIXTURE K=6 

results as in Figure 8 (Alexander and Lange 2011). 58 

Figure 10; Principal component results on all 144 accessions from the diversity panel 

from GAPIT v.3 (Wang and Zhang 2021). (A) Principal component analysis (PCA) plot 

of PC1 against PC2 and (B) plot of PC1 against PC3. The colours illustrate the 

population structure of the diversity panel.  PC1 against PC2 coloured by (C) 

photoperiod insensitivity, (D) determinacy, (E) estimated seed size and (F) country 

of sample collection (Appendix 1). 60 

Figure 11; (A) Proportion of heterozygous sites against the percentage of read-pair 

alignment to the Andean reference genome G19833 for 144 accessions (Schmutz 

et al., 2014). (B) Principal component results on the 108 Andean accessions from 

the diversity panel ran using GAPIT v.3 (Wang and Zhang 2021). The colours 

illustrate the population structure of the diversity panel from ADMIXTURE K=6 

(Alexander and Lange 2011). 61 

Figure 12; Introgression analysis on all 144 accessions from the diversity panel using 

VcfHunter (Martin et al. 2023) split by ADMIXTURE K=6 population structure. (A) M1, 

(B), M2 and admixed M, (C) admixed between Andean and Mesoamerican, (D) A1, 

(E) admixed A, (F) C1 and C2 and (G) C-EP. The colours represent the ‘ancestral’ 

background, and the staggered columns (y-axis) reflects the proportion (0-1) of 

SNPs in that window across the genome (x-axis) from each background, calculated 
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for each accession. Accession name and subpopulation names at, K=4 and K=6 

population structure from ADMIXTURE, respectively, were labelled. 69 

Figure 13; Comparison of genetic landscape metrics, namely, proportion of Andean, 

Mesoamerican, heterozygous or unknown background content, among 

subpopulations for the diversity panel (144 accessions). (A) Comparison across the 

whole genomes, (B) comparisons calculated per chromosome. Grouping by the 

admixture K=6 population structure. Significance was calculated with the Dunn 

test and Bonferroni correction (* p <0.05, ** p<0.01, *** p<0.001). 77 

Figure 14; Correlation plots produced in R using the ‘corrplot’ package (Wei and Simko 

2021). Phenotypes are agronomic traits measured in 144 common bean genotypes 

grown at the Norwich Research Park, Norwich, UK in 2022 and 2023, results of the 

population structure analysis and data from gene bank passport data (IPK and 

CIAT) (Appendix 1). (A) Associations between discrete and continuous phenotypes 

assessed with a one-way ANOVA and measured with eta-squared. (B) Correlation 

between discrete datasets, the association was calculated with Cramer Vs and 

significance with Chi-squared (Mangiafico. 2025). (C) Pearson correlation 

coe\icients among continuous datasets with normal distribution. (K6) K6 

subgroups from ADMIXTURE; (K2) K2 subgroups from ADMIXTURE; (D) 

Determinacy; (SS) Seed size; (Est_SW) Estimated weight of 100 seeds; (PS) 

photoperiod sensitivity; (Win_DTF) days to flowering from winter 2023; (Sum_DTF) 

days to flowering from summer 2022. *Indicates p < 0.05; **indicates p < 0.01; 

***indicates p < 0.001. 79 

Figure 15; Frequency distribution of seed weight and days to flower traits evaluated in 

two seasons in a common bean diversity panel (144 accessions). (A) E100_SW, 

estimated weight of 100 seeds; (B) phenological days to flowering in the summer 

2022 (S22_DTF) (and (C) in the winter 2023 (W23_DTF) at the Norwich Research 

Park, excluding those which did not flower. The distributions were split into the 

subpopulations from K6 ADMIXTURE. (D) E100_SW***; (E) S22_DTF***; (F) 

W23_DTF*. Completed a one-way ANOVA for E100_SW, S22_DTF and W23_DTF. 
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*Indicates p < 0.05; **indicates p < 0.01; ***indicates p < 0.001. Figure from 

Denning-James et al. (2025). 80 

Figure 16; Plot represent (A) the long daylength trial from April 2022 to July 2022 and (B) 

the short daylength trial from Dec 2022 to March 2023. Data for daylength collected 

from CW4326, Norwich, UK station (52.643°, 1.237°) (Visual Crossing Corporation 

2025) and data for temperature collected from within the glasshouse with the 

Gemini Tinytag, Ultra 2. The vertical dotted lines represent the first accession to 

flower, the average time for flowering (removing those which did not) and the last 

plant to flower. 81 

Figure 17; Manhattan plots highlighting markers significantly associated with 

determinacy on (A) the whole panel (n=144) and (B) the Andean subpanel (n=108). 

The analyses were completed with GAPIT and the models FarmCPU, BLINK or MLM 

(Huang et al. 2019; Liu et al. 2016; Wang and Zhang 2021; Zhang et al. 2010). The X-

axis represents the genomic position of markers, and the Y-axis is the -log 10 of the 

P-values for association with the phenotype. The vertical lines correspond to QTLs 

found by at least two models. Point size correlates to -log10(P-value). Quantile-

quantile (QQ) plots are provided for (C) the whole panel, (D) the Andean panel and 

(E) models not selected for the Andean panel. Plots A-D from Denning-James et al. 

(2025). 84 

Figure 18; Manhattan plots highlighting markers significantly associated with 

photoperiod insensitivity on (A) the whole panel (n=144) and (B) the Andean 

subpanel (n=108). The analyses were completed with GAPIT and the models 

FarmCPU, BLINK or MLM (Huang et al. 2019; Liu et al. 2016; Wang and Zhang 2021; 

Zhang et al. 2010). The X-axis represents the genomic position of markers, and the 

Y-axis is the -log 10 of the P-values for association with the phenotype. The vertical 

lines correspond to QTLs found by at least two models. Point size correlates to -

log10(P-value). Quantile-quantile (QQ) plots are provided for (C) the whole panel, 

(D) the Andean panel, (E) models not selected for the whole panel and (F) models 

not selected for the Andean panel. Plots A-D from Denning-James et al. (2025). 86 



 12 

Figure 19; Heatmap of SNP mean dosage values for polymorphisms in the coding region 

of QTLs associated with determinacy from the GWAS of the whole (n=144) or 

Andean diversity panels. 0 are homozygous reference, 1 are heterozygous, 2 are 

homozygous alternative and 3 are uncalled genotypes (transformed NAs).  Plotted 

with pheatmap v.1.0.13 with default Euclidean distance to cluster the rows and 

SNP location to order columns (Kolde 2025). The top row represents the gene which 

the SNPs fall within. SNPs have been averaged by their determinate trait and 

population structure at K2 (M; Mesoamerican, A; Andean, Admx; Admixture). SNPs 

with less than a 0.5 di\erence in variation between groups have been removed. The 

plots represent the whole diversity panel for QTLs (A) D1.1, (C) D1.3, (D) D1.4, (E) 

D1.5, (F) D1.6, (I) D7.1, (K) D8.2, (L) D9.1 and (M) D10.1. Also, the Andean diversity 

panel for QTLs (B) D1.2, (G) D2.1, (H) D3.1 and (J) D8.1. 95 

Figure 20; Heatmap of SNP mean dosage values for polymorphisms in the coding 

regions in QTLs associated with Photoperiod sensitivity from the GWAS of the 

whole (n=144) or Andean diversity panels. 0 are homozygous reference, 1 are 

heterozygous, 2 are homozygous alternative and 3 are uncalled genotypes 

(transformed NAs). Plotted with pheatmap v.1.0.13 with default Euclidean distance 

to cluster the rows and SNP location to order columns (Kolde 2025). The top row 

represents the gene which the SNPs fall within. SNPs have been averaged by their 

determinate trait and population structure at K2 (M; Mesoamerican, A; Andean, 

Admx; Admixture). SNPs with less than a 0.5 di\erence in variation between groups 

have been removed. The plots represent the whole diversity panel for QTLs (A) 

PS4.1, (B) PS5.1, (D) PS7.1, (E) PS7.2, (F) PS8.1 and (H) PS9.1. Also, the Andean 

diversity panel for (C) PS5.2, (G) PS8.2, (I) PS9.2 and (J) PS11.1. 103 

Figure 21; Layout of the diversity panel (144 accessions with 3 water deficit 

replications), for the water deficit experiment at NIAB, Cambridge in 2023. 38 of the 

accessions were determinate bush, 9 were indeterminate bush, 86 were 

indeterminate climbing and 11 were prostrate. 123 

Figure 22; Temperature (°C), precipitation (mm) and daylength patterns (hrs) during the 

experiment in Cambridge, UK, from 19/06/2023 (sowing) to 09/09/2023 (harvesting) 
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(Visual Crossing Corporation 2024). The dotted lines represent key events during 

the experiment. On 27/07/2023 (38 DAS, week 1) irrigation was stopped to induce 

the water deficit treatment and on 25/08/2023 (67 DAS, week 5) the plants 

experienced a mock recovery period due to precipitation. 125 

Figure 23; Bar plots of parameters collected from soil moisture sensors (Table 4). For (A) 

the Soil Matric Potential (kPa), (B) the soil temperature (°C), (C) the bulk electrical 

conductivity (EC, mS/cm) and (D) for the water content (m3/m3). The colours 

represent the dates from irrigation (week 0) to harvesting (week 5). Statistical 

analyses identified significant interactions between stress x growth habit over time. 

Groups were labelled by a letter and superscript number. Groups sharing the same 

letter were not significantly di\erent at α = 0.05, whereas groups with di\erent 

letters di\ered significantly. The superscript numbers in the labels corresponded to 

the week. 132 

Figure 24; Correlation plot comparing phenotypes derived from the poromoter and 

fluorometer, BBCH (phenological developmental data), D (Determinacy),  PS 

(Photoperiod Sensitivity), Date, VPDleaf (leaf vapour pressure deficit), Tleaf (leaf 

temperature), Country, Type (wild, heirloom, landrace), Strategy (drought tolerance 

strategy, Table 5), population structure at K6 and K2 (subgroups from ADMIXTURE), 

RH (relative humidity), SS (seed size), ETR (electron transport rate), Fs (steady-state 

chlorophyll fluorescence), GSW (gsw, stomatal conductance), E apparent (E, 

transpiration), Fm’ (maximum fluorescence yield), PhiPS2 (ΦPSII, quantum yield of 

fluorescence). Data from water deficit treated plants (142 accessions) following the 

cessation of water application (five recordings between days 38 to 72, Appendix 4 

and 5). (A) Correlation between continuous datasets, and correlation between 

continuous and discrete data, where discrete datasets were put to zero. (B) 

Correlation between discrete datasets. 133 

Figure 25; Bar plots of parameters collected from the porometer and fluorometer 

separated by growth habit from week 1 to week 4, for accessions experiencing 

water deficit (Table 3, 142 accessions; 37 determinate bush, 8 indeterminate bush, 

97 indeterminate climbing and prostrate). (A) Fm’ (maximum fluorescence yield), 
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(B) Fs (steady-state chlorophyll fluorescence), (C) Tleaf (leaf temperature, °C), (D) 

GSW (gsw, stomatal conductance, mol m-2s-1), (E) E apparent (E, transpiration, mmol 

m-2s-1) and (F) PhiPS2 (ΦPSII, quantum yield of fluorescence, µmol m-2 s-1). Groups 

sharing the same letter are not significantly di\erent at α = 0.05, whereas groups 

with di\erent letters di\ered significantly. The superscript numbers correspond to 

the week. 135 

Figure 26; (A, B) Histograms for comparative analysis of the diversity panel undergoing 

water deficit stress treatment (n=142). Histograms for (A) pod weight (g) and (B) 

foliar weight (g). (C, D) Violin plots for five weeks of recording water-deficit and 

recovery (Table 3) for (C) BBCH (development) and (D) ETR (electron transport rate, 

µmol m-2 s-1). Grouped by the drought tolerance strategies identified in Table 5. 140 

Figure 27; Violin plots comparing leaf porometer and fluorometer responses between 

water deficit (Week 4) and recovery (Week 5) for all accessions (n=142). (A) ETR 

(electron transport rate, µmol m-2 s-1), (B) Tleaf (leaf temperature, °C), (C) E 

apparent (E, transpiration, mmol m-2s-1), (D) PhiPS2 (ΦPSII, quantum yield of 

fluorescence, µmol m-2 s-1), (E) BBCH (development), (F) Fs (steady-state 

chlorophyll fluorescence), (G) RH (relative humidity, %), (H) Gsw (gsw, stomatal 

conductance, mmol m-2s-1) and (I) Fm’ (maximum fluorescence yield). Significance 

calculated with Wilcoxen signed-rank test for non-parametric paired data (Rosner 

et al. 2006) (NS; not significant, * p <0.05, ** p<0.01, *** p<0.001). 141 

Figure 28; Manhattan plots highlighting markers significantly associated with the traits; 

(A) Gsw (gsw, stomatal conductance, porometer), (B) E (transpiration, porometer), 

(C) development (BBCH and harvesting), (D) ETR (electron transport rate, 

fluorometer), VPDleaf (leaf vapour pressure deficit) and Tleaf (leaf temperature), (E) 

‘responses’ to drought (weeks 1 and 2) and (F) ‘recovery’ (weeks 4 and 5). The 

di\erence (di\) was calculated to see how the traits changed over time and to see 

di\erences in the magnitude of change between weeks (Table 3). Week 1 (W1), 

week 2 (W2), week 3 (W3), week 4 (W4) and week 5 (W5). The analyses were 

completed with GAPIT and the models FarmCPU, BLINK, MLMM or MLM on 142 

accessions (Huang et al. 2019; Liu et al. 2016; Segura et al. 2012; Wang and Zhang 
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2021; Zhang et al. 2010). The X-axis represents the genomic position of markers, 

and the Y-axis is the -log 10 of the P-values for association with the phenotype. The 

vertical lines correspond to QTLs associated with at least two phenotypes. Point 

size correlates to -log10(P-value). Quantile-quantile (QQ) plots are provided in 

Figure 29. 143 

Figure 29; Quantile-quantile (QQ) plots are provided for Manhattan plots in Figure 28. 

(A) Gsw (gsw, stomatal conductance, porometer), (B) E (transpiration, porometer), 

(C) development (BBCH and harvesting), (D) ETR (electron transport rate, 

fluorometer), VPDleaf (leaf vapour pressure deficit) and Tleaf (leaf temperature), (E) 

‘responses’ to drought (weeks 1 and 2) and (F) ‘recovery’ (weeks 4 and 5). The 

di\erence (di\) was calculated to see how the traits changed over time and to see 

di\erences in the magnitude of change between weeks (Table 3). Week 1 (W1), 

week 2 (W2), week 3 (W3), week 4 (W4) and week 5 (W5). The analyses were 

completed with GAPIT and the models FarmCPU, BLINK, MLMM or MLM on 142 

accessions (Huang et al. 2019; Liu et al. 2016; Segura et al. 2012; Wang and Zhang 

2021; Zhang et al. 2010). The X-axis represents the expected -log 10 of the P-values 

and the Y-axis is the observed -log 10 of the P-values for association with the 

phenotype. The Y-axis in plots A-C and E-F have breaks to improve visualisation of 

the distribution and extreme values. 146 
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Tables 

Table 1; Phenotypic characteristics associated with each subpopulation for the diversity 

panel (144 accessions). Table from Denning-James et al. (2025). 62 

Table 2; 23 QTLs associated with determinacy and photoperiod sensitivity. Table from 

Denning-James et al. (2025). 83 

Table 3; Key dates within the water deficit experiment (June 2023 to September 2023), 

the stage of the trial and the number of days after sowing (DAS). 124 

Table 4; Distribution of soil sensors among the growth habits and treatments during the 

trial. 126 

Table 5; The drought stress strategies within the diversity panel were identified based on 

phenotypic characteristics from comparative analysis on accessions under water-

deficit conditions (142 accessions). Including photoperiod sensitivity and growth 

habit data (photoperiod insensitive and photoperiod sensitive). Data from week 4 

(four weeks since irrigation was removed) was selected as it reflected the 

maximum length of water deficit before the ‘recovery’ event. 138 

Table 6; The 36 QTLs for gsw (porometer), E apparent (porometer), development (BBCH 

and yield), ETR (electron transport rate, fluorometer), VPDLeaf (leaf vapour 

pressure deficit), Tleaf (leaf temperature), water deficit ‘response’ (weeks 1 and 2) 
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1.1 Agrobiodiversity  

Agrobiodiversity is a subset of biodiversity that comprises all diversity related to agriculture 

(Figure 1) such as landraces and crop wild relatives (CWR) (Brookfield and Stocking 1999). 

Agricultural ecosystems provide us with goods (food, pharmaceuticals, forage, and bioenergy) 

and services, such as soil and water quality, and carbon sequestering (Power 2010). 

 

 

Figure 1; Diagram showing the elements and interactions within agrobiodiversity from 

Brookfield and Stocking (1999). 

 

CWR are a wild taxon related to crop varieties.  The degree of relatedness can vary, from the 

same species to the same genus or family (Maxted et al. 2006). They usually have higher levels 

of genetic diversity, having not experienced the genetic bottleneck of domestication 

(Warschefsky et al. 2014). CWR adaptive genes can be hybridised into elite varieties with 

breeding programs. However, this can be challenging due to linkage drag - whereby the genetic 

background of CWR leads to a fitness reduction due to deleterious variants in domesticated 

traits that were not filtered out during domestication.  

Landraces are cultivated crops which have undergone artificial selection, known as 

domestication. The landraces become genetically and morphologically different to their CWR, 

and are associated with traditional farming systems and ecogeographic environments (Di Vittori 

et al. 2017). However, they are more genetically diverse than the modern, homogenous, elite, 
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commercial varieties, as the latter result from a discrete number of founders (founder effect) 

(Savic et al. 2021). Landraces can usually tolerate local biotic and abiotic stress better than 

elite varieties; this results in more stable yields under low input agricultural systems (Zeven 

1998). Heirlooms or vintage species are old varieties with defined phenotypic traits that have 

been consciously maintained by farmers through generations. A large proportion of genetic 

diversity is stored in landraces or heirloom varieties. 

Crop domestication is dynamic and continuous, leading to domestication syndrome traits 

(traits commonly found after domestication, e.g. shattering and determinacy) and often 

pleiotropic effects and polyploidisation. However, domestication causes genetic bottlenecks, a 

reduction in genetic diversity (genetic erosion) and can increase deleterious recessive 

mutations in the population, which are maintained because of the prevalence of inbreeding 

(Mackay et al. 2021; Meyer et al. 2012; Singh et al. 2019). Autogamous species, such as 

common beans tend to be more strongly affected by genetic erosion due to lower levels of 

recombination (De Ron et al. 2015). Genetic erosion can also continue after domestication 

during dispersion, migration, and adaptive radiation at secondary centres. Domesticated crops 

also have higher levels of linkage disequilibrium, a function of recombination, population size 

and the breeding system and increased by genetic drift, hitchhiking and epistatic selection 

(Rossi et al. 2009). Consequently, it is important to understand the domestication process to 

understand the structure and complexity of the genomes. 

The genetic diversity from landraces and CWR can be mobilised into the background of elite 

varieties to reduce the effects of biotic and abiotic stress on yields, protecting food security. 

Breeding or genetic engineering are some of the solutions to creating more climate resilient, 

higher yielding and pest or disease resistant varieties (FAO 2009). Plant genetic resources 

provide the reservoir of adaptive and productive genes (usually free of deleterious mutations) 

needed to develop improved cultivars with desirable characteristics and are crucial to 

sustaining genetic gain. However, mobilising genetic diversity is complex (McCouch et al. 2020). 

In pre-breeding, exotic material (landraces, CWRs, heirlooms) is crossed into the genetic 

background of elite productive varieties. However, the trait introgression can be masked by 

regulatory interactions (dominance, epistasis), linkage drag, pleiotropy or quantitative 

inheritance.  
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The genetic diversity of crops originates from ancestral populations. However, landraces and 

their genetic diversity are under threat of genetic extinction from replacement with homogenous 

elite varieties and our increasing dependence on a smaller number of crops for food security 

(Villa et al. 2005). Elite, commercial varieties are genetically homogenous due to economic and 

consumer pressure. They rely on humans and advances in agricultural technology for high 

yields and survival such as machinery, fertilisers, pesticides, and herbicides (Casanas et al. 

2017; Kwak et al. 2012).  

 

1.2 Common Beans, Phaseolus vulgaris 

Common beans, Phaseolus vulgaris, are one of the domesticated species in the Leguminosae 

or Fabaceae family, the third largest flowering plant family (Azani et al. 2017). The genus 

Phaseolus has ~70-80 species, five of which are domesticated (Chacon-Sanchez et al. 2021; 

Freytag and Debouck 2002).  

P. vulgaris are diploids (2n = 2x = 22), with a relatively short life cycle (60-120 days) and small 

genome of ~600Mb (Kwak et al. 2009; Schmutz et al. 2014). Due to their small genome and 

synteny, they can be used as a model for the complex genomes of soybeans, pigeon pea or 

cowpea (Nadeem et al. 2021; Schmutz et al. 2014).  Common beans are autogamous and 

annual; however, wild species can be perennial and allogamous (Chacon-Sanchez et al. 2021; 

Debouck et al. 1993; Schier et al. 2019). The gene pools of common beans grow in a large 

variety of environments in the neotropics. There are large differences in their life history traits, 

morphology and genetics (Beebe et al. 2012; Bitocchi et al. 2017; Broughton et al. 2003; Gepts 

and Debouck 1991). Common beans can be grown under a variety of cultivation practices, such 

as in, monoculture, associations, interplanting or rotations (Kwak et al. 2009). 

Common bean genetic resources are found in gene banks worldwide (e.g. CIAT and IPK) 

(Nadeem et al. 2021). Breeding programmes remain important to protect common bean yields 

and global productivity. Past breeding programmes have developed elite cultivars across 

different regions and market classes, targeting yields, seed characteristics, and abiotic and 

biotic stress tolerance. The conservation of the accessions is important for the genetic 

improvement of common bean yields and to overcome abiotic and biotic stress, currently done 

through classical breeding. Molecular tools and genomic approaches can be used alongside 

conventional breeding to accelerate the process. However, common bean yields are still 
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heavily impacted by different stresses such as climate change, consequently phenotyping 

common bean landraces and CWR remains important for future yield stability. 

Common beans show a high level of genomic synteny with other legume species such as 

Glycine max (soybean), due to their shared evolutionary history within the Fabaceae family 

(Schmutz et al. 2014). This evolutionary relationship allows comparative genetics within the 

family so that model legumes, such as soybean, can be used to infer gene function and help 

with candidate gene identification in common beans. However, there is still a lack of data 

available in legumes therefore, gene annotation and candidate gene identification often 

requires more distantly related model species such as Arabidopsis. This can reduce the 

confidence in candidate genes when relying on distant homology (Zhou et al. 2025). 

 

1.3 Importance of Common Beans 

Common beans help achieve developmental goals by reducing poverty (1.3.1), improving health 

and nutrition (1.3.2), and improving ecosystem resilience (1.3.3). 

 

1.3.1 Consumption and economics 

A second green revolution is needed to produce 70% more food before 2050 for an estimated 

population size of 9.6 billion, to guarantee food and nutritional security. Insecurity will 

disproportionately effect developing countries (Alexandratos and Bruinsma 2012). In this 

context, common beans have been labelled as one of the important crops to mediate the 

effects of climate change and protect food and nutritional security. Phaseolus vulgaris is the 

most economically important species in the Phaseolus genus (Arriagada et al. 2021; Bitocchi et 

al. 2017). However, the worldwide production of common beans has only increased by 0-2% per 

year, relying on more land, not increases in yield from research developments (Foyer et al. 

2016).  

Common beans are cultivated mainly for their mature grain, but the immature seeds, pods and 

leaves can also be eaten (Blair et al. 2010a; Ganesan and Xu 2017). Common beans include, 

Carioca, navy, black, pinto, pink and yellow beans, to name a few (Rawal and Navarro 2019). 

Different countries produce different common beans depending on demand. 
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1.3.2 Nutritional Qualities 

Common Beans are one of the most important grain legumes for human consumption 

worldwide (Broughton et al. 2003). They have a high nutritional content of proteins and 

minerals, which is especially important in developing countries, but deficiencies in human diets 

are a major concern worldwide (Lisciani et al. 2024; WHO 2023). Globally, the highest 

producers of common bean include India, Brazil, Myanmar and Tanzania (FAOSTAT 2023). In 

South and Central America, the highest producers are Brazil, Argentina and Mexico. Colombia 

produced ~124,000 tonnes of dried beans in 2023, most of which was for domestic 

consumption, and provides an important source of nutrition within the country.   

Common beans have been labelled as one of the essential crops to mediate climate change 

due to their lower environmental impact, and protection of food and nutritional security (Foyer 

et al. 2016). They are considered the second most important source of protein in human diets 

and third most important source of calories in regions of Africa and Latin America. The protein in 

~100g of common beans provides ~20-25% of the recommended daily intake (mainly phaseolin) 

for humans, and the composition meets the requirements of the WHO and FAO. Common 

beans provide an affordable source of proteins (comparative to animal protein) in developing 

countries with a long storage life (Castro-Guerrero et al. 2016; Patto et al. 2015). In countries 

such as Mexico and Brazil they are the primary source of protein. Their amino acids can be 

complemented with sulphur containing amino acids in cereal (Broughton et al. 2003). Also, the 

seeds and seed coats contain high levels of carbohydrates (unsaturated fatty acids), protein, 

minerals, fibres, micronutrients and vitamins (Blair et al. 2013b; Ganesan and Xu 2017). 

They have bioactive components important in human metabolism, as well as key nutraceutical 

properties. They can have positive effects on cardiovascular diseases, obesity and diabetes 

(Suarez-Martinez et al. 2016). These are chronic and degenerative diseases that cause high 

levels of mortality worldwide. Common beans also have anti-carcinogenic properties, as the 

phenolics, lectins and protease inhibitors are anti-mutagenic, anti-inflammatory and anti-

proliferative (Bernardi et al. 2023; Ganesan and Xu 2017; Jha et al. 2015; Suarez-Martinez et al. 

2016). Subsequently, common beans are classified as a functional food, as they provide 

nutrition as well as other physiological benefits to consumers. However, the protective 

properties and nutritional composition of common beans can depend on the variety, cultivar 

and seed size (Blair et al. 2013b; Caproni et al. 2020; Ganesan and Xu 2017; Jha et al. 2015).  

Biofortification could improve the nutritional value of common beans, to aid the reduction of 

nutritional deficiencies in poorer communities and worldwide, especially where common beans 
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are commonly consumed (Caproni et al. 2020). Biofortification is improving the nutritional value 

of crops via biotechnology or plant breeding. For example, in common beans, the level of 

bioavailable iron, zinc, folate, and protein could be improved through breeding programs. Also, 

the levels and bioavailability of nutrients could be improved by understanding the distribution of 

micronutrients within the seed (cotyledon, seed coat and embryo), and the accumulation of 

anti-nutrients (e.g. tannins, phytic acid, chelating compounds) (Blair et al. 2013b; Caproni et al. 

2020; Jha et al. 2015; Kachinski et al. 2022). 

 

1.3.3 Ecosystem services 

Common beans have economic and environmental importance due to their symbiotic 

relationship with nitrogen-fixing Mycorrhizal bacteria, called Rhizobia. The bacteria fix 

atmospheric nitrogen, release ammonia into the soil, enhance nitrogen levels, and reduce the 

need for expensive chemical fertilisers, whilst improving yields (Cusworth et al. 2021; 

Mupangwa et al. 2021; Mylona et al. 1995; Phiri and Njira 2022). This supports sustainable 

agriculture due to a reduced dependency on fertilisers (Castro-Guerrero et al. 2016). This is 

particularly important for developing countries that may not have access to fertilisers (Kamfwa 

et al. 2019; Phiri and Njira 2022).  

Furthermore, they are important for other ecosystem services, for example supporting 

pollinators (UK bumblebee populations). However, common beans seem to encourage fewer 

types of pollinators than other crops such as oilseed rape (Garratt et al. 2014). They also 

encourage soil fertility by increasing populations of earthworms during arable rotations 

(Scullion et al. 2002; Stopnisek and Shade 2021).  

Finally, common beans are high in Biotin. This is important for cellular functions in humans, but 

also in livestock. Common beans are used as a forage crop (straw of the plant) for livestock. 

Biotin is usually made industrially, which is expensive and time-consuming, therefore, beans 

reduce the production energy and costs (Broughton et al. 2003).  
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1.4 Population Structure of Common Beans 

Common beans have a complex population structure. There are different gene pools, races, 

intermediate species and admixed accessions due to genetic isolation, fragmentation and 

artificial selection for different morphological traits. Common beans are mainly autogamous, 

but outcrossing rates can be ~60-70%, permitting gene flow and introgressions (Santalla et al. 

2004). Also, ecogeographic conditions have disrupted the gene flow between wild and 

domesticated common beans and, additionally between the different gene pools 

(Mesoamerican and Andean). Understanding the genetic diversity, population structure, 

phylogeny, origin and evolution of common beans is important for informing future breeding 

programmes and to elucidate patterns of adaptations (Beebe et al. 2012).  

 

1.4.1 Wild common beans  

There are two ecogeographic gene pools of wild common beans, the Mesoamerican and 

Andean. The wild Mesoamerican gene pool is distributed from Mexico and Central America, 

while the wild Andean gene pool is dispersed from southern Peru to northern Argentina, 

including Bolivia (Blair et al. 2013a; Kami et al. 1995; Mamidi et al. 2013; Rossi et al. 2009; 

Santalla et al. 2004).  Research suggests a Mesoamerican origin of wild common beans. The 

Mesoamerican origin is supported by loci (Mamidi et al. 2013), the linkage disequilibrium (Rossi 

et al. 2009) and nucleotide diversity (Bitocchi et al. 2012). This theory suggests that the wild 

ancestor of common beans evolved in Mesoamerica, likely Mexico (Bitocchi et al. 2012).  Then, 

the wild ancestral population split asymmetrically causing two bottlenecks (Figure 2, (Schmutz 

et al. 2014). The Mesoamerican gene pool had a smaller pre-domestication bottleneck, 

compared to the wild Andean, explaining how the wild Mesoamerican gene pool is more 

diverse. Similarities between the gene pools may be due to ancestral introgressions or 

homoplasy (Rendon-Anaya et al. 2017b).  
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Figure 2; The uneven split of the wild Mesoamerican and Andean common bean gene pools. 

Highlighting the asymmetric split and bottlenecks of the wild populations from Schmutz et al. 

(2014). nanc; the estimated size of the ancestral population, nb; the estimated size of the 

bottleneck population, tdiv; the estimated timing of the start of the bottleneck, tb; the estimated 

length of the bottleneck, M21 and M12; represent the migration rates between the two wild 

populations.  

 

Other wild common bean gene pools or subpopulations have been suggested including a 

Guatemalan, Colombian and Ecuadorian-northern Peruvian (Blair et al. 2012). The Ecuadorian-

northern Peruvian population has no domesticated species and is thought to be a relic 

ancestral population that diverged early from the Mesoamerican, carrying only a portion of the 

ancestral genetic diversity (Frascarelli et al. 2025). Then due to geographic and reproductive 

isolation, there was no gene flow between the gene pools (Bitocchi et al. 2012; Kami et al. 

1995). The subpopulation in some analyses is considered a sister species to Phaseolus vulgaris 

named Phaseolus debouckii, located in Ecuador and Peru (Aguilar et al. 2022; Rendon-Anaya et 

al. 2017a). However, further wild accessions need to be analysed from this group to investigate 

this relationship conclusively (Cortinovis et al. 2020; Lynch and Conery 2000).  
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1.4.2 Domestication 

Crop domestication causes a genetic bottleneck because of artificial selection (selective 

breeding) (Papa and Gepts 2003). Resulting in landraces having lower levels of genetic diversity 

compared to their wild counterparts (Cortes et al. 2011; Kwak and Gepts 2009). In common 

beans there were two separate, parallel domestications, one for each ecogeographic gene pool, 

~8,000 years ago (Castro-Guerrero et al. 2016). Consequently, the domestications took place 

after the separation of the Andean and Mesoamerican wild gene pools. Research estimates that 

the origins of common bean domestication are the Oaxaca valley for the Mesoamerican gene 

pool and southern Bolivia-northern Argentina for the Andean one (Bitocchi et al. 2013; Kwak et 

al. 2009; Rossi et al. 2009). 

The Mesoamerican domesticated population had a reduction in diversity of 72%, compared to 

the Mesoamerican wild gene pool, suggesting a large genetic bottleneck during Mesoamerican 

domestication. However, overall research suggests that the wild Mesoamerican gene pool has 

more genetic diversity than the Andean (Pinon et al. 2021). Multiple domestications were 

suggested for the Mesoamerican gene pool due to the large amount of diversity observed. 

However, this has been resolved concluding that there was one domestication event in the 

Mesoamerican gene pool, as the populations were not sufficiently isolated to undergo genetic 

isolation and independent evolution (Chacon et al. 2005; Papa and Gepts 2003; Rossi et al. 

2009). 

The Andean domesticated gene pool has a lower loss in genetic diversity compared to the 

corresponding wild population, suggesting there was already reduced genetic variability in the 

Andean wild population (Bitocchi et al. 2013; Mamidi et al. 2013; Schmutz et al. 2014). Some 

studies have found that Andean landraces have a higher genetic diversity than their wild 

relatives, potentially due to admixture with Mesoamerican populations and an accumulation of 

mutations (Schmutz et al. 2014). Consequently, the Andean gene pool has maintained genetic 

diversity during domestication (Trucchi et al. 2021). Some studies have found that the Andean 

gene pool has a complex structure and many polymorphisms (Cortes et al. 2011). However, 

since these studies focus on Andean diversity alone, the Andean gene pool may be over-

represented (Becerra et al. 2010; Blair et al. 2007).  

The morphological, biochemical, agronomic and genetic differences between the two gene 

pools are well documented (Bitocchi et al. 2012; Gepts and Bliss 1985; Gepts and Debouck 

1991; Sajgalik et al. 2019; Singh et al. 1991b). The gene pools can be distinguished based on 

their morphological differences from artificial selection and ecogeographic conditions. For 
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example, the Mesoamerican gene pool is small seeded while the Andean is more commonly 

large seeded (Blair et al. 2009; Zhang et al. 2008). There are differences between seed colour, 

seed pattern, genome size (Castro-Guerrero et al. 2016), cooking time, flowering time 

(Sadohara et al. 2022), nutritional content (Mesoamerican landraces have higher levels of iron 

seed content (Caproni et al. 2020)), linkage disequilibrium (Ambachew et al. 2024) and 

phaseolin proteins. Also, within both gene pools there are high levels of genetic and 

morphological diversity, such as in seed colour, seed size, growth habit and agro-ecological 

adaptation (Beebe et al. 2001; Blair et al. 2007; Debouck et al. 1993; Plestenjak et al. 2024). 

 

1.4.3 Domestication syndrome traits 

Domestication has caused morphological differences to their wild counterparts due to artificial 

selection by humans, outcrossing and divergence. Some traits are commonly selected for in 

crops; these are called domestication syndrome traits. Examples of these traits include 

photoperiod insensitivity (PI), determinacy (D), gigantism (seeds and pods), growth habit (GH) 

(bush types), seed dormancy (lost in domesticated), shape and plant colour, dissemination 

mechanisms (shattering), seed colour, pod colour (human selection for variation) (Di Vittori et 

al. 2017). While domestication also affected genes in pathways related to flowering time, 

reproduction, nitrogen metabolism, and hormone production (Santalla et al. 2004; Schmutz et 

al. 2014). 

Photoperiod insensitivity and determinacy arose separately in both gene pools during the 

domestication of common beans, likely co-selected by growers  (Bhakta et al. 2017; Kwak et al. 

2012; Repinski et al. 2012; Weller et al. 2019). Wild common beans tend to be indeterminate 

and photoperiod sensitive (PS), requiring a particular day length to flower. Indeterminate growth 

is advantageous in the wild due to competition with surrounding vegetation, while photoperiod 

sensitivity was likely reinforced by divergent natural selection and local adaptation. On the 

other hand, photoperiod insensitivity was selected (likely unconsciously) as cultivated common 

beans were spread along a greater range of latitudes and environments.  

Determinacy, a developmental feature that causes common beans to have a terminal 

inflorescence when switching to a reproductive state (Cavalcante et al. 2020), optimised 

agricultural management and harvesting efficiency. Determinate common beans tend to have a 

bush growth habit with reduced branching and vining abilities compared to the indeterminate 

varieties (Kwak et al. 2012), therefore translocating biomass resources into an increased fitness 
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output (Figure 5). While indeterminate and photoperiod sensitive landraces are common, the 

combined selection for photoperiod insensitivity and determinacy resulted in common bean 

varieties with shorter flowering periods, earlier maturation and easier management during 

harvesting (Daba et al. 2016; González et al. 2016). Photoperiod insensitivity and determinacy 

are advantageous traits from an agronomical point of view due to earlier harvesting and shorter 

exposure to unfavourable weather patterns under climate change, consequently providing 

better food security for communities (Botero and Barnes 2022; Perez et al. 2020). Many studies 

have identified that common bean flowering is closely associated with the environment 

(altitude), gene pool, growth habit, location, or seed size (Sadohara et al. 2022; White and Laing 

1989). 

 

1.4.4 Races within gene pools 

Classifying the races and subgroups of common beans is complex due to admixture 

populations and introgressions, but also due to overlapping morphological traits. At first, the 

identification of races was based on agro-morphology. This identified three races within the 

Mesoamerican gene pool (Durango, Jalisco, Mesoamerica) and three races within the Andean 

gene pool (Chile, Nueva Grande and Peru) (Singh et al. 1991a). However, more recent studies 

associate morphological data with genetic diversity to understand the race structure and 

subgroups of common beans. An early genetic analysis based on allozyme analysis suggested 

five groups in the Mesoamerican gene pool and four within the Andean (Singh et al. 1991b). 

However, later studies identified three Andean races (Chile, Nueva Grande and Peru) and four 

Mesoamerican races (Jalisco, Durango, Guatemala and Mesoamerica)  (Becerra et al. 2010; 

Blair et al. 2013a; Chacon et al. 2005; Cortes et al. 2011).  

In certain studies, there has not been enough morphological and genetic markers to distinguish 

sub-groups; for example, the Mesoamerican races Durango and Jalisco can be grouped 

together, and the Andean, Chilean group cannot always be distinguished (Blair et al. 2009; 

Cortes et al. 2011; Pinon et al. 2021). Also, there can be overlaps between the Nueva Grande 

and Peruvian races, likely because of a large overlap in morphology, or because the limited 

number of markers could not separate admixture between the races (Blair et al. 2007). Also, 

subgroups within the races have been found. For example, two genetic subgroups for the 

Andean races Nueva-Grande and Peru and for the Mesoamerica race (Beebe et al. 2000; Blair et 

al. 2009). These limitations emphasise the issues linked to morphological-based classification 

into races. 
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1.4.5 Dissemination of Common Beans 

Common beans have secondary centres of domestication resulting from random genetic drift, 

human selection, and plant material movement by humans. This affects the genetic diversity 

due to founder effects, genetic bottlenecks, artificial selection and ecogeographic conditions. 

Common beans have now been introduced and are cultivated worldwide.  

Both the Andean and Mesoamerican common bean gene pools were disseminated first to the 

Caribbean before European colonisation of the Americas (Duran et al. 2005). Then, during the 

Post-Columbian exchange of genetic resources, the gene pools reached Europe and Africa 

(Myers et al. 2022). The dissemination of common beans in Europe was through the Iberian 

Peninsula, causing a genetic bottleneck (Santalla et al. 2002). This bottleneck was mitigated by 

later gene flow from the Americas and hybridisation within Europe (Angioi et al. 2010; 

Catarcione et al. 2023; Sajgalik et al. 2019; Savic et al. 2021). Africa, Brazil and China are other 

secondary centres of domestication with both Andean and Mesoamerican diversity and 

phenotypic differences (Blair et al. 2010b; Burle et al. 2010; Maciel et al. 2003; Wu et al. 2020; 

Zhang et al. 2008). 

 

1.4.6 Gene flow  

The population structure of common beans is made more complex due to the presence of 

introgressive hybridisation and admixture driven by their dynamic nature and breeding 

mechanisms. Within the gene pools there are different races, intermediate species and 

admixed accessions due to genetic isolation, fragmentation and artificial selection for various 

morphological traits. The ecogeographic conditions, together with isolation by distance, have 

disrupted the gene flow between wild and domesticated common beans, as well as between 

the different gene pools (Beebe et al. 2012; Santalla et al. 2004). Consequently, there are large 

differences in their life history traits, morphology and genetics (Beebe et al. 2012; Bitocchi et al. 

2017; Broughton et al. 2003; Gepts and Debouck 1991). However, this earlier research was 

based on morphological traits, phaseolin seed proteins or low-density molecular markers, that 

provide a lower resolution than whole genome approaches.  

In common beans, there is gene flow and hybridisations between the wild and domesticated 

pool, forming competitive weedy plants with cultivated traits (Chacon-Sanchez et al. 2021; 

Papa and Gepts 2003; Santalla et al. 2004; Singh et al. 1991b). However, these hybridisations 

between the domesticated and wild gene pools can affect the primary gene pool, either 
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increasing or decreasing the diversity of the wild relative (Harlan and Wet 1971). The wild gene 

pools may have partial reproductive isolation, an important consideration for bean breeding 

(Koinange and Gepts 1992). 

Introgressive hybridisation and putative sources of novel diversity can be found in domesticated 

common beans due to frequent but uneven gene flow between the Andean and Mesoamerican 

gene pools (Beebe et al. 2001; Bitocchi et al. 2017; Blair et al. 2013a; Gepts and Bliss 1985). The 

Mesoamerican and Andean gene pools meet in the north-west of South America. The region 

covering Colombia, therefore, Colombia may contain a higher proportion of admixture diversity 

and introgressions and potentially a novel or useful source of diversity (Blair et al. 2013a; Blair et 

al. 2007; Debouck et al. 1993; Leitao et al. 2021a; Tohme et al. 1996). Although these studies 

have a relatively small number of molecular markers, therefore impacting the accuracy when 

estimating introgression patterns. Introgressions between the gene pools can also be found in 

secondary centres of domestication, such as in Europe (Angioi et al. 2010; Catarcione et al. 

2023).  

Finally, hybridisations are common among races within the domesticated gene pools, adding to 

the difficulty of disseminating gene flow owing to a lack of genetic isolation (Blair et al. 2007; 

Blair et al. 2009; Debouck et al. 1993). Due to the large amount of gene flow within common 

beans accessions that do not fit into a certain race or gene pool are common (Blair et al. 2007).  

Natural intraspecific variation provides important resources for discovering the genetic and 

molecular basis of phenotypes. For example, life history, plant development, adaptation and 

productivity traits (Raman et al. 2019). By understanding the gene flow between and within 

Common Bean gene pools and races, the ancestry and relatedness of the accessions can be 

hypothesised. Also, interspecific and intraspecific breeding in Phaseolus species could provide 

novel genetic diversity to improve the fitness of cultivars under biotic and abiotic stress. 

However, further work using a higher number of molecular markers or whole genome 

sequencing will help to resolve the relationships between gene pools within common beans. 
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1.5 Exploring genetic diversity to respond to climate change 

Climate change related impacts, such as increasing temperatures and precipitation irregularity, 

are the main threats to common bean production and future sustainable yields (IPCC 2021). 

Areas including South America are predicted to get the highest increase in ecological and 

agricultural drought. Consequently, food security will be increasingly under risk, with 

predictions suggesting there could be a 10% decrease in crop yields by 2050. Prioritising heat 

and drought tolerant cultivars is one way to reduce the effects of climate change on food 

security (Tai et al. 2014). For this, we need to understand the impacts climate change has on 

plant responses and environmental interactions and to investigate the genetic diversity 

available for bean breeding programmes. 

 

1.6 Global water scarcity 

Water stress has been identified as one of the major global environmental global risks (WEF 

2024). The effects of water shortages are recorded worldwide across continents (Bista et al. 

2024; IPCC 2023; Majumder 2015; World Resource Institute 2023). Estimates suggest at least 

50% of the world experiences water-deficit stress yearly (World Resource Institute 2023). 

Regions in Chile, Venezuela and Brazil are predicted to have the biggest increase in drought 

length (Naumann et al. 2018). This will disproportionately affect the poorest regions, without 

irrigation infrastructure, and that rely on rain-fed systems (Magrin et al. 2014; Rawal and 

Navarro 2019).  

Globally, water resources are overexploited and poorly managed; other challenges include 

water pollution and unsuitable infrastructure (Majumder 2015). Climate change is linked to 

recurring droughts and erratic global rainfall, exacerbating water stress impacts (FAO 2024). 

Alongside this, the El Niño-Southern Oscillation (ENSO) climatic pattern is linked to higher 

temperatures, leading to a greater number of heatwaves, droughts and wildfires (WEF 2024). 

Water scarcity reduces water and food security through increasing food prices, malnutrition 

and poverty (IPCC 2023).  
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1.6.1 Drought definitions 

Drought is usually characterised as an unusually long period of sustained dry weather 

(Fioravanti et al. 2025). However, there are multiple ways to define drought stress, dependent 

on the region, impacts, duration and frequency, making drought stress complex to investigate. 

The definitions based on impacts include; meteorological drought (insufficient precipitation), 

agricultural drought (when the precipitation does not meet the needs of crops, affecting yields) 

and hydrological drought (when the lack of precipitation impacts water reserves such as lakes) 

(Tuberosa 2012). 

Drought stress can also be classified by the plant developmental stage. Terminal drought 

occurs during flowering and seed-filling but before maturity while vegetative drought occurs 

during vegetative growth and before flowering (Farooq et al. 2017; Habus Jercic et al. 2018; 

Shavrukov et al. 2017; Tabassum et al. 2018).  

 

1.6.2 Drought stress in agricultural crops 

Agriculture is responsible for ~70% of annual global freshwater use (Barezzi et al. 2024). 

Research has shown the severity of impacts of drought stress throughout the plant kingdom 

(Alza et al. 2024; Bohra et al. 2024; El Bey et al. 2024; Polania et al. 2020). Consequently, 

prioritising drought tolerant cultivars which maintain yields under drought stress, is a priority. 

Drought is a complex stress and can activate different mechanisms in plants depending on 

duration, intensity, frequency, plant genotype, agricultural practises and plant development 

stage (Munoz-Perea et al. 2006). Plant adaptations to abiotic stresses, such as drought, involve 

a complex interaction among genes and pathways (Araujo et al. 2015). The main two drought 

tolerance strategies in common beans are drought avoidance and escaping (Polania et al. 

2022). Drought escaping accessions rapidly complete the lifecycle before the onset of drought, 

therefore are adapted to seasonal, predictable long-term droughts where precipitation may not 

return (Shavrukov et al. 2017). Drought avoidance strategies include ‘water spenders’ 

(anisohydric) that accelerate development and 'water savers' (isohydric) that delay growth to 

conserve resources.  

Water spenders maintain photosynthesis during drought stress by keeping their stomata open 

at the expense of water loss. If this strategy enables reproduction and seed set, it can be a 

useful crop trait that prioritises yield stability under long-term droughts. However, if spenders 
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cannot complete their lifecycle before the return of rains, the strategy is more suited to milder 

and shorter droughts after which development can resume (Nesporová et al. 2024). Water 

savers are plants which reduce photosynthesis by closing stomata rapidly upon the detection of 

water deficit, and are most effective during milder, shorter droughts when precipitation returns, 

stomata reopen, and growth and development continue (Nesporová et al. 2024). Another 

strategy, the functional ‘stay-green’ (SG) response, delays leaf senescence, thereby 

maintaining chlorophyll levels, and prolonging photosynthetic assimilation. In this way, 

prolonged carbon fixation can reduce drought-associated yield losses (Labastida et al. 2023), a 

strategy that has been identified in crop species including sorghum (Borrell et al. 2022), wheat 

(Kumar et al. 2022), cowpea (Nunes et al. 2022), and common beans (Sofi et al. 2021).  

The mechanisms that allow plants to survive water-deficit can affect carbon fixation, 

transpiration and photosynthate mobilisation to seeds and pods in the plants (including seed 

abortion) (Polania et al. 2020; Tardieu 2012). Also, flowering time and leaf, shoot and root 

growth (Beebe et al. 2013; Neumann 2008), as well as differences in hormone pathways (e.g. 

ABA concentration), stomatal conductance and chlorophyll concentration (Hageman et al. 

2020; Teran and Singh 2002b; Tuberosa 2012; Wang et al. 2024). While stomatal conductance 

and leaf temperature can act as proxies for drought stress in plants (Marchin et al. 2020; Smith 

et al. 2019) 

There are many approaches to combating the yield impacts of drought in commercial varieties. 

Consequently prioritising a drought resilience strategy in breeding programmes, is an important 

consideration for farmers to maintain yields under different drought stresses (Polania et al. 

2016). The process of domestication, and modern breeding for high yielding varieties, have both 

limited the genetic diversity of our crops and inadvertently produced varieties with high 

stomatal conductance and low water use efficiency (Huang and Zeng 2024; Lei et al. 2023). 

Utilising and mobilising natural diversity during breeding programmes could address these 

imbalances to improve commercial cultivars. Landraces and crop wild relatives are a rich and 

underexplored source of novel diversity which could help to combat abiotic and biotic stresses 

(Renard et al. 2023). 
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1.6.3 Common beans and drought stress 

Common beans are particularly susceptible to drought stress, with predictions suggesting 

~60% of common bean production is impacted by drought stress (Beebe et al. 2008; Hageman 

et al. 2020; Villordo-Pineda et al. 2015). In the field, yields can be reduced by 53% along with 

seed weight, harvest index and days to maturity (Smith et al. 2019; Teran and Singh 2002a). 

Drought stress is likely to become more common in many regions where common bean is 

produced due to climate change and ENSO impacts. Common beans are also subjected to 

seasonal drought in certain regions of Central and South America, including Colombia 

(Hernández-López et al. 2024; Sánchez-Reinoso et al. 2020). However, many farmers in these 

regions rely exclusively on rain-fed agriculture, and without access to water for irrigation, these 

droughts strongly impact yields and food security.  

Prior research into drought tolerance in common beans has investigated the Mesoamerican 

(Polania et al. 2017a; Villordo-Pineda et al. 2015) and Andean gene pools separately (Dramadri 

et al. 2019). As well as investigating and comparing the drought tolerance strategies of different 

races within the gene pools  (Beebe et al. 2008; Munoz-Perea et al. 2006; Polania et al. 2020; 

Teran and Singh 2002a). Other research has investigated both gene pools together (Labastida et 

al. 2023), or included secondary centres for diversification such as European common beans 

(Papathanasiou et al. 2022), African varieties (Darkwa et al. 2016) or admixed accessions 

(Leitao et al. 2021a). Wild Colombian accessions have been investigated under drought stress 

(Cortés et al. 2013) and Colombian landraces have been included in other panels to investigate 

responses under drought stress. Also, Colombian accessions susceptible to drought stress 

have been crossed with more distant relatives (López-Hernández et al. 2023). However, few 

panels have focused on drought tolerance in a panel focusing on accessions from Colombian 

and neighbouring countries utilising a GWAS approach at whole-genome resolution. 

This research suggests that Phaseolus species contain novel genetic diversity which could be 

used in breeding programs to improve drought tolerance (Buitrago-Bitar et al. 2021; Hoyos-

Villegas et al. 2017). Breeding drought tolerant cultivars could reduce the need for irrigation 

systems, consequently reducing production costs whilst improving yields under drought 

environments (Teran and Singh 2002b) 
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1.7 Breeding programmes  

Modern breeding programmes are moving beyond a yield-centred paradigm to target resistance 

to biotic and abiotic stress, such as drought stress, and also nutritional quality (Assefa et al. 

2019; Caproni et al. 2020; Kachinski et al. 2022; Singh and Schwartz 2010). Landraces and crop 

wild relatives offer a promising reservoir of genetic diversity for these traits by trait introgression 

from landraces into the elite genetic background (Hu et al. 2021a; Suarez et al. 2021a; Suarez et 

al. 2021b; Tai et al. 2014).  

Understanding the genetic diversity, population structure, patterns of adaptations, and how 

these correlate with determinacy and photoperiod insensitivity is required to guarantee the 

retention of these key domesticated traits within future breeding cycles, given their association 

with crop management and production (Beebe et al. 2012). Also, mobilising diversity from 

drought tolerant cultivars into modern commercial varieties is one way to maintain yields under 

climate change. However, a multi-faceted approach would be preferable, incorporating 

government policies (Li et al. 2020), new irrigation methods (Barezzi et al. 2024), soil 

supplements (Lui and Mihara 2024) and breeding programmes.  

 

1.8 Colombian and Admixed Common Beans 

Colombia is the northernmost part of the Andean gene pool and south of the Mesoamerican 

and may act as a region of confluence between them. Consequently, it has been proposed that 

the region has a large amount of admixture and introgressive hybridisation (Blair et al. 2013a; 

Blair et al. 2007; Leitao et al. 2021a; Tohme et al. 1996). Admixture and hybridisation lead to 

introgressions from differential parental origins, introducing new alleles and novel epistatic 

interaction into a population. This allows for new trait combinations that could merge exotic 

variation from diverse germplasm with more agronomic-desirable traits such as determinacy, 

photoperiod insensitivity and resistance to water deficit. Also, a large proportion of common 

bean cultivation in Colombia takes place on low-input, small-scale farms in mountainous 

areas, producing yields without access to fertilisers or irrigation. Consequently, the cultivars 

are adapted to the biotic and abiotic stresses from the ecogeographic region and may provide 

novel diversity (Beebe et al. 2012). Evaluating the genetic diversity in Colombian common beans 

is important for the conservation, management and utilisation of the genetic resources.  
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1.9 Aims and Objectives of the Thesis 

Common beans are important for food security, nutritional security and ecological services. 

They are genetically diverse, which is suggested by the two domestications and gene pools, but 

also the various species, races, and genetic groups. In my PhD I plan on investigating the 

hypothesis that Colombian Common Beans are genetically diverse and contain admixed 

diversity from the two gene pools. I characterise the gene pools and subpopulations and their 

relationships. Linking the population structure to domestication traits such as determinacy and 

photoperiod sensitivity. This understanding is important for the conservation, management and 

utilisation of the genetic resources through breeding programs. 

Further to this, research suggests that common beans show natural tolerance to biotic and 

abiotic stresses (such as drought) in both gene pools and admixed populations. In my PhD, I 

plan on investigating the hypothesis that Colombian Common Beans could provide novel 

diversity for drought responsive traits. This is because Colombia contains diversity from both 

gene-pools, therefore, there is opportunity for introgressions and admixture. The number of 

drought events are expected to increase worldwide it is important to identify key candidate 

genes to safeguard common beans yields for large farms as well as for small-holder, 

subsistence farmers through future breeding programs. Furthermore, the research will expand 

knowledge into how common beans, and the different races respond to different types of 

drought stress. Drought is a complex trait; therefore, exploring and mobilising the adaptations 

(genetic diversity) in landraces could improve drought tolerance in elite cultivars. 

 

Objectives: 

- To investigate the hypothesis that Colombia has a large amount of genetic admixture 

diversity and introgressed lines from the Common bean Mesoamerican and Andean 

gene pools and, therefore, holds a large amount of genetic diversity for the study with 

fewer geographic effects. 

- To understand the population structure and phylogeny of the diversity panel of 

Colombian common beans in the context of the Mesoamerican and Andean gene pools, 

and the gene flow and admixed structural variation across them.  

- To understand the range of natural phenotypic diversity in the panel for domestication 

traits (photoperiod insensitivity and determinacy) and tolerance to water-deficit.  



 38 

- To identify QTLs in the diversity panel for the domestication traits and tolerance to 

water-deficit, undertaking GWAS. 

- To identify novel genetic diversity in the common bean diversity panel and identify 

putative candidate genes for future breeding programs and to safeguard yields against 

different climate change scenarios. 
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Chapter 2 

 Selective breeding for determinacy and photoperiod 
sensitivity in common bean (Phaseolus vulgaris L.) 

 

 

All sections except 2.3.5, 2.3.8, 2.4.3, 2.4.5, 2.4.8, 2.4.9, 2.5.4 and 2.5.8 published at: 

Kate E Denning-James, Caspar Chater, Andrés J Cortés, Matthew W Blair, Diana Peláez, 

Anthony Hall, José J De Vega, Genome-wide association mapping dissects the selective 

breeding of determinacy and photoperiod sensitivity in common bean (Phaseolus 

vulgaris L.), G3 Genes|Genomes|Genetics, Volume 15, Issue 6, June 2025, 

jkaf090, https://doi.org/10.1093/g3journal/jkaf090  

 

 

Contributions: Whole Genome Sequencing completed by Genomic services at Earlham 

Institute (Norwich, UK). The selection of the diversity panel was completed by supervisory team. 

CIAT’s Genebank and IPK’s Genebank provided the germplasm. All other work completed 

during the PhD by Kate E Denning-James and other authors supervised, reviewed and edited.  
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2.1 Abstract  

Common bean (Phaseolus vulgaris L.) is a legume pulse crop that provides significant dietary, 

and ecosystem benefits globally. This study investigated two key traits, determinacy and 

photoperiod sensitivity, that are integral to its management and crop production, and that were 

early selected during the domestication of both Mesoamerican and Andean gene pools. Still, 

significant variation exists among common bean landraces for these traits. Since landraces 

form the basis for trait introgression in pre-breeding, understanding these traits' genetic 

underpinnings and relation with population structure is vital for guiding breeding and genetic 

studies.  

This study explored genetic admixture, principal component, and phylogenetic analyses, using 

whole-genome sequencing to define subpopulations and gene pools. Genome-wide 

association mapping (GWAS) identified marker-trait associations, in a diversity panel of 

common bean landraces. A clear correlation was observed among these traits, gene pools and 

subpopulation structure. Extensive admixture was found between the Andean and 

Mesoamerican gene pools in some regions. Thirteen QTLs were identified for determinacy, and 

ten QTLs for photoperiod sensitivity, along with underlying putative causative genes. This study 

identified known and novel causative genes, and a high proportion of pleiotropic effects for 

these traits in common bean, and likely translatable to other legume species. The mean allele 

dosage of the QTLs was examined, to further explore the population structure and phenotypes 

at a SNP level. 
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2.2 Introduction  

2.2.1 Importance of Common Beans 

The common bean is a global staple that provides significant dietary and economic services by 

improving health and nutrition, while helping to reduce poverty, specifically in developing 

countries (1.3.2 and 1.3.3). Common beans have also been labelled as one of the essential 

crops to mediate climate change due to their lower environmental impact and protection of 

food and nutritional security (Foyer et al. 2016). There are hundreds of varieties, and the 

prevailing type grown in a country depends on market preferences (Rawal and Navarro 2019). 

Common beans are rich in essential dietary components, such as protein, minerals, fibre, and 

micronutrients (Blair et al. 2013b; Castro-Guerrero et al. 2016; Patto et al. 2015) and protect 

against some forms of malnutrition (Bernardi et al. 2023; Ganesan and Xu 2017; Jha et al. 2015; 

Suarez-Martinez et al. 2016). Also, common beans have a symbiotic relationship with nitrogen-

fixing bacteria, allowing them to fix atmospheric nitrogen and enhance nitrogen levels in the 

soil, thereby reducing the need for expensive chemical fertilisers while improving yields 

(Cusworth et al. 2021; Mupangwa et al. 2021; Mylona et al. 1995; Phiri and Njira 2022).  

 

2.2.2 Common Bean population structure 

The common bean underwent two separate domestications resulting in two gene pools, the 

Andean and Mesoamerican. In addition, there are different races, intermediate species, and 

admixed accessions. The gene pools of common beans grow in a large variety of environments 

in the neotropics. These ecogeographic conditions, together with isolation by distance, have 

disrupted the gene flow between wild and domesticated common beans, and between the 

different gene pools (Beebe et al. 2012; Santalla et al. 2004). Consequently, there are large 

differences in their life history traits, morphology, and genetics (Bitocchi et al. 2017; Broughton 

et al. 2003; Gepts and Debouck 1991). 
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2.2.3 The Diversity Panel  

The diversity panel was comprised of 144 genotypes, mainly from Colombia and surrounding 

countries in Central and South America (Figure 3, Appendix 1). The panel contained accessions 

from elite backgrounds, landraces, heirlooms, weedy and wild materials. The material was 

sourced from the International Centre for Tropical Agriculture (CIAT)’s genebank (90 

accessions), the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK)’s genebank 

(37 accessions), and heirlooms bought from the catalogues from ‘Jungle Seeds’ (JungleSeeds 

2020) and ‘Beans and Herbs’ (Herbs 2020) in 2020 (17 accessions). The panel was chosen to 

maximise genetic diversity across Central and South America. Accessions were prioritised to 

represent the common bean gene pools and their races (Mesoamerican: Durango, Jalisco, 

Mesoamerica; Andean: Chile, Nueva Grande and Peru). Within each gene pool, the accessions 

focused on Colombia and neighbouring countries, to capture regional genetic diversity and 

potential gene flow between gene pools. Including those putatively considered admixed 

varieties, for further investigation. Accessions from Brazil were included as representatives of 

the secondary centre of diversity for common beans (Burle et al. 2010) and from Chile to 

represent the full geographic diversity of the Andean common bean gene pool (Becerra et al. 

2010). Finally, to reduce possible redundancy in the panel, accessions were selected to 

represent a diverse range of seed coat colours (Figure 4).   
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Figure 3; Distribution of the 127 common beans with location data from the diversity panel. The 

coordinates of the capital city were used for those without coordinate data. Produced with 

QGIS. Figure from Denning-James et al. (2025).  
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Figure 4; Frequency distribution of phenotypic traits for the diversity panel (144 accessions). (A) 

Major seed colour, (B) type of accession, (C) country of origin or collection and (D) estimated 

seed size. Data collated from corresponding genebank websites and phenotypic studies during 

2022 (Appendix 1).  

 

2.2.4 Determinacy and Photoperiod Insensitivity  

Photoperiod insensitivity and determinacy arose separately in both gene pools during the 

domestication of common beans, likely co-selected by growers as both traits are advantageous  

(Repinski et al. 2012; Weller et al. 2019). Photoperiod insensitivity was selected (likely 

unconsciously) as cultivated common beans were spread along a greater range of latitudes and 

environments, allowing the crop to maintain yields across diverse conditions. Determinacy, a 

developmental feature that causes common beans to have a terminal inflorescence when 
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switching to a reproductive state (Cavalcante et al. 2020)(Figure 5), optimised agricultural 

management and harvesting efficiency by promoting more uniform flowering and maturation. 

Photoperiod insensitivity and determinacy are advantageous traits from an agronomical point of 

view due to earlier harvesting and shorter exposure to unfavourable weather patterns under 

climate change, consequently providing better food security for communities (Botero and 

Barnes 2022; Perez et al. 2020).  

Determinacy and photoperiod insensitivity are distinct traits, but have been indirectly linked 

during domestication, as they have allowed the dissemination of common beans into new 

environments while improving traits associated with harvesting. Their co-selection is likely due 

to agricultural practices and environmental conditions.   

 

Figure 5; Examples of the three different growth habits for common beans. (A) A determinate 

bush (PHA13862), (B) an indeterminate bush (G5910) and (C) an indeterminate climbing growth 

habit (G50516K). Photos taken at harvesting during September 2023. Black arrows are 

equivalent to 20cm.  

 

2.2.5 Admixed diversity in Colombia 

Colombian common beans include a range of growth habits and photoperiod insensitivity (PI). 

Colombia may act as a region of confluence between the two common bean gene pools 

consequently there may be a large amount of admixture and introgressive hybridisation (Blair et 

al. 2013a; Blair et al. 2007; Leitao et al. 2021a; Tohme et al. 1996). Several studies have 
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identified admixture and introgressions between the Andean and Mesoamerican gene pools of 

common beans, introducing new alleles and novel epistatic interaction into a population. 

Tohme et al. (1996) and Blair et al. (2007) identified genetic differences between the two gene 

pools, but also reported shared variation and admixed genotypes, particularly in regions such 

as Colombia. Blair et al. (2013a) identified genetic diversity with admixed ancestry, contributing 

to the increased genetic diversity in common bean. Leitao et al. (2021a) also reported 

introgression and gene flow between gene pools. 

 These studies suggest that admixture and introgressions have contributed to the dissemination 

of common beans and the possible incorporation of beneficial variation. However, these 

studies mainly focused on population structure and genetic diversity, rather than linking 

introgression to specific traits. This chapter adds to the prior work by exploring how admixture 

impacts traits associated with photoperiod insensitivity and determinacy. Determining how 

introgressions may contribute to trait variation in common beans. 

 

2.2.6 Project aims 

Landraces and crop wild relatives offer a promising reservoir of genetic diversity for 

domestication traits by introgression from the landraces into the elite genetic background (Hu 

et al. 2021a; Suarez et al. 2021a; Suarez et al. 2021b; Tai et al. 2014). Understanding the genetic 

diversity, population structure, patterns of adaptations, and how these correlate with 

determinacy and photoperiod insensitivity is required to guarantee the retention of these key 

domesticated traits within future breeding cycles, given their association with crop 

management and production (Beebe et al. 2012). 

A genome-wide association mapping (GWAS) was utilised to identify significant SNPs for 

photoperiod insensitivity and determinacy in this diversity panel. The novelty of this work lies in 

that prior research commonly focused on the Mesoamerican diversity rather than the Andean, 

due to the greater genetic diversity in the former, and had ignored admixed materials as an 

essential source of variation. Furthermore, research had rarely utilised whole genome 

sequencing of common bean accessions to undertake a GWAS on determinacy and 

photoperiod insensitivity phenotypes. Instead, previous work has mostly used QTL mapping and 

low-density marker panels, resulting in poor resolution (García-Fernández et al. 2021; González 

et al. 2016; Kwak et al. 2008).  
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2.3 Methods  

2.3.1 Genotyping 

163 Phaseolus vulgaris accessions were selected and requested in 2020. However, due to poor 

DNA concentrations (<10ng/uL), 147 were sent for sequencing. Then after sequencing one 

sample was removed as further research suggested this was a cowpea (Vigna), while two 

samples were removed after sequencing but before further processing due the low raw DNA 

yield. The resulting diversity panel is as described in section 2.2.3.  

The genotypes were whole genome re-sequenced using Illumina short reads. The accessions 

were grown at the Norwich Research Park (Norwich, UK) in 2021 until the expansion of the first 

true leaf, after which they were snap-frozen (~50-100 mg). The genomic DNA extraction for short 

read sequencing from each accession was completed with a Qiagen DNAeasy kit (Qiagen, 

Germany). The DNA concentration of the samples was quantified for quality control using the 

Tecan Plate Read Infinite F200 Pro for a fluorometry based assay.  

The sequencing of the samples was completed by Genomic services at Earlham Institute 

(Norwich, UK). Low Input Transposase Enabled (LITE) libraries, a cost-effective low volume 

variant of the standard Illumina TruSeq DNA protocol, were constructed for the 144 accessions 

using a protocol based on the Illumina Nextera kit (Illumina, California USA). They were 

sequenced with two NovaSeq 6000 S4 v 1.5 flow cells with 150bp paired-end reads, following 

the protocol in (Kirkwood et al. 2021). All sequence data is available in the SRA database under 

the BioProject number PRJEB81566. 

 

2.3.2 Phenotyping 

All 144 common bean accessions were evaluated at the Norwich Research Park (Norwich, UK) 

in temperature-controlled glasshouses (set from 17-21°C). The experiments were conducted in 

two seasons; summer 2022 (March: July) with long daylength (16:8) and winter 2022 (November: 

March) with short daylength (12:12). The accessions were organised in a randomised block 

design with 3 or 2 replications, respectively (Figure 6). Management was conducted according 

to recommendations for common bean cultivation. Whereby they were irrigated, grown in 5 litre 

pots with JIC cereal mix soil (65% peat, 25% loam, 10% grit, 3kg/M3 dolomitic limestone, 

1.3kg/M3 PG mix and 3kg/M3 osmocote exacte) and stakes were used for those with 

indeterminate growth habits.  
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Within the glasshouse, there were sensors recording temperature and humidity, that were 

averaged over 2 hours for plotting in R with ggplot (Gemini Tinytag, Ultra 2) (Wickham 2016). 

Daily data on time of sunrise and time of sunset which calculated daylength was collected from 

the CW4326, Norwich, UK station (52.643°, 1.237°) (Visual Crossing Corporation 2025).  

 

Figure 6; Layout of the glasshouse (144 accessions) from phenotyping trials in summer 2022 (A) 

and winter 2022 (B).  

 

The diversity panel was characterised for days to flowering (DTF), seed size (SS), weight of 100 

seeds (E100_SW; estimated based on the weights of seeds harvested and projected to 100 

seeds), determinacy (D; terminal flower bud presence) (Cavalcante et al. 2020) and 

photoperiod sensitivity (PS; flowering in none, one or both seasons). DTF was split into the two 

seasons due to photoperiod sensitivity in certain accessions and PS was characterised in three 

ways for the GWAS (Appendix 1). 

The phenotypic data were tested for normal distribution using the Shapiro-Wilk test from the 

rstatix package (p-value > 0.05) (Kassambara 2023). The statistical analysis of variance (one-

way ANOVA) of the phenotypic data was done in R and plotted with ggplot2 v 3.5.1 (Wickham 

2016). Correlations and associations were calculated between discrete and continuous 

phenotypes with a one-way ANOVA, and the correlation ratio was calculated as eta-squared. 
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Cramer Vs calculated correlation between discrete datasets and significance was calculated 

with chi-squared, then Pearson correlation coefficients calculated correlations between 

continuous datasets with normal distribution. This was visualised using the R package ‘corrplot’ 

v 0.95 (Wei and Simko 2021). 

 

2.3.3 Pre-processing genotype data 

The raw sequences were analysed with Kraken 2 (v 2.0.7) (Wood et al. 2019). The parameter 

paired was used to classify the sequence data by taxa, and to confirm if there was a large 

amount of contamination in the sequence data as the kraken database classifies species with 

16s RNA. This was used as a proxy for contamination. The percentage unclassified, as common 

bean was not present in the database, ranged from 92.3% to 96.8%. The raw sequence reads 

were processed with TrimGalore (v. 0.5.0) (Krueger et al. 2023) to remove adapters and poor-

quality reads, and then quality checked using fastqc (v 0.11.5) (Andrews 2010) and multiqc 

(Ewels et al. 2016).  

The trimmed reads were aligned to the Andean reference genome, Phaseolus vulgaris G19833, 

v2.1 (Schmutz et al. 2014) and to a Mesoamerican reference genome, Phaseolus vulgaris, Labor 

Ovalle v1.1, downloaded from Phytozome (Goodstein et al. 2012). These references were 

initially selected to represent genetic diversity from both common bean gene pools and to 

minimise reference bias during alignment. Both assemblies are reference grade, with 

chromosome level scaffolding and high contiguity, making them suitable for downstream 

analyses.  

Alignment took place to both reference genomes with BWA-MEM (v 0.7.13) (Li and Durbin 2009) 

and ‘-M -R’ to add read group information and allow compatibility with GATK. SAMtools (v 1.7) 

combined, compressed and sorted the aligned files (Danecek et al. 2021). Picardtools 

(https://broadinstitute.github.io/picard/ ) (v 2.1.1) marked duplicates and BamTools (v 2.5.1) 

indexed the alignments (Barnett et al. 2011). The percentage of alignments and proportion of 

heterozygous sites were calculated at this stage and analysis continued with the Andean 

reference genome. The genotype data was divided in 10 Mbp regions with FreeBayes v 1.0.2  

(Garrison and Marth 2012) to run Genome Analysis ToolKit (GATK v 4.2) haplotype caller with 

default parameters (Van der Auwera and O'Connor 2020). This identified 20.2 million variant loci 

(~17.1M SNPs and ~3.4M indels). At this stage, the Andean reference genome (G19833 v2.1) 

was selected for further analysis because it produced higher alignment percentages across the 
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diversity panel. Using the Andean reference genome therefore reduced the risk of missingness 

or uneven coverage compared to using a more divergent reference genome (Section 2.4.1; 

Figure 7). 

 

2.3.4 Population structure analysis  

The resulting VCF file, from running GATK with the Andean reference (‘Andean VCF’), was 

filtered further with BCFtools (v. 1.12) to retain calls with a minimum depth of 5 reads per 

variant call (FMT/DP >= 5), a locus call quality over 30, maximum missing calls per locus of 5%, 

to keep only biallelic SNP locus, and for a minor allele frequency over 2%. The resulting VCF had 

~9 million SNP loci. Then, the VCF was filtered for a maximum heterozygosity of 20% per locus 

using TASSEL 5 (v. 20230314) (Bradbury et al. 2007). This was then filtered for linkage 

disequilibrium (LD) (based on LD decay) and thinned with a window size of 10 bps with BCFtools 

prune (v. 1.12). 

The population structure of the panel was analysed using ADMIXTURE (v 1.3.0) (Alexander and 

Lange 2011) on a subset of 88,786 SNP loci. ADMIXTURE was run for K=2 to K=10 and the ideal 

number of K was determined from the cross-validation error. Accessions were allocated a group 

when their membership coefficient (q) was greater than 0.7. Plotting was completed in R with 

the package ‘ggplot2’ (Ginestet 2011).  

The population structure was also analysed with STRUCTURE v 2.3.5 (Pritchard et al. 2000) for 

K=2-10 with 10 iterations per K. However, for this analysis, the VCF needed to be further thinned 

using BCFtools with a window size of 30 to reduce the number of SNPs to 29,599.  This analysis 

was not taken further because the fewer SNPs is a less reliable overview of the population 

structure of the diversity panel.  
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2.3.5 Introgression analysis  

The ‘Andean VCF’ from GATK was filtered with BCFtools (v. 1.12) (Danecek et al. 2021) for 

biallelic loci, a minor allele frequency of 1% and thinned with a window size of 5 bp, forming a 

VCF with a subset of 2,572,124 loci.  

Accessions were identified with a q greater than 0.999 at K=2 from ADMIXTURE analysis. This 

identified 56 Andean, 22 Mesoamerican and 56 admixed.  Using these subpopulations and the 

Andean VCF with 2,572,124 loci, private alleles were identified to represent the two groups 

(Martin et al. 2023) with VcfHunter v.3.  Then, the private alleles identified in the accessions of 

each subpopulation were used to calculate the average expected allele ratio for the 

subpopulation the allele belongs to. After, for each allele from a subpopulation, the observed 

allele ratio is calculated for each accession. In the next step, the parameters were set to a 

window size of 12 with no overlap and a ploidy of 2. The observed average ratio of alleles is 

calculated for each subpopulation and normalised by the expected allele ratio. This infers the 

haplotypes from the subpopulations in all the accessions. The file is then reformatted for 

plotting. Plotting took place in R using the package ‘ggplot2’ (Ginestet 2011). 

Private alleles were also identified for K=6 and K=4 from ADMIXTURE. However, this was 

unsuccessful due to the low proportion of alleles which were private to each subpopulation. 

Possibly because the subpopulations did not have enough different private alleles; therefore, 

were too closely related. Normality of distribution was tested with the Kruskal Wallis test (p-

value > 0.05) (Kruskal and Wallis 1987).Then, significant associations between genomic 

proportions from the Mesoamerican or Andean backgrounds were completed with the Dunn 

test and Bonferroni correction for multiple groups with non-normal distributions from the 

package FSA v 0.10.0 (Derek H et al. 2025; Dunn 1964). Dunn test selected instead of ANOVA as 

the data is non-normally distributed, therefore, violates ANOVA assumptions (using the mean). 
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2.3.6 Genome wide association study  

As in section 2.3.5 the ‘Andean VCF’ from GATK was filtered with BCFtools (v. 1.12) (Danecek et 

al. 2021) for biallelic loci, a minor allele frequency of 1% and thinned with a window size of 5 bp. 

A principal component analysis (PCA) generated with GAPIT v.3 (Wang and Zhang 2021) was 

used to understand the genetic relationship between accessions, on a subset of 2,572,124 loci.  

A genome-wide association study investigated marker-trait association for determinacy and 

photoperiod insensitivity phenotypes using GAPIT v.3 (Wang and Zhang 2021) with three 

principal components. Three models were used Bayesian-information and Linkage- 

disequilibrium Iteratively Nested Keyway (BLINK) (Huang et al. 2019), Fixed and random model 

Circulating Probability Unification (FarmCPU) (Liu et al. 2016) and Mixed Linear Model (MLM) 

(Zhang et al. 2010). BLINK and FarmCPU were identified as the best multi-locus models for 

different heritability levels, improving statistical power (Cebeci et al. 2023; Huang et al. 2019; 

Merrick et al. 2022). MLM was chosen for single-locus analysis as a baseline for comparison to 

BLINK and FarmCPU.  

GAPIT was run on the whole panel (144 accessions) and on the Andean subpanel (as defined at 

K2 ADMIXTURE; 108 accessions). To run BLINK, GAPIT completed the analysis with the option 

‘Random.model=TRUE’ as to not calculate R2 for phenotypic variance explained (PVE) values 

after GWAS. The quantile-quantile (QQ) plots were used to understand the suitability of the 

models to the data. Plotting was completed in R using the packages ‘ggplot2’ (Ginestet 2011), 

and ‘qqman’ (Turner 2018).  

 

2.3.7 Selecting significant loci, candidate gene mining and functional annotation 

Significant marker-trait associations (MTAs) were investigated further when they had a -log10(p-

value) over 7 and were confirmed by two models from GAPIT. QTLs were defined as ±100 kbp 

from the MTA based on the estimated LD (linkage disequilibrium) decay distances in 

published common bean diversity panels, using a r2 = 0.25 cutoff (estimated decay as 114Kb) 

(Campa et al. 2018; Moghaddam et al. 2016; Raggi et al. 2019; Reinprecht et al. 2024; Ugwuanyi 

et al. 2022; Valdisser et al. 2017; Wu et al. 2020; Wu et al. 2024). This is shorter than an earlier 

calculated recombination rate in common bean of 3.72 cM/Mb (Bhakta et al. 2015). LD decay 

was estimated for the diversity panel (mean R2 = 0.27) and each subpopulation at K=2 (Andean 

mean R2 = 0.21, Mesoamerican mean R2 = 0.2) using PopLDdecay software following Wu et al. 

(2020) (Zhang et al. 2019).   
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Identified loci were compared to the Andean reference genome, Phaseolus vulgaris G19833 

v2.1 in JBrowse (Diesh et al. 2023; Schmutz et al. 2014) whilst considering ‘high impact’ 

mutations identified by SnpEff (Cingolani et al. 2012). Once genes were identified, their putative 

function was explored using PhytoMine (Goodstein et al. 2012) (Phaseolus vulgaris v.2), BLAST 

(Camacho et al. 2009) against the non-redundant (nr) protein database at NCBI, and finally 

against the TAIR database, if no gene function could be identified in close relatives (Huala et al. 

2001). The loci were compared to previous studies and literature. PulseDB was used for 

comparison, particularly for QTLs and markers related to developmental and flowering 

phenotypes (Humann et al. 2019). QTLs and markers were mapped to the reference genome to 

estimate the conversion from cM to Mb in JBrowse.  

 

2.3.8 Mean allele dosage 

To visualise SNPs within the ~200kb QTLs, the VCF from the GWAS analysis was loaded using 

VCFR in R (Knaus and Grünwald 2017) along with the Andean reference genome and annotation 

(Schmutz et al. 2014). Using the annotation, only SNPs within the coding region of genes were 

selected and the SNP calls were transformed into dosages, so that homozygous reference were 

0, heterozygous were 1, homozygous alternative were 2 and NAs were 3. NAs were included as 

the VCF included insertions and deletions.  

The SNPs were plotted with pheatmap v 1.0.13 in R (Kolde 2025) with the columns ordered by 

SNP location and the rows clustered using Euclidean distance. Multiple methods of plotting 

were tested. The SNPs were plotted by individual accessions, however, due to the large 

variation among individuals it was hard to identify trends. Then the mean for each position was 

calculated based on determinacy. This often resulted in losing information on the differences in 

SNP calls between the Mesoamerican and Andean gene pools. Consequently, the SNP mean 

was calculated based on determinacy and the population structure at K2, to identify trends with 

a higher resolution. To identify SNPs that were different between the groups, only the SNPs that 

had a difference greater than or equal to 0.5 were included for plotting, while those below were 

removed. This helped remove SNPs which did not have differences and to improve clarity. 

Finally, selected candidate genes with ‘high’ SNPeff mutations were investigated further 

(Cingolani et al. 2012).  
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2.4 Results 

2.4.1 Alignment to reference genomes 

The diversity panel was aligned to the Mesoamerican and Andean reference genomes (Figure 7). 

All accessions aligned with a percentage greater than 89% or 91% against the Mesoamerican 

and Andean genomes, respectively. Except for the wild accession from Ecuador, G23723, which 

aligned to both genomes with ~87%. Figure 7 suggests the population structure of the diversity 

panel, with two groups appearing, those that align better to either the Andean or Mesoamerican 

reference genome. This population structure incorporates Andean and Mesoamerican, 

heirlooms, landraces, wild and weedy accessions. The analysis continued with the Andean 

reference genome, as the alignment was higher across the panel. If there had been a large 

difference in alignments, I would have continued with both.  

 

 

Figure 7; A scatter plot representing the alignment of the diversity panel (144 accessions) to the 

Mesoamerican and Andean reference genomes. The colours represent the type of accession 

from gene bank passport data (Appendix 1). 
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2.4.2 Population structure 

The diversity panel split into the two gene pools, the Andean and Mesoamerican at K=2 (Figure 

8A, Figure 9A). Analysis of the cross-validation (CV) error (Figure 8D) suggested that K=4 and 

K=6 were the better representations of the panel with K values from 2 to 10 (Alexander and 

Lange 2011). At ADMIXTURE K4, the Andean gene pool from K2 is divided into subpopulations, 

the Mesoamerican gene pool maintains the same structure as K2 (Figure 8B). While the Andean 

gene pool is split into three subpopulations, the Colombian (C1 and C2, Figure 8), the Andean 

(A1) and the C-EP. At K6 (Figure 8C), the Mesoamerican group split into two subpopulations (M1 

and M2), while the Andean subgroup split into 4 subpopulations. Two of these subpopulations 

included only accessions from Colombia and were named C1 and C2. A subpopulation 

containing accessions from Colombia, Ecuador and Peru was named C-EP. The remaining 

subpopulation was named A1.  

At K=2 STRUCTURE, the population structure of the diversity panel matches the results from 

ADMIXTURE (Pritchard et al. 2000) (Figure 8A). It splits the panel into the Andean and 

Mesoamerican gene pools. Analysis of the delta K suggests that K=6 was the better 

representation of the panel using STRUCTURE (Pritchard et al. 2000) (Figure 9C). At K=6 (Figure 

9B) the Andean gene pool was split into C-EP, C1, C2 and A1, however, the Mesoamerican gene 

pool remained the same.  
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Figure 8; Analysis of the population structure of 144 accessions belonging to our diversity panel focusing on Colombia at K=2, Andean or 

Mesoamerican groups (A), K=4 (B) and K=6 (C) and the cross-validation error for different K values (D) ran using ADMIXTURE (v 1.3.0)(Alexander and 

Lange 2011). (C-EP) accessions mainly from Peru, then Ecuador and Colombia; (A1) Andean accessions from a variety of South American countries; 
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(C1) mostly determinate Colombian landraces; (C2) indeterminate Colombian landraces; (M1) mainly medium seeded** from Central America and 

Colombia; (M2) mainly small seeded** from Central America and Colombia. (Admx_AM) Andean X Mesoamerican hybrids; (Admx_A) and (Admx_M) 

admixed accessions between subpopulations (ancestry composition q <0.7 at K=6).  ** p < 0.01 using a two tailed student t-test with unequal 

variance. Plots A and C from Denning-James et al. (2025). 
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Figure 9; Analysis of the population structure of 144 accessions belonging to the diversity panel at K=2 (A) and K=6 (B) and the Delta K for K values 2-

10 (C) ran using STRUCTURE v 2.3.5 (Pritchard et al. 2000). (A, B) Structured by ADMIXTURE K=6 results as in Figure 8 (Alexander and Lange 2011).  
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In the PCA (Figure 10A), PC 1 explained 38.8% of the variation in the diversity, splitting the two 

gene pools, while PC2 accounted for 5.06% of the variation, splitting the Mesoamerican 

subgroups (M1 and M2) and separating the Andean subpopulations (C-EP, A1 and Colombian). 

PC3 accounted for 3.67% variation (Figure 10B), separating C-EP from the other Andean 

subgroups and separating C2 from C1 and A1. When analysing the 108 Andean accessions from 

the diversity panel PC1 explained 10.3% of the variation, splitting the Colombian (C1 and C2) 

from C-EP and A1. PC2 explains 6.1% of the Andean variation, separating C-EP and A1 (Figure 

11B).  

A total of 11 accessions were classified as admixed between the Andean and Mesoamerican 

gene pools (Admx_AM), as they had an ancestry composition lower than 70% from either of the 

origins (q<0.7). The Admx_AM accessions were all indeterminate and produced a variety of seed 

sizes. Seven were landraces and two were wild. There was also a mix of photoperiod sensitive 

and insensitive accessions (Figure 10).  

The Colombian subgroups (C1 and C2; Figure 10E) contained medium and large seeded 

landraces. However, the subpopulations distinguished by determinacy; C1 contained mainly 

insensitive determinate accessions while C2 contained sensitive indeterminate accessions 

(Figure 10C and Figure 10D). The A1 group contained large and medium seeded landraces that 

were mainly photoperiod insensitive.  

The C-EP population contained accessions from Ecuador, Peru and Colombia (Figure 10F). This 

group contained large-seeded indeterminate landraces and included accessions from races 

previously identified to be from the Andean gene pool. The Mesoamerican subgroups (M1 and 

M2; Figure 10) were also distinguished by phenotypic data. They both contained indeterminate 

and determinate accessions; however, M1 were mainly medium seeded while M2 were mainly 

small seeded. This is summarised in  

Table 1 and Appendix 1.  Colombian accessions can be found within all the subgroups and 

admixed groups at K=6 (Figure 10F). While the admixture accessions are mainly from Colombia, 

while one sample is a wild ‘Ecuador’ accession.  
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Figure 10; Principal component results on all 144 accessions from the diversity panel from 

GAPIT v.3 (Wang and Zhang 2021). (A) Principal component analysis (PCA) plot of PC1 against 

PC2 and (B) plot of PC1 against PC3. The colours illustrate the population structure of the 

diversity panel.  PC1 against PC2 coloured by (C) photoperiod insensitivity, (D) determinacy, (E) 

estimated seed size and (F) country of sample collection (Appendix 1). 
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The population structure of the diversity panel can also be seen when analysing the proportion 

of heterozygous sites (Figure 11A).  The Andean accessions had a lower proportion of 

heterozygous sites (<0.1) than the Mesoamerican accessions, which were more heterozygous. 

The six highly heterozygous accessions (>25% of the loci) were found within the Andean X 

Mesoamerican hybrid (Admixed-AM) subpopulation and were from Colombia, the region 

Liborina. Also, the two weedy accessions have a high proportion of heterozygous sites (>0.19) 

and the outlier accession with the lowest alignment to the Andean reference genome and low 

proportion of heterozygous sites was a wild accession from Ecuador.  

 

 

Figure 11; (A) Proportion of heterozygous sites against the percentage of read-pair alignment to 

the Andean reference genome G19833 for 144 accessions (Schmutz et al., 2014). (B) Principal 

component results on the 108 Andean accessions from the diversity panel ran using GAPIT v.3 

(Wang and Zhang 2021). The colours illustrate the population structure of the diversity panel 

from ADMIXTURE K=6 (Alexander and Lange 2011).   

 

 

 

 

0.1

0.2

0.3

88 90 92 94 96
% Andean alignment 

Pr
op

or
tio

n 
of

 h
et

er
oz

yg
ou

s 
si

te
s

A

−250

0

250

500

0 500
PC 1 (10.3%)

PC
 2

 (6
.1

%
)

B

Ancestry
A1

Admixed

Admixed−AM

C−EP

C1

C2

M1

M2



 62 

 

Table 1; Phenotypic characteristics associated with each subpopulation for the diversity panel 

(144 accessions). Table from Denning-James et al. (2025). 

Subpopulation Gene pool Determinate Photo. 
Sen. 

Seed size Origin 

C1 Andean Mainly 
determinate 

Insensitive Mainly 
large 

Colombia 
and 
Ecuador 

C2 Andean Indeterminate Mainly 
sensitive 

Mainly 
large 

Colombia 

A1 Andean Both Mainly 
insensitive 

Mainly 
large 

South 
America, 
Heirlooms, 
Colombia 

C-EP Andean Indeterminate Sensitive Large Colombia, 
Ecuador, 
Peru 

Admix_A Andean Mainly 
indeterminate 

Both Mainly 
large 

Colombia 
and South 
America 

M1 Mesoamerican Mainly 
indeterminate 

Both Mainly 
medium** 

Central 
America, 
Colombia, 
Heirlooms, 
Peru 

M2 Mesoamerican Mainly 
indeterminate 

Mainly 
insensitive 

Mainly 
small** 

Central 
America, 
Colombia 

Admix_M Mesoamerican Mainly 
indeterminate 

Insensitive Small and 
medium 

Colombia, 
Brazil, 
Heirlooms, 
Central 
America 

Admix_AM AxM hybrids Indeterminate Mainly 
sensitive 

Mainly 
medium 

Colombia 
and 
Ecuador 
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2.4.3 Introgression analysis 

 

Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chr10 Chr11
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Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chr10 Chr11
G19227A Admx_M Admx_M

G23434A Admx_M Admx_M
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Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chr10 Chr11
G23723 Admx_AM
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G50516H Admx_AM

G50516J Admx_AM
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Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chr10 Chr11
BRIDGWATER A1

G12373 A1

G12374 A1

G12375 A1

G13220 A1

G18323 A1

G18324 A1
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JSDALMATIN A1
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Chr01 Chr02 Chr03 Chr04 Chr05 Chr06 Chr07 Chr08 Chr09 Chr10 Chr11
G11715 Admx_A
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Figure 12; Introgression analysis on all 144 accessions from the diversity panel using VcfHunter (Martin et al. 2023) split by ADMIXTURE K=6 
population structure. (A) M1, (B), M2 and admixed M, (C) admixed between Andean and Mesoamerican, (D) A1, (E) admixed A, (F) C1 and C2 and (G) 
C-EP. The colours represent the ‘ancestral’ background, and the staggered columns (y-axis) reflects the proportion (0-1) of SNPs in that window 
across the genome (x-axis) from each background, calculated for each accession. Accession name and subpopulation names at, K=4 and K=6 
population structure from ADMIXTURE, respectively, were labelled.
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The subpopulations M1, M2 and admixed M were classified as Mesoamerican (Figure 8, Figure 

12A and B), because they had a proportion of diversity from the Mesoamerican background over 

0.7. Within these three Mesoamerican subpopulations, 39% of accessions had a proportion of 

diversity from the Andean background (<0.1, <0.15 and <0.25 respectively). There were no 

significant differences among the M1, M2 and admixed M subpopulations regarding the 

proportion of diversity from the Andean and Mesoamerican backgrounds (Figure 13A). However, 

three accessions from M2 (G4702, PHA13973 and PHA14073) have a higher proportion of 

Andean diversity in chromosomes 2 and 5.  

There was a significant difference (p<0.01) in the proportion of diversity from an unknown origin 

between M1 and M2 in chromosome 8 from ~20Mbp to ~50Mb (Figure 13B). This region of 

unknown diversity on chromosome 8 in M2 can also be found in other subpopulations such as 

‘Admixed AM’ (G50516S and PHA13190), ‘Admixed A’ (G12608, G12637, G18322, G50516F and 

G50516L), all C1 accessions and all except 3 (G50840B, G50997B and G51013A) of the C2 

accessions. There was no significant difference between M1 and M2 on any other chromosome.  

Among the ‘admixed AM’ accessions the proportion of diversity from the Mesoamerican 

background varied from 0.68 to 0.14 while the Andean background varied from 0.63 to 0.14 

(<0.7)(Figure 12C, Figure 13A). The ‘Admixed AM’ accessions have a higher proportion of 

heterozygous diversity across their genomes (chromosomes 1, 2, 4, 9 and 10, p<0.05) 

compared to all other subpopulations at K=6 (Figure 13C).  

The A1 and C-EP subpopulation have a proportion of Andean diversity >0.8, >0.94, respectively. 

As well as a proportion from the Mesoamerican background <0.17 and <0.002 and low levels of 

heterozygosity (<0.005, 0, respectively) (Figure 13). A1 was not significantly different to the other 

Andean or Colombian subpopulations (admixed A, C-EP, C1 or C2) when analysing the 

proportions of Andean and Mesoamerican diversity (Figure 13A). However, A1 and C-EP have 

significantly lower levels of unknown diversity (<0.05, <0.06) compared to C1, C2 and admixed A 

(Figure 13B). 

Four A1 accessions (Troutbean, Schonevonrichigen, PHA6882 and JSDalmatin) have a 

Mesoamerican introgression at the start of chromosome 6 from ~0Mbp to ~20Mbp (Figure 12D). 

This can also be found in one ‘admixed A’ accession (PHA13866, Figure 12E) and one C2 

(G50516I, Figure 12F). One A1 accession (G12373) had a Mesoamerican introgression, this can 

also be found in one C2 (G50516I) and in four ‘admixed A’ accessions (G51285E, G51285G, 

PHA13857 and PHA14077).  
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The C1 and C2 accessions have no significance difference when analysing proportions across 

the genomes (Figure 13A). Further to this there were also no differences between C1 and C2 for 

their proportions of Andean, or heterozygosity by chromosomes (Figure 13B). However, in 

chromosome 4, three C1 accessions (PHA1870, PHA13871 and PHA13872) have a 

Mesoamerican introgression, and another three C1 accessions (G1302, G14172 and G4547) 

have a large section of unknown diversity. Also, 77% of C2 accessions have a section of 

unknown diversity at the start of chromosome 6.  
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Figure 13; Comparison of genetic landscape metrics, namely, proportion of Andean, Mesoamerican, heterozygous or unknown background content, 
among subpopulations for the diversity panel (144 accessions). (A) Comparison across the whole genomes, (B) comparisons calculated per 
chromosome. Grouping by the admixture K=6 population structure. Significance was calculated with the Dunn test and Bonferroni correction (* p 
<0.05, ** p<0.01, *** p<0.001).
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2.4.4 Phenotypic variation and correlations 

The correlation coefficient was estimated for each pair of traits (Figure 14), averaged over two 

seasons or studied in both years. There was a positive correlation between DTF from winter and 

summer (r=0.57) (Figure 14C).  Both DTF were associated with PS (η²= 0.64 (Win_DTF), η² = 0.51 

(Sum_DTF)) and D (η² = 0.18 (Win_DTF), η² = 0.13 (Sum_DTF)) (Figure 14A). Population structure 

at either two or six ancestries (K2, K6) were associated with D (V =  0.64 (K6), V = 0.29 (K2)), SS 

(V= 0.61 (K6), V =0.52(K2)) (Figure 14B), Est_SW (η²= 0.51 (K6), η²= 0.44 (K2) and major seed 

colour (V=0.31 (K6), V=0.35(K2)). SS was not correlated with Sum_DTF (η²= 0.02), Win_DTF (η²= 

0.01), D (η²= 0) or PS (η²= 0) (Figure 14A). Est_SW was associated with SS (η²= 0.76), major seed 

colour (η²= 0.26), country (η²= 0.21) and type (η²= 0.19) but not with Win_DTF (η²= 0) or Sum_DTF 

(η²=0) (Figure 14A). Then D and PS were associated (V = 0.47) (Figure 14B). Major seed colour 

associated with D (V=0.47), PS (V=0.41), SS (V=0.4) and type (V=0.37) 

Figure 15A, B and C showed the distributions of the phenotyping for traits E100_SW, S22_DTF 

and W23_DTF, respectively. The seed weights (Figure 15A) were normally distributed, while the 

DTF in summer and winter (Figure 15B and C) were binomial distributions; the peaks were 

around 42- and 54-days post-sowing in summer, and around 70- and 90- days in winter. When 

analysing the phenotypes by subpopulation, it can be seen that C-EP (Figure 15F) did not flower 

during winter in the UK, W23_DTF, as they were mainly photoperiod sensitive. This is further 

supported by the correlation plot (Figure 14). Furthermore, determinacy, photoperiod 

insensitivity and days to flowering are correlated. The determinate accessions flower earlier 

than the indeterminate, supporting the binomial distribution.   
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A 

 

B 

 

C 

 

Figure 14; Correlation plots produced in R using the ‘corrplot’ package (Wei and Simko 2021). 
Phenotypes are agronomic traits measured in 144 common bean genotypes grown at the 
Norwich Research Park, Norwich, UK in 2022 and 2023, results of the population structure 
analysis and data from gene bank passport data (IPK and CIAT) (Appendix 1). (A) Associations 
between discrete and continuous phenotypes assessed with a one-way ANOVA and measured 
with eta-squared. (B) Correlation between discrete datasets, the association was calculated 
with Cramer Vs and significance with Chi-squared (Mangiafico. 2025). (C) Pearson correlation 
coefficients among continuous datasets with normal distribution. (K6) K6 subgroups from 
ADMIXTURE; (K2) K2 subgroups from ADMIXTURE; (D) Determinacy; (SS) Seed size; (Est_SW) 
Estimated weight of 100 seeds; (PS) photoperiod sensitivity; (Win_DTF) days to flowering from 
winter 2023; (Sum_DTF) days to flowering from summer 2022. *Indicates p < 0.05; **indicates p 
< 0.01; ***indicates p < 0.001.  
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Figure 15; Frequency distribution of seed weight and days to flower traits evaluated in two 

seasons in a common bean diversity panel (144 accessions). (A) E100_SW, estimated weight of 

100 seeds; (B) phenological days to flowering in the summer 2022 (S22_DTF) (and (C) in the 

winter 2023 (W23_DTF) at the Norwich Research Park, excluding those which did not flower. The 

distributions were split into the subpopulations from K6 ADMIXTURE. (D) E100_SW***; (E) 

S22_DTF***; (F) W23_DTF*. Completed a one-way ANOVA for E100_SW, S22_DTF and 

W23_DTF. *Indicates p < 0.05; **indicates p < 0.01; ***indicates p < 0.001. Figure from 

Denning-James et al. (2025). 
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2.4.5 Environmental analysis  

The daylength during the trials varied from 11.4-16.9 hours a day (Figure 16A) and from 7.6-11.8 

hours a day (Figure 16B) for the long daylength and short daylength trials, respectively. The 

maximum temperature for the short daylength trial was 26°C, and the minimum was 14.7°C 

(Figure 16B). The maximum temperature for the long daylength trial was 37°C and the minimum 

was 15.3°C, both trials took place over 3 months.  

The first accession to flower in the long daylength trial was on 19/04/2022 (42 days after sowing 

(DAS)), the average date for flowering was 30/04/2022 (53 DAS) and the final accession to flower 

was the 14/06/2022 (98 DAS, Figure 16A). During this period the maximum temperature was 

28.6°C and the minimum was 15.3°C. For the short daylength trial the first accession to flower 

was on the 09/01/2023 (43 DAS), the average flowering was on the 08/02/2023 (73 DAS) and the 

final accession to flower was on the 07/03/2023 (100 DAS). During this period the maximum 

temperature was 25.1°C and the minimum was 14.7°C (Figure 16).  

 

 

Figure 16; Plot represent (A) the long daylength trial from April 2022 to July 2022 and (B) the 

short daylength trial from Dec 2022 to March 2023. Data for daylength collected from CW4326, 

Norwich, UK station (52.643°, 1.237°) (Visual Crossing Corporation 2025) and data for 

temperature collected from within the glasshouse with the Gemini Tinytag, Ultra 2. The vertical 

dotted lines represent the first accession to flower, the average time for flowering (removing 

those which did not) and the last plant to flower.  

Fi
rs

t

Av
er

ag
e

La
st

0

10

20

30

40

Ap
r−

20
22

M
ay
−2

02
2

Ju
n−

20
22

Ju
l−

20
22

Date

Va
lu

e

A

Fi
rs

t

Av
er

ag
e

La
st

0

10

20

30

40

D
ec
−2

02
2

Ja
n−

20
23

Fe
b−

20
23

M
ar
−2

02
3

Date

Va
lu

e

B

Environmental data
Temperature (°C)

Daylength (hrs)



 82 

2.4.6 GWAS for Determinacy  

The GWAS was performed using the models BLINK, FarmCPU and MLM with GAPIT (Figure 17A 

and B) for the determinacy phenotype. The QQ plots (Figure 17C and D) provided evidence that 

the selected models were well fitted to identify significant marker trait associations (MTAs) for 

the dataset. While Figure 17E provided evidence of a poor model fit with the BLINK model, 

which was consequently not used for further analysis on the Andean genome. Thirteen MTAs 

were identified with a significant p-value, corresponding to thirteen QTLs. Seven significant 

MTAs were the focus of the analysis, that were identified for the whole panel based on the 

criteria laid out in the methods (vertical lines in Figure 17). The seven QTLs were found on 

chromosomes Pv01, Pv07, Pv08, Pv09 and Pv10 (Table 2). Five of the seven QTLS were also 

identified for the Andean subset. Putative candidate genes were identified for determinacy 

based on the significant MTAs and corresponding QTL windows. The identified genes and QTLs 

are listed in Appendix 2.  
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Table 2; 23 QTLs associated with determinacy and photoperiod sensitivity. Table from Denning-

James et al. (2025). 

Name Chrom Start End Trait Panel 

D1.1 Chr01 6,512,000 6,521,000 Determinacy Andean + Whole 

D1.2 Chr01 11,363,000 11,372,000 Determinacy Andean 

D1.3 Chr01 42,404,000 42,413,000 Determinacy Andean + Whole 

D1.4 Chr01 44,856,000 44,847,000 Determinacy Whole 

D1.5 Chr01 44,932,000 44,941,000 Determinacy Andean + Whole 

D1.6 Chr01 45,098,000 45,107,000 Determinacy Whole 

D2.1 Chr02 24,821,000 24,830,000 Determinacy Andean 

D3.1 Chr03 25,608,000 25,617,000 Determinacy Andean 

PS4.1 Chr04 38,316,000 38,325,000 Photo sensitivity Whole 

PS5.1 Chr05 16,423,000 16,432,000 Photo sensitivity Whole 

PS5.2 Chr05 18,321,000 18,330,000 Photo sensitivity Andean 

PS7.1 Chr07 16,829,000 16,838,000 Photo sensitivity Andean + Whole 

PS7.2 Chr07 26,485,000 26,494,000 Photo sensitivity Andean + Whole 

D7.1 Chr07 36,860,000 36,869,000 Determinacy Andean + Whole 

PS8.1 Chr08 4,234,000 4,243,000 Photo sensitivity Whole 

D8.1 Chr08 7,440,000 7,449,000 Determinacy Andean 

PS8.2 Chr08 8,320,000 8,329,000 Photo sensitivity Andean 

D8.2 Chr08 47,582,000 47,591,000 Determinacy Whole 

D9.1 Chr09 20,814,000 20,823,000 Determinacy Andean + Whole 

PS9.1 Chr09 21,640,000 21,649,000 Photo sensitivity Whole 

PS9.2 Chr09 34,445,000 34,454,000 Photo sensitivity Andean 

D10.1 Chr10 43,762,000 43,771,000 Determinacy Andean + Whole 

PS11.1 Chr11 204,000 213,000 Photo sensitivity Andean 
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Figure 17; Manhattan plots highlighting markers significantly associated with determinacy on 

(A) the whole panel (n=144) and (B) the Andean subpanel (n=108). The analyses were completed 

with GAPIT and the models FarmCPU, BLINK or MLM (Huang et al. 2019; Liu et al. 2016; Wang 

and Zhang 2021; Zhang et al. 2010). The X-axis represents the genomic position of markers, and 

the Y-axis is the -log 10 of the P-values for association with the phenotype. The vertical lines 

correspond to QTLs found by at least two models. Point size correlates to -log10(P-value). 

Quantile-quantile (QQ) plots are provided for (C) the whole panel, (D) the Andean panel and (E) 

models not selected for the Andean panel. Plots A-D from Denning-James et al. (2025). 
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2.4.7 GWAS for Photoperiod Sensitivity  

The GWAS was performed using the BLINK and FarmCPU models with GAPIT for the PS 

phenotype (Figure 18A and B). The QQ plots (Figure 18C and D) provided evidence that the 

selected models are fitted to identify significant marker trait associations (MTAs) for the 

dataset. Figure 18E and Figure 18F showed the models and phenotypes not selected for further 

analysis based on the fit as evidenced by the QQ plots. Ten QTLs were identified. Six QTLs were 

the focus of the analysis, for the whole panel based on criteria laid out in the methods. The 

MTAs were found on chromosomes Pv04, Pv05, Pv07, Pv08 and Pv09 (vertical lines in Figure 18). 

Six QTLs were identified for the Andean subset panel in Chromosomes Pv05, Pv07, Pv08, Pv09 

and Pv11. The QTL in Pv04 and Pv09 were found in the full dataset only. The QTL in Pv9 and Pv11 

were found in the Andean subset only. Candidate genes were identified for the significant MTAs 

and their corresponding QTLs. The identified genes and QTLs are listed in Appendix 3.  
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Figure 18; Manhattan plots highlighting markers significantly associated with photoperiod 

insensitivity on (A) the whole panel (n=144) and (B) the Andean subpanel (n=108). The analyses 

were completed with GAPIT and the models FarmCPU, BLINK or MLM (Huang et al. 2019; Liu et 

al. 2016; Wang and Zhang 2021; Zhang et al. 2010). The X-axis represents the genomic position 

of markers, and the Y-axis is the -log 10 of the P-values for association with the phenotype. The 

vertical lines correspond to QTLs found by at least two models. Point size correlates to -log10(P-

value). Quantile-quantile (QQ) plots are provided for (C) the whole panel, (D) the Andean panel, 

(E) models not selected for the whole panel and (F) models not selected for the Andean panel. 

Plots A-D from Denning-James et al. (2025). 
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2.4.8 Mean allele dosage from QTLs for determinacy  

The mean SNP dosage for polymorphisms in CDS within QTLs (SNP mean) was calculated for 

groups of accessions. These were grouped based on determinacy and population structure at 

K=2, the Mesoamerican (M) and Andean (A) gene pools, and their admixed (Admx). These 

allowed for the visual identification of differential allelic haplotypes among these groups (such 

as ‘Determinate M’ vs ‘Indeterminate M’).  

 

Homozygous reference 

The ‘determinate A’ group had the highest proportion of the homozygous reference allele and 

haplotype (HOMR) in multiple genes, such as Phvul.001G057600, Phvul.001G057500, 

Phvul.001G056500, Phvul.001G057700 (D1.1, Figure 19A), Phvul.007G245800 (D7.1, Figure 

19I), Phvul.008G077000, Phvul.008G077100, Phvul.008G076500, Phvul.008G077500, 

Phvul.008G077600 (D8.1, Figure 19J), Phvul.008G170100 (D8.2, Figure 19K),  

Phvul.009G138100, Phvul.009G138300 (D9.1, Figure 19L) and Phvul.010G158300 (D10.1, Figure 

19M). The ‘indeterminate A’ accessions had a higher proportion of HOMR in other genes, such 

as Phvul.002G116100 (D2.1, Figure 19G) and Phvul.003G099100 (D3.1, Figure 19H). 

The ‘indeterminate M’ group had a higher proportion of HOMR in some genes compared to the 

other groups, such as Phvul.001G057000 (D1.1, Figure 19A). While in the genes 

Phvul.007G244900, Phvul.007G244700 (D7.1, Figure 19I) and Phvul.009G138300 (D9.1, Figure 

19L), ‘indeterminate M’ have a higher proportion of HOMR compared to ‘determinate M’. 

In some situations, both indeterminate groups had a higher proportion of HOMR compared to 

the corresponding determinate, such as in Phvul.001G168400 (D1.3, Figure 19C), 

Phvul.001G189200 (D1.4, D1.5, Figure 19D) (indeterminate A is 100% HOMR) and 

Phvul.007G246200 (D7.1, Figure 19I). On the other hand, both determinate groups have a higher 

proportion of HOMR compared to the corresponding indeterminate groups in the gene 

Phvul.010G158400 (D10.1, Figure 19M).  
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Homozygous alternative 

In the genes Phvul.001G057600 and Phvul.001G057500 (D1.1, Figure 19A), the ‘indeterminate 

A’ had a higher proportion of homozygous alternative (HOMA) alleles compared to the 

‘determinate A’. However, the ‘determinate A’ group have a higher proportion of HOMA in the 

gene Phvul.010G158500, compared to the ‘indeterminate A’ (D10.1, Figure 19M). On the other 

hand, the ‘determinate M’ have a higher proportion of HOMA alleles in Phvul.001G168100 (D1.3, 

Figure 19C), Phvul.001G190500 (D1.5, Figure 19E) and Phvul.001G191500 (D1.5, Figure 19F). 

 

Uncalled diversity 

Other genes had differences in the proportion of uncalled loci. For example, in 

Phvul.001G057500 (D1.1, Figure 19A) and Phvul.002G116550 (D2.1, Figure 19G) the 

‘determinate A’ group had a lower proportion of uncalled SNP loci when compared to the 

‘determinate M’, ‘indeterminate M’ and ‘indeterminate A’. This supports PAV, or large allelic 

variation in this gene within those groups. In Phvul.001G057800 ‘determinate M’ is the only 

group with uncalled loci, suggesting the absence of this gene or large allelic differences in this 

gene with the reference genome (Andean background) (D1.1, Figure 19A). Similarly, the 

‘determinate M’ group had higher allelic variation (or missing gene) in Phvul.001G192200 (D1.6, 

Figure 19F) and Phvul.007G245800 (D7.1, Figure 19I). In Phvul.001G077200 (D1.2, Figure 19B) 

‘indeterminate A’ had more uncalled positions than the other groups. Finally, the ‘indeterminate 

M' group has a large proportion of uncalled regions in Phvul.001G168200 (D1.3, Figure 19C). 

 

No clear differences 

Certain genes such as Phvul.001G168300, Phvul.001G167900 (D1.3, Figure 19C), 

Phvul.002G115800 (D2.1, Figure 19G), Phvul.003G099300 (D3.1, Figure 19H), 

Phvul.008G170000 (D8.2, Figure 19K) have no clear differences among subgroups. While in the 

gene Phvul.002G116500 (D2.1, Figure 19G) all the diversity is uncalled in the Andean gene 

pools, suggesting it may be a private Mesoamerican gene or allele in the diversity panel. 
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Figure 19; Heatmap of SNP mean dosage values for polymorphisms in the coding region of QTLs associated with determinacy from the GWAS of the 

whole (n=144) or Andean diversity panels. 0 are homozygous reference, 1 are heterozygous, 2 are homozygous alternative and 3 are uncalled 

genotypes (transformed NAs).  Plotted with pheatmap v.1.0.13 with default Euclidean distance to cluster the rows and SNP location to order columns 

(Kolde 2025). The top row represents the gene which the SNPs fall within. SNPs have been averaged by their determinate trait and population 

structure at K2 (M; Mesoamerican, A; Andean, Admx; Admixture). SNPs with less than a 0.5 difference in variation between groups have been 

removed. The plots represent the whole diversity panel for QTLs (A) D1.1, (C) D1.3, (D) D1.4, (E) D1.5, (F) D1.6, (I) D7.1, (K) D8.2, (L) D9.1 and (M) 

D10.1. Also, the Andean diversity panel for QTLs (B) D1.2, (G) D2.1, (H) D3.1 and (J) D8.1. 
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2.4.9 Mean allele dosage from QTLs for photoperiod sensitivity  

As in section 2.4.8 the mean SNP dosage for polymorphisms in CDS within QTLs (SNP mean) 

was calculated for groups of accessions. These were grouped based on photoperiod sensitivity 

(PS) and population structure at K=2, the Mesoamerican (M) and Andean (A) gene pools, and 

their admixed (Admx). These allowed the visual identification of differential allelic haplotypes 

among these groups (such as ‘sensitive M’ vs ‘insensitive M’).  

 

Homozygous reference  

The ‘insensitive M’ had a higher proportion of the HOMR than the ‘sensitive M’ in multiple genes, 

such as, Phvul.004G110200 (PS4.1, Figure 20A), Phvul.007G117500 (PS7.1, Figure 20D), 

Phvul.008G048300 and Phvul.008G047700 (PS8.1, Figure 20F). Also, in the Andean 

subpopulation the ‘insensitive A’ group had a higher proportion of HOMR than the ‘sensitive A’ 

in the genes Phvul.008G085000, Phvul.008G084900 (PS8.2, Figure 20G), Phvul.009G228900 

(PS9.2, Figure 20I), Phvul.009G144600 and Phvul.009G144100 (PS9.1, Figure 20H). 

All the insensitive groups (Admx, A and M) had a higher HOMR in multiple genes such as 

Phvul.004G110000 (PS4.1, Figure 20A), Phvul.005G076400 (PS5.1, Figure 20B) and 

Phvul.005G076800 (PS5.2, Figure 20C). However, the ‘sensitive A’ group had a higher proportion 

of HOMR in some genes compared to the ‘insensitive A’, such as Phvul.005G077000 (PS5.2, 

Figure 20C).  

 

Homozygous alternative  

In the gene Phvul.005G076400 (PS5.2, Figure 20B), the HOMA alleles were only present in the 

‘sensitive M’ group. On the other hand, the ‘insensitive M’ had a higher proportion of HOMA 

alleles compared to ‘sensitive M’ in the gene Phvul.007G157300 (PS7.2, Figure 20E). Other 

genes such as Phvul.011G002900 had a higher proportion of HOMA alleles in the ‘insensitive A’ 

and ‘insensitive Admx’ groups than the corresponding sensitive groups (PS11.1, Figure 20J). 

Finally, genes such as Phvul.005G077000 (PS5.2, Figure 20C) have no HOMA alleles in any 

groups.  
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Uncalled diversity  

In the gene Phvul.005G077100 the ‘insensitive A’ is the only group to contain no uncalled loci, 

suggesting only this group contains the allele present in the reference genome (PS5.2, Figure 

20). While in the gene Phvul.007G157300 neither Andean group had uncalled positions, 

suggesting it is a private Andean allele. As the Mesoamerican and Andean have different enough 

alleles to not align to each other (PS7.2, Figure 20E). The genes Phvul.009G144600, 

Phvul.009G144100 and Phvul.009G144700 only had uncalled regions in the ‘sensitive M’ group, 

which suggests this carries a significantly different allele for this gene, or this gene is absent 

(PS9.1, Figure 20H).  

 

No clear differences 

There are large proportions of uncalled loci in all the groups except the Mesoamerican gene 

pool in the gene Phvul.004G110301, suggesting it is private to this group of the diversity panel 

but not private to the Mesoamerican gene pool as the reference genome is Andean (PS4.1, 

Figure 20A). However, there are no differences between the sensitive or insensitive accessions 

in this gene. On the other hand, in the genes Phvul.007G117400, Phvul.007G117100 (PS7.1, 

Figure 20D), Phvul.007G156900 (PS7.2, Figure 20E), Phvul.008G084200 (PS8.2, Figure 20G), 

Phvul.009G144200 and Phvul.009G143700 (PS9.1, Figure 20H) there are no clear differences in 

proportions between the ‘sensitive’ and ‘insensitive’ types in their corresponding gene pools. 
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Figure 20; Heatmap of SNP mean dosage values for polymorphisms in the coding regions in QTLs associated with Photoperiod sensitivity from the 

GWAS of the whole (n=144) or Andean diversity panels. 0 are homozygous reference, 1 are heterozygous, 2 are homozygous alternative and 3 are 

uncalled genotypes (transformed NAs). Plotted with pheatmap v.1.0.13 with default Euclidean distance to cluster the rows and SNP location to order 

columns (Kolde 2025). The top row represents the gene which the SNPs fall within. SNPs have been averaged by their determinate trait and population 

structure at K2 (M; Mesoamerican, A; Andean, Admx; Admixture). SNPs with less than a 0.5 difference in variation between groups have been 

removed. The plots represent the whole diversity panel for QTLs (A) PS4.1, (B) PS5.1, (D) PS7.1, (E) PS7.2, (F) PS8.1 and (H) PS9.1. Also, the Andean 

diversity panel for (C) PS5.2, (G) PS8.2, (I) PS9.2 and (J) PS11.1. 
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2.5 Discussion  

The common bean panel contains genetic diversity from the Andean (4 subgroups) and 

Mesoamerican (2 subgroups) gene pools. Including accessions from Colombia, that contain 

introgressive hybridisation and admixed diversity from the Andean and Mesoamerican gene 

pools. This work found an association between the population structure and agronomic traits, 

such as determinacy and photoperiod sensitivity.  

In this study, genomic regions were identified that were connected to known and novel putative 

candidate genes, involved in developmental and reproductive pathways. Thirteen QTLs were 

associated with determinacy, and ten QTLs were associated with photoperiod sensitivity. One 

known QTL for determinacy was the Fin locus on chromosome 1, which is recognised for its 

pleiotropic effects in plant development.  Other putative candidate genes were identified due to 

homology with Glycine soja, Vigna species and Arabidopsis. This includes Phvul.008G170000 

that encodes a putative FAF (fantastic four) domain-containing protein. The mean allele dosage 

could be used to infer allelic blocks within the population structure or phenotypes.  

Consequently, GWAS are important in identifying MTAs and candidate genes, especially when 

accounting for population structure. By linking candidate genes to phenotypes, more targeted 

precision breeding approaches can be adopted to improve common bean traits under climate 

change. Nevertheless, this current study, and previous ones, highlight that for some genes and 

genomic regions, this will be difficult due to the high proportion of pleiotropic effects in 

common beans. 

 

2.5.1 Environmental analysis  

Plants have evolved to respond to light differences within the 24-hour day-night cycle. The 

length and timing of the light to dark cycle impacts plant development, such as flowering 

(Roeber et al. 2022). During the trials, flowering under long- and short-day length conditions was 

compared (Figure 16) to distinguish photoperiod sensitive and photoperiod insensitive 

phenotypes. Certain plants require long-day or short-day photoperiods to flower, or on the 

contrary are day-neutral (Figure 16A-C), these correspond to photoperiod sensitive (require a 

certain day length to flower) or photoperiod insensitive (evolved to flower independently from 

light conditions) (González-Delgado et al. 2025). Photoperiod insensitivity has helped in the 

dissemination of crops worldwide, as the plants can yield under various daylengths.  
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In Figure 16, the temperatures can be seen to go over 30 °C during certain periods in the long 

daylength trial. Temperatures greater than 30 °C during the day and 20 °C at night have been 

shown to impact the yields of common beans (Vargas et al. 2021). However, as seen in Figure 

16 the temperatures did not exceed 30 °C during the day or 20 °C during the night, whilst the 

accessions had started flowering; consequently the temperature should not have impacted the 

timing of flowering. However, a limitation of this study is that humidity was not measured. 

Humidity can significantly influence transpiration and photosynthesis, therefore affecting plant 

growth and development. This should be considered in future studies (Lysenko et al. 2023). 

 

2.5.2 Alignment and heterozygosity 

During this study, analysis was completed with the Andean reference genome (Schmutz et al. 

2014). This reference genome was selected for being the most complete at the time of analysis, 

and because the panel has a higher proportion of Andean accessions based on population 

structure analysis (Figure 8). The accessions also had higher alignments to the Andean 

reference genome (proportion paired > 87%, Figure 7) and no difference in metrics to the 

Mesoamerican reference genomes (DOE-JGI 2021) (proportion paired > 87%, Appendix 1). If 

there had been a large difference in the alignment metrics the analysis would have continued 

with both reference genomes.  

The analysis of the heterozygosity (Figure 11A) revealed that the two weedy accessions in the 

diversity panel have higher levels of heterozygosity, suggesting outcrossing, as observed in 

other plant species (Hu et al. 2021b; Li et al. 2023b). The literature suggests that weedy 

accessions are hybridisations between crop wild relatives and landraces (Chacon-Sanchez et 

al. 2021). However, further research would be needed to draw conclusions on this, as the two 

weedy accessions in the diversity panel are not enough to understand diversity dynamics.  

Also, the Mesoamerican accessions have a higher proportion of heterozygous sites than the 

Andean (<0.1) (Figure 11), this is supported by prior research (de Souza et al. 2023a). This 

suggests a founder effect during domestication or that Mesoamerican populations are 

undergoing more hybridisations (gene flow) with other gene pools. Finally, the six most 

heterozygous accessions (>0.3) are all from the region of Colombia called Liborina, suggesting a 

higher level of outcrossing in this region.  
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2.5.3 Population Structure and phenotyping 

Subpopulations were delineated in the panel of 144 accessions, initially divided by 

domestication events, into the two Andean and the Mesoamerican gene pools (Figure 8, Figure 

10) (Blair et al. 2013a; Kami et al. 1995). The Mesoamerican gene pool is generally more diverse 

(Mamidi et al. 2013; Schmutz et al. 2014) with less influence from domestication bottlenecks. 

Furthermore, the Mesoamerican gene pool, within the diversity panel, is more heterozygous, 

suggesting that the Andean gene pool has undergone fewer outcrossing events with other pools 

(gene flow) (Hoyos-Villegas et al. 2017). These crosses between gene pools occur during 

common bean dissemination, breeding programmes and selection based on market 

preferences by growers (Bellucci et al. 2023; Botero et al. 2021; de Almeida et al. 2020; Hoyos-

Villegas et al. 2017). However, care needs to be taken when utilising market passport 

information. This is highlighted by the two ‘Peruvian’ accessions collected from markets that 

fall with the Mesoamerican subpopulation (Appendix 1).  

Admixture was commonly observed in the panel, including 26 admixed Andean accessions, 5 

admixed Mesoamerican accessions, and 11 Mesoamerican x Andean accessions. This supports 

the initial hypothesis that Colombia and neighbouring countries hold a large amount of 

common bean variation, including hybrids between both gene pools (Gori et al. 2022; Myers et 

al. 2000; Pironon et al. 2020). The wider crosses between gene pools compared to crosses 

within gene pools resulted in a larger observed heterozygosity in the hybrid accessions, 

supporting the outcrossing events and gene flow between gene pools. One implication of this 

study is that admixed Colombian hybrid landraces bridge Andean and Mesoamerican gene 

pools, and carry novel allelic and epistatic interactions that likely filtered out deleterious effects  

due to stronger purifying selection with increased recombination (Cichy et al. 2015). After all, 

recombination increases local effective population size (Ne) and limits Hill-Robertson 

interference (Hill and Robertson 2007). This suggests the Colombian hybrids have promising 

potential for breeding. However, the diversity panel may be biased and underestimating their 

prevalence in other regions due to the large number of Colombian accessions in the diversity 

panel.  

Some traits were associated with demography, including determinacy and photoperiod 

sensitivity: C1 and C2 shared origin but could be separated by ancestry admixture analysis, and 

were characterised by different determinacy. C1 contained mainly determinate accessions, and 

C2 mainly indeterminate accessions. Furthermore, the population structure suggests that 
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Colombian farmers have not selected varieties based on the seed characteristics studied (e.g. 

seed size).  

Indeterminate and photoperiod sensitive landraces were common, despite the combined 

selection for photoperiod insensitivity and determinacy resulting in common bean varieties with 

shorter flowering periods (DTF) and easier management. Prior research supports the correlation 

between DTF and phenotypes such as seed weight, determinacy and growth habit (Elias et al. 

2021; Hoyos-Villegas et al. 2017; Moghaddam et al. 2016; Tar'an et al. 2002; Vargas et al. 2021). 

These phenotypes are related to apical meristems and floral development (Sablowski 2007).  

The distribution of DTF values, in either summer or winter, were bimodal, i.e. had two peaks 

(Figure 15B and C). This likely occurred due to the determinate types flowering first, followed by 

the indeterminate beans (Coelho et al. 2023). The distribution also correlates to growth habits, 

as bush types typically flower earlier than climbing types (Ugwuanyi et al. 2022). Figure 10 

supports that photoperiod sensitivity arose during domestication in both gene pools (Weller et 

al. 2019).  

The Andean accessions within the diversity panel were large and medium seeded, while the 

Mesoamerican accessions were small and medium sized, agreeing with previous research 

(Blair et al. 2009). Among the Mesoamerican accessions, the Mesoamerican race is 

characterised by small-seeds, while the race Durango-Jalisco (DJ) is characterised by medium-

seeds (Beebe et al. 2000; Blair et al. 2009; Giordani et al. 2022; Zhang et al. 2008). Separation of 

the diversity panel into subpopulation matching these races was not possible. This may be due 

to the limited number of Mesoamerican accessions in the panel, a limited genetic component 

underlying the seed size trait, or introgressions in the Mesoamerican Colombian accessions. 

Also, the major seed colour was correlated with other traits, such as the estimated seed weight. 

This suggests that seed colour may have been selected due to regional and consumer 

preferences alongside seed weight (Catarcione et al. 2023; Sadohara et al. 2025).  

Interestingly, Ecuador accessions are often separated from Andean subgroups, suggesting that 

they are members of the PhI group or a possible sister species, Phaseolus debouckii (Chacon S 

et al. 2007; Rendon-Anaya et al. 2017a). Further to this, the wild Ecuador accession is 

separated from both gene pools (Figure 10 and Figure 11), suggesting a separate ancestry 

originating from Ecuador or Peru (Bitocchi et al. 2012; Bitocchi et al. 2017). Finally, the C-EP 

group are mainly photoperiod sensitive (Figure 15F), possibly due to a different domestication 



 108 

history or due to their Equatorial provenance, and not necessitating its evolution under 

fluctuating photoperiods. 

 

2.5.4 Introgressions and population structure 

The analyses shown in Figure 12 and Figure 13 provide evidence of introgressions between the 

Andean and Mesoamerican gene pools across the subpopulations. The introgression analysis 

identified structural differences between subpopulation genomes, helping to explain why the 

ADMIXTURE ancestry analysis separated them. The statistical tests support the visual patterns 

observed in the plots. 

The adaptive introgressions provide a novel source of genetic variation, as the diversity from two 

backgrounds mixes and stabilises in a population, possibly with an impact on fitness (Suarez-

Gonzalez et al. 2018). With the current level of analysis, introgressions could not be linked to 

the domestication phenotypes (photoperiod sensitivity or determinacy) but could be associated 

to the population structure. Further work could link the introgressions to other domestication 

phenotypes, such as seed size or responses to biotic stress (Bellucci et al. 2023; Wedger et al. 

2024; Whitney et al. 2006).  

In addition, VCFhunter identified regions of ‘uncalled’ (unknown) diversity within many 

accessions. These regions can arise for multiple reasons; therefore, caution should be taken 

when drawing conclusions without further validation. One explanation is that alleles may be 

private to a given accession or subgroup and are not represented in the ‘ancestral’ accessions 

selected from the Andean (A1) and Mesoamerican (M1 and M2) groups. For example, ‘uncalled’ 

alleles in the Colombian subgroups (C1, C2, and C-EP) may not be present in the ‘ancestral’ 

groups and could therefore represent private variation. 

Regions may also be classified as ‘uncalled’ when the origin of the allelic block is ambiguous. 

The diversity panel was selected for its potential for admixed diversity between the Andean and 

Mesoamerican gene pools. Consequently, alleles may not fit the parameters of VCFhunter, as 

they did not clearly belong to one ‘ancestral’ origin, but instead a mixture of both Andean and 

Mesoamerican. As described in the Methods (section 2.3.5) a Colombian (C1 and C2) 

‘ancestral’ group was tested alongside the Andean (A1) and Mesoamerican (M1 and M2). 

However, this resulted in large genomic regions being labelled ‘uncalled’, likely due to 

overlapping genetic diversity between the ‘ancestral’ groups. This meant few alleles were 

private to a group, so most alleles were labelled ‘uncalled’. 
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Another reason is that the reference may be introducing bias. If the Andean reference genome 

does not contain sequences found in the accessions, or if certain regions mis-align or do not 

map correctly, then these regions will stay ‘uncalled’ throughout the VCFhunter pipeline. In 

such cases, the ‘uncalled’ diversity may not be private to the subpopulations but instead 

absent from the reference. These ‘uncalled’ regions should be explored further as they could 

contain novel structural variations which could impact phenotypes and plant fitness.  

It may also be important to resolve the private diversity in the future to help prioritise genomic 

regions of interest in breeding programmes (Gasc et al. 2016; Meuwissen et al. 2020). However, 

there is also evidence that understanding the private diversity and precise impacts is 

unnecessary to leverage for genetic gain in breeding programmes therefore, selection should be 

phenotype based instead (Sanchez et al. 2023). 

Higher levels of heterozygosity are observed in certain chromosomes in the subpopulations 

‘admixed AM’, C2, M1 and ‘admixed M’, compared to other chromosomes in the corresponding 

subpopulation. This knowledge can help differentiate the subpopulations but also could reflect 

higher levels of cross over (hot spots), different selection pressures, or be due to the 

evolutionary history of the crop (Jaramillo-Correa et al. 2010; Li et al. 2023b). These regions may 

require further investigation to determine if they disproportionately impact diversity and 

adaptations.  

Further to this, ‘uncalled’ regions may be due to genomic features including structural 

variations such as insertions, deletions, and copy number variation, as well as transposable 

elements. Transposable elements are frequently found in plant genomes from insertions and 

rearrangements, impacting alignment and gene function (Lozano-Arce et al. 2023). Divergence 

from the reference genome can happen due to admixture between the Andean and 

Mesoamerican gene pools or from diverged haplotypes, not well represented in the reference. 

Furthermore, there are limitations to the reference genomes currently available, including 

incomplete assemblies and missing sequences. Advances in long-read sequencing 

technologies and pangenome approaches are likely to improve genome resolution in future 

studies. 
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2.5.5 GWAS results  

By leveraging this diversity panel and its trait segregation across the demographic stratification, 

thirteen QTLs for determinacy and ten QTLs for photoperiod sensitivity were prioritised (Figure 

17 and Figure 18). Four of the QTLs for photoperiod sensitivity, and four for determinacy, were 

identified for the Andean subset, but not the whole panel. The Andean gene pool has adapted to 

lower latitudes than the Mesoamerican pool, resulting in differential selection for photoperiod 

sensitivity between the two gene pools. The linkage disequilibrium was estimated as 114Kb 

from an R2 cut-off of 0.25, this value is consistent with WGS data of diversity panels rather than 

breeding populations (Ambachew et al. 2024; Campa et al. 2018; Diniz et al. 2019; Reinprecht et 

al. 2024). Linkage disequilibrium in common beans is impacted by the evolutionary and 

breeding history of the accessions in the diversity panel, therefore a 200kb region accounts for 

the higher resolution of WGS as well as allowing for LD (Moghaddam et al. 2016; Valdisser et al. 

2017). 

 

2.5.6 QTLS and Candidate Genes Associated with Determinacy 

Three QTLs in Chromosome 1 

A determinacy QTL was identified in chromosome 1 -Pv01- (D1.4-D1.6; Table 2), identified in 

other studies (da Silva et al. 2018; Kamfwa et al. 2019; Keller et al. 2022; Moghaddam et al. 

2016; Sedlar et al. 2020; Vargas et al. 2021) as a hotspot of allelic variation, named the Fin 

locus. The Fin locus has been mapped to ~44.5Mb in chromosome 1 (Kamfwa et al. 2019; 

Pérez-Vega et al. 2010).  This co-segregates with an upstream gene, TFL1y (Phvul.001G189200), 

a candidate gene for flowering, vegetative growth, rate of plant production and determinacy 

(Campa et al. 2018; Cichy et al. 2015; Delfini et al. 2021; González et al. 2016; Kwak et al. 2012; 

Kwak et al. 2008; Repinski et al. 2012). Consequently, the Fin locus has pleiotropic effects due 

to associations with many development traits such as determinacy, shoot biomass, days to 

flowering, days to maturity, plant architecture, embryo abortion, number of pods per plant, 

number of seeds per plant (seed yield and weight) (Delfini et al. 2021; González et al. 2016) and 

disease resistance (Delfini et al. 2021; González et al. 2016; Miklas et al. 2001; Soler-Garzón et 

al. 2024).  Consequently, segregation for this QTL hotspot in Pv01 may prove difficult in breeding 

programmes due to these pleiotropic effects (Vargas et al. 2021).  

Further candidate genes have been identified in this QTL, such as Phvul.001G192200. This gene 

is an ortholog of LIGHT-REGULATED WD1 (LWD1), a gene involved in the circadian rhythm 
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pathway (Delfini et al. 2021; Moghaddam et al. 2016; Wu et al. 2008), or Phvul.001G192300, 

which is an ortholog of SPINDLY (SPY). SPY interacts with genes in the reproductive pathway (da 

Silva et al. 2018; Moghaddam et al. 2016; Tseng et al. 2004) and has been associated with days 

to maturity (Reinprecht et al. 2024). 

Another QTL was identified on chromosome 1 (D1.3; Table 2) that contains the gene 

Phvul.001G168700. This gene is related to the PIF1 (Phytochrome interacting factor1) 

transcription factor isoform X1 in the legume Vigna radiata (Bateman et al. 2023). This bHLH 

(basic helix-loop-helix) transcription factor is involved in many light dependent pathways in 

plant development and interacts with circadian clock genes (Kim et al. 2016).  

 

QTL D7.1 in Chromosome 7 

The QTL at chromosome 7 (D7.1) was identified in the whole and Andean panel. The QTL 

contains the gene Phvul.007G244700. This is related to a transcriptional corepressor, Leunig-

homolog (LUH) in Vigna radiata (Bateman et al. 2023). In Arabidopsis, Luenig-homologs have 

functional redundancy with Leunigs (LUGs), and are involved in embryo and floral development 

(Sitaraman et al. 2008). This QTL has been associated with seed size, seed weight and growth 

habit (da Silva et al. 2018; Elias et al. 2021; Keller et al. 2022; Kwak et al. 2008), suggesting it 

may have pleiotropic effects.  

 

QTL D8.2 in Chromosome 8 

The QTL identified on chromosome 8 (D8.2; Table 2) for determinacy overlaps with a region 

previously associated with plant architecture (da Silva et al. 2018). During this work no gene 

with a clear function was identified. However, in this study a possible candidate gene was 

identified for further investigation; Phvul.008G170000. This encodes a putative FAF (fantastic 

four) domain-containing protein.  In Arabidopsis, FAF proteins regulate shoot meristem size and 

architecture (Wahl et al. 2010).  
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QTL D9.1 in Chromosome 9 

The QTL D9.1 in chromosome 9 was identified in the whole and Andean panel. Nearby QTLs 

have been identified for yield and determinacy (Campa et al. 2018; Kamfwa et al. 2015). The 

gene Phvul.009G138100 is found within this QTL and contains the significant MTA found by 

GAPIT (Wang and Zhang 2021).  This gene has an insertion that possibly affects function 

(Cingolani et al. 2012). This gene is uncharacterised in common bean but has homology to the 

Root Meristem growth factor 9 from Glycine soja (Bateman et al. 2023; Goodstein et al. 2012). 

This growth factor is expressed in the roots and flowers, regulating and maintaining apical 

meristems, and therefore both root and floral development, seed size and leaf architecture 

(Chen et al. 2019; Shinohara 2021). Although this gene has previously identified as a candidate 

associated with Mesoamerican domestication (Schmutz et al. 2014), in this study the QTL was 

found in the Andean panel, suggesting that it has also played a role in the Andean 

domestication event.  

 

QTL D10.1 in Chromosome 10 

The QTL on chromosome 10 (D10.1) is located near to QTLs for plant height and number of 

nodules, and near genes associated with metabolic changes during domestication, once again 

suggesting pleiotropic effects (de Souza et al. 2023b; Delfini et al. 2021). Three of the genes 

within this region encode bHLHZip (Basic Helix-Loop-Helix Leucine Zipper) proteins: 

Phvul.010G158500, Phvul.010G158300 and Phvul.010G158200. These bHLH transcription 

factors may be involved in the regulation of flowering genes (Zhou et al. 2019). The gene 

Phvul.010G158500 displays non-synonymous modifications in the panel, including insertions, 

deletions and other variants linked to frameshift mutations and gained stop codons (Cingolani 

et al. 2012). Homology to Vigna angularis suggests this gene may be related to the transcription 

factor bHLH25, and possibly linked to a circadian rhythm-associated protein (Goodstein et al. 

2012).  
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2.5.7 QTLS and Candidate Genes Associated with Photoperiod Sensitivity 

QTL PS4.1 in Chromosome 4 

One QTL for photoperiod sensitivity was found on chromosome 4 (PS4.1; Table 2) from the 

analysis on the whole panel. Within this QTL, four genes were identified, three of which 

(Phvul.004G110200, Phvul.004G110301, Phvul.004G110000) have non-synonymous mutations 

such as a stop lost, stop gained or a frameshift mutation in the panel (Cingolani et al. 2012). 

However, the genes are uncharacterised.  

 

Two QTLs in Chromosome 5 

Two QTLs were identified in chromosome 5: PS5.2 for the Andean panel and PS5.1 for the whole 

panel. PS5.2 overlaps with a previously identified QTL for seed weight, days to flowering and 

pod weight (Arriagada et al. 2023; Reinprecht et al. 2024). However, this previous analysis, that 

used a limited number of markers, did not identify a candidate gene. Based on sequence 

homology with Vigna radiata, the gene Phvul.005G077000 was identified, which encodes a 

Proton gradient regulation 5 (PGR5) protein (Bateman et al. 2023). PGR5 is involved in plant 

growth under different light conditions due to interactions with Photosystem I, and 

consequently putatively associated with differentiating photoperiod sensitivity in the panel 

(Munekage et al. 2002). The QTL PS5.1 contained two genes, one of which, Phvul.005G076300, 

may encode a bidirectional sugar transporter, named SWEET protein. Evidence suggests SWEET 

proteins have essential roles in plant development, including in reproductive organs and bud 

growth (Gautam et al. 2022).  

 

Two QTLs in Chromosome 7 

Two QTLs were also identified on chromosome 7; PS7.1 and PS7.2, both in the Andean and the 

whole panel. The QTL PS7.2 contains the genes Phvul.007G157400 and Phvul.007G156200. 

Homology with Arabidopsis suggests that Phvul.007G157400 encodes a BANQUE3 BHLH161 

protein. BANQUE3 is negatively regulated by APETALA3 and PISTILLATA in petals and is involved 

in light-regulated responses and flowering time (Huala et al. 2001; Mara et al. 2010).  

Phvul.007G156200 may encode the BHLH transcription factor PIF4 (Phytochrome Interacting 

Factor 4) based on homology with Vigna radiata and Glycine soja (Bateman et al. 2023; 
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Goodstein et al. 2012). PIF4 is a downstream signalling component integrating environmental 

cues such as light (Bateman et al. 2023).  

The QTL PS7.1 overlaps with a previously identified QTL for plant production traits (González et 

al. 2016). The QTL includes the gene Phvul.007G117400 which encodes a putative JUMONJI 

domain containing protein (Goodstein et al. 2012). JUMONJI proteins are involved in multiple 

plant developmental processes such as flowering and leaf senescence (Gan et al. 2014; Liu et 

al. 2019b). Phvul.007G117400’s homology with a JUMONJI16 orthologue in Vigna radiata also 

supports this role (Bateman et al. 2023).  

 

Two QTLs in Chromosome 8 

One of the QTLs found in chromosome 8 is PS8.1, from the whole panel. This QTL has been 

associated with determinacy (Campa et al. 2018), seed weight (Elias et al. 2021), days to 

flowering (Raggi et al. 2019) and pod number (Kamfwa et al. 2015). Due to the marker 

technology used, the QTL for seed weight was large, so had low resolution (Elias et al. 2021). 

The results (Figure 14) suggest a correlation between days to flowering, determinacy and 

photoperiod sensitivity under the same QTL. The significant MTA for this QTL was within the 

gene Phvul.008G048300. However, the function of this gene is currently unclear.  

The other QTL found on chromosome 8 is PS8.2, which has previously been identified for seed 

weight (Blair et al. 2006). Genes within this QTL include Phvul.008G085000, Phvul.008G084500, 

Phvul.008G084900 and Phvul.008G084100. Phvul.008G085000 is homologous to gibberellin 2-

oxidase 8 in Arabidopsis (Huala et al. 2001). Gibberellin oxidases may respond to light intensity 

and can therefore be related to photoperiod sensitivity (Zhang et al. 2022).  Phvul.008G084100 

is homologous to CLAVATA3 in Arabidopsis, a gene that regulates shoot and floral meristem 

development (Clark et al. 1995; Hirakawa 2021). Phvul.008G084900 is homologous to genes 

encoding ovate family proteins (OFPs). OFPs appear to be sensitive to light stimuli (Shahzaib et 

al. 2024). Phvul.008G084500 has homology with RAVEN/INDETERMINATE DOMAIN5 in 

Arabidopsis, which is linked to GA signalling pathways as well as other plant developmental 

pathways (Aoyanagi et al. 2020; Sanchez-Corrionero et al. 2019). Phvul.008G085000 and 

Phvul.008G084900 also both contain insertions or deletions with high impact non-synonymous 

mutations which, therefore, possibly affect function (Cingolani et al. 2012).  
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Two QTLs in Chromosome 9 

A QTL was identified on chromosome 9 in the Andean panel (PS9.1). This was near a QTL 

associated with grain yield (Elias et al. 2021), post-harvest index (Sedlar et al. 2020), shoot 

biomass (Kamfwa et al. 2019), seed size (da Silva et al. 2018), days to flowering, and yield (Blair 

et al. 2006). Genes within the QTL included Phvul.009G229100, Phvul.009G229200, 

Phvul.009G229700 and Phvul.009G229900. Phvul.009G229100 is homologous to PIN3 

transcription factor genes, involved in regulating root and shoot growth (Goodstein et al. 2012; 

Haga and Sakai 2012). Homology with Arabidopsis suggests Phvul.009G229200 and 

Phvul.009G229700 are involved in root growth (Huala et al. 2001), and that Phvul.009G229900 

encodes a HAB1 (Hypersensitive To Aba1) homology to ABI (Abscisic Acid-Insensitive)1 gene 

involved in ABA signal transduction, which is regulated by circadian rhythm (Kamrani et al. 

2022; Leitao et al. 2021b). The other QTL in chromosome 9 (PS9.2) was found in the whole panel 

and included the gene Phvul.009G145100, which was also related to an ABA response gene in 

Arabidopsis. A nearby QTL to PS9.2 was previously identified for days to flowering (Keller et al. 

2022).  

 

QTL PS11.1 in Chromosome 11 

The QTL at chromosome 11 (PS11.1) was near a QTL for seed weight (da Silva et al. 2018) and a 

QTL for disease resistance (Banoo et al. 2020). This may be due to pleiotropic effects or low 

resolution of the previous analysis, using a limited number of markers. The gene 

Phvul.011G004000 is in the QTL, which encodes a putative PHD (plant homeodomain) finger 

protein. PHDs have been found to be involved in the regulation of flowering time (Qian et al. 

2021; Zhou et al. 2019). Other genes within the QTL are related to root or shoot growth. For 

example, homologous genes of Phvul.011G003200 and Phvul.011G003400 suggests that they 

are implicated in processes involved in root meristem development (Huala et al. 2001). 

Phvul.011G003700 is an uncharacterised gene in common bean, but homology with 

Arabidopsis suggests it may be associated with phytochrome interacting factor 7 (PIF7) to 

regulate hypocotyl elongation (Huala et al. 2001; Leivar et al. 2008). However, there are many 

genes within this QTL and further research is needed to clearly distinguish a candidate gene.  
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2.5.8 Mean allele dosage 

The allele dosage is calculated from the VCF file for each accession and SNP site, while the 

average is calculated by averaging these values for the accessions over a population or 

subpopulation. The mean allele dosage has been used in prior pipelines, (Wang and Fei 2025), 

often paired with the Fst score, per SNP site (Salojaervi et al. 2024) or the SNP density in 

windows of 50 SNPs (Lobaton et al. 2018). In this PhD, the mean allele dosage was plotted 

within the coding regions of genes in QTLs identified from a GWAS. This allows fixed genetic 

variations to be found and helps identify putative causative genes for phenotypes, alongside the 

usual analyses. Also, it helps to narrow down candidate genes for future molecular work such 

as transforming and mutating genes to experimentally assess their functional impact (Figure 19 

and Figure 20). 

In certain QTLs, such as D1.3, D1.4, D1.5, D7.1, D10.1, PS4.1, PS5.1 and PS5.2, large haplotype 

blocks in the indeterminate or determinate types were different based on mean allele dosage 

and, this can be observed in both gene pools. This suggests that certain genes within the QTLs 

are causative for the phenotypes. However, since determinacy and photoperiod insensitivity 

developed independently in the two gene pools, this is likely an example of convergent 

evolution (Weller et al. 2019). In most other QTLs the differences were only observed in 

particular subpopulations, and phenotypes (private alleles). This suggests that determinacy and 

photoperiod insensitivity evolved at a later stage after the subpopulation divergence (Kwak et al. 

2012). Consequently, when identifying QTLs for phenotypes that are present in both 

domestication centres, it is important to have diversity covering both gene pools.  

The dosage can also be used to infer introgressions (Vexler et al. 2024; Wang and Fei 2025). The 

reference genome is Andean (Schmutz et al. 2014), so a homozygous reference call (HOMR; 

dosage 0) is likely to suggest an Andean background. A homozygous alternative call (HOMA; 

dosage 2) could be hypothesised as from the Mesoamerican background (less frequently a 

private allele in the Andean background). For example, the ‘determinate M’ subgroup has a 

higher proportion of HOMR diversity in the QTL D1.5, suggesting an introgression from the 

Andean background that could be associated to the phenotypes. In the QTL PS8.1, the 

‘insensitive M’ subgroup has a higher proportion of HOMR, not present in the other 

Mesoamerican group but shared with the Andean subgroups, the admixed are predominantly 

heterozygous. This spans multiple candidate genes, again suggesting an introgression from the 

Andean background into ‘insensitive M’.  
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Within the QTLs, there are genes that showed no clear differences in allelic mean dosage 

among the subpopulations. This does not necessarily discard them as candidate genes, as 

single non-synonymous substitutions can still have functional consequences at the protein 

level. Consequently, these analyses into the genes within QTLS should still be paired alongside 

homology and functional studies. Also, heterozygous sites were no discussed during this work, 

this is because the phenotype could be from either the reference or alternative allele. Without 

further work into the effects of dominance or additivity, phenotypic variation cannot be 

distinguished in these sites (Kalyta et al. 2023; Sanjak et al. 2017). Certain QTLs have large 

regions of uncalled variation. In some cases, such as Phvul.002G116500, the whole gene is 

likely absent (or a largely different allele) in the Andean gene pool.  

In my PhD, the priority was supporting the identification of putative candidate genes within the 

QTLs. However, future work could include non-coding elements. There is evidence that non-

coding regions such as promoters, silencers and enhancers can impact gene regulation and 

therefore phenotypes (Barrett et al. 2012; Chen et al. 2023). Further to this, other regulatory 

mechanisms have been found in prior research, such as epigenetic modifications (e.g. DNA 

methylation) (Zhang and Zhu 2025), post-transcriptional modifications (e.g. small RNAs)(Yu et 

al. 2026) and post-translational protein modifications (Han et al. 2022a).  
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Chapter 3 

Natural variation in Colombian common beans 

reveals diverse water deficit response strategies and 

genetic loci through GWAS and phenotyping 

 

 

Contributions: All work completed during the PhD by Kate E Denning-James and other authors 

supervised, reviewed and edited. Other PhD students and members of the lab group helped 

with sowing, harvesting and phenotyping, further detailed in acknowledgments.  
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3.1 Abstract 

Water scarcity has been identified as one of the most significant global environmental risks for 

food security. In common beans (Phaseolus vulgaris), drought stress can cause yield losses of 

up to 50%, leading to significant economic losses and reduced food security. Since plants are 

unable to escape unfavourable conditions, breeding programs have focused on novel genetic 

diversity as a promising route to introduce greater drought resilience. 

144 accessions of common beans were sequenced, from a variety of locations in South and 

Central America, concentrating on Colombia, where water deficit can be a major threat to 

productivity. The accessions were exposed to water deficit by stopping irrigation during 

vegetative growth. The effects of water deficit on phenology were assessed by measuring 

developmental changes using the BBCH scale, on leaf responses (transpiration and 

photosynthesis) using porometry and fluorometry, and on biomass and harvest parameters, 

including pod and foliar weight. 

Within the panel multiple drought tolerance strategies were identified across genotypes, as well 

as drought sensitive accessions and putative drought tolerant accessions. For example, 

'spenders' that accelerated development toward reproduction and 'savers' that delayed growth 

to conserve resources. Photoperiod sensitive accessions were also observed, for which drought 

stress overrides daylength signals, resulting in early pod production.  

A GWAS on phenotypes collected from the water deficit-stressed accessions identified 

significant quantitative trait loci (QTLs) and putative candidate genes potentially regulating 

water deficit resilience mechanisms. 

To combat the impacts of climate change on common bean yields, a multi-pronged approach 

will be required, including policy changes, improved infrastructure for water access and 

irrigation strategies and targeted breeding programmes. The results from this study provide 

genetic insights that could aid in developing drought tolerant common bean varieties which can 

contribute to future food security.  
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3.2 Introduction  

3.2.1 Common Beans, Phaseolus vulgaris 

Common beans, Phaseolus vulgaris, are one of the most important legumes for human 

consumption (Broughton et al. 2003). They have a high nutritional content of proteins and 

minerals, which is especially important in developing countries. Common beans have two 

centres of domestication, the Andean and Mesoamerican. The two domestication gene pools 

can cross creating admixed diversity and introgressions from one background to another. This 

admixed genetic diversity and the untapped diversity in landraces and crop wild relatives, 

provide novel sources of diversity to explore for resilience traits against water-deficit.  

 

3.2.2 Drought stress in agricultural crops 

Plants largely respond to drought in two ways, by avoidance or escape (Polania et al. 2022). 

Drought escaping plants rapidly complete their lifecycle before the onset of drought (Shavrukov 

et al. 2017), with progeny surviving as desiccated seeds. Drought avoidance strategies include 

‘water spenders’ (anisohydric plants) that accelerate development and 'water savers' (isohydric 

plants) that delay growth to conserve resources.  

Water spenders maintain photosynthesis during drought stress by keeping their stomata open 

at the expense of water loss. If this strategy enables reproduction and seed set (with parallels to 

drought avoiders), it can be a useful crop trait that prioritises yield under long-term droughts 

(Nesporová et al. 2024). Water savers are plants which reduce photosynthesis by closing 

stomata rapidly upon the detection of water deficit. Another strategy, the functional ‘stay-green’ 

(SG) response, delays leaf senescence, thereby maintaining chlorophyll levels, and prolonging 

photosynthetic assimilation.  

The process of domestication, and modern breeding for high yielding varieties, have both 

limited the genetic diversity of our crops and inadvertently produced varieties with high 

stomatal conductance and low water use efficiency (Huang and Zeng 2024; Lei et al. 2023). 

Utilising and mobilising natural diversity during breeding programmes could address these 

imbalances to improve commercial cultivars’ drought stress resilience. Landraces and crop 

wild relatives are a rich and underexplored source of novel diversity, which could help to 

combat abiotic and biotic stresses (Renard et al. 2023). 
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3.2.3 Common beans and drought stress 

Common beans are particularly susceptible to drought stress, with predictions suggesting 

~60% of common bean production is impacted by it (Beebe et al. 2008; Villordo-Pineda et al. 

2015). Drought stress is becoming more frequent in many regions of common bean production 

due to climate change and ENSO (El Niño Southern Oscillation) impacts. Prior research into 

drought tolerance in common beans have identified water deficit tolerant cultivars in the 

Mesoamerican gene pool (Polania et al. 2017a; Villordo-Pineda et al. 2015), the Andean gene 

pool (Dramadri et al. 2019) and in wild accessions (Cortés et al. 2013). However, drought 

tolerance strategies are not specific to the population structure. Exploring a diverse set of 

accessions from Colombia and neighbouring countries, utilising a GWAS, could reveal novel 

genetic diversity.   

 

3.2.4 Research aims 

This research aims to identify divergent drought tolerance strategies across a diverse panel of 

Colombian common beans. Within this diversity panel, different drought tolerance strategies 

are compared, identifying those genotypes worthy of further investigation. Further to this, GWAS 

is leveraged to identify genomic regions and putative candidate genes associated with resilient 

physiological and developmental traits in response to water deficit. Consequently, this study 

aims to elucidate how phenotypic traits, and developmental stages link different drought 

tolerance strategies, to inform future common bean breeding programmes.  
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3.3 Methods  

3.3.1 Diversity panel and genotyping  

A diversity panel of 144 common bean accessions, as described in section 2.2.3 (Denning-

James et al. 2025), was used for a genome wide association study (GWAS). These accessions 

represent a large amount of the diversity from Colombia and neighbouring countries, as well as 

both Andean and Mesoamerican gene pools, and a variety of races.  

The genotypic data after whole genome re-sequencing contained 20.2 million variant loci 

(~17.1M SNPs and ~3.4M indels). This dataset was then filtered further for biallelic loci, a minor 

allele frequency of 1% and thinned to remove clustered SNVs within a window size of 5 bp, 

using BCFtools (v. 1.12)  (Danecek et al. 2021). The resulting VCF for GWAS had 2,572,124 loci, 

as in section 2.3.3 and 2.3.6.  

 

3.3.2 Experimental design 

The experiment was executed outdoors at the NIAB research station in Histon, Cambridge 

(52.25, 0.10) from June to September 2023. An experimental unit was a single plant grown in a 

5L pot. The accessions were organised by growth habit and arranged within each habit x 

treatment using a randomised block design (Chapter 2, (Denning-James et al. 2025)). For each 

treatment x growth habit, plants were distributed across three blocks, and pot positions were 

randomised within blocks to minimise environmental effects. 38 of the accessions were 

determinate bush, 9 were indeterminate bush, 86 were indeterminate climbing and 11 were 

prostrate.  

There were two irrigation treatments, well-watered control and water deficit. Due to space 

limitations, only determinate bush accessions had both well-watered control treatments and 

water deficit treatments, with three biological replicates per accession per treatment. All other 

accessions (indeterminate bush, indeterminate climbing and prostrate) were subjected only to 

water deficit treatment, again with three biological replicates per accession. Consequently, the 

study is comparative focusing on relative performance between the accessions under water 

deficit. The controls were included to confirm that the cessation of irrigation imposed stress 

relative to irrigated plants and to provide a baseline. To prevent the movement of water between 

the well-watered and water deficit stressed accessions a 1 metre buffer zone was planted with 

a commercial variety of common bean (Figure 21).  



 123 

A  

B 

 

Figure 21; Layout of the diversity panel (144 accessions with 3 water deficit replications), for the 

water deficit experiment at NIAB, Cambridge in 2023. 38 of the accessions were determinate 

bush, 9 were indeterminate bush, 86 were indeterminate climbing and 11 were prostrate.  

 

All accessions were sown on 19/06/2023 (day 0) in 5 litre pots, containing Sylvamix compost 

(Nitrogen 250 mg/l, Phosphorus 80 mg/l; Potassium 300 mg/l, Melcourt Ltd, UK). This provided a 

basal nutrient supply, and no additional fertiliser or feed was applied during the experiment. 

Plants were thinned to 1 plant per pot on 06/07/2023 (17 DAS), after reaching BBCH stage 12, 

representing the growth of true leaves (Cavalcante et al. 2020). During early development, all 

the plants were irrigated daily, and pots were spaced at 15-20cm intervals.  

Water deficit was initiated on 27/07/2023 (38 DAS), when irrigation was stopped. After this 

water deficit pots only received water via precipitation (Figure 21). The stress was imposed after 

the common beans had established and before the flowering developmental stage, to minimise 

the impacts from the transition to reproduction on results. On average the BBCH was below 55 

on 28/07/2023 (39 DAS) (Wu et al. 2021). In contrast the control plants received irrigation 

throughout the trial and their development.  
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Table 3; Key dates within the water deficit experiment (June 2023 to September 2023), the stage 

of the trial and the number of days after sowing (DAS). 

Date Experimental stage Days after sowing 
19/06/2023 Sowing 0 
06/07/2023 Thinning 17 
21/07/2023 Normal irrigation 22 (Week 0) 
27/07/2023 Irrigation removed 38 
28/07/2023 Day 1 water deficit 39 
01/08/2023 Day 4 water deficit 

First data recording  
43 (Week 1) 

04/08/2023 Day 7 water deficit 46 
10/08/2023 Day 13 water deficit 

Second data recording  
52 (Week 2) 

18/08/2023 Day 21 water deficit 
Third data recording  

60 (Week 3) 

23/08/2023 Day 26 water deficit 
Fourth data recording  

65 (Week 4) 

25/08/2023 Day 1 Recovery 67 
30/08/2023 Day 6 Recovery 

Fifth data recording  
72 (Week 5) 

06/09/2023 Harvesting 79 
09/09/2023 Harvesting 82 
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3.3.3 Environmental conditions 

During the experiment the mean precipitation was 1.73 mm a day, and this reduced to 1.39 mm 

when the irrigation was stopped (Visual Crossing Corporation 2024). This treatment represents 

a typical drought, whereby the water received did not meet the demands of the plants for 

optimal growth and development (Dramadri et al. 2019; Wortmann et al. 1998). On 25/08/2023 

(day 67, week 5) the precipitation increased, thereby inducing a mock recovery period after the 

water deficit was relaxed. The mean temperature from sowing to harvesting was 17.6 °C and the 

average daylength during the experiment was 15.4 hours (Figure 22).  

 

 

Figure 22; Temperature (°C), precipitation (mm) and daylength patterns (hrs) during the 

experiment in Cambridge, UK, from 19/06/2023 (sowing) to 09/09/2023 (harvesting) (Visual 

Crossing Corporation 2024). The dotted lines represent key events during the experiment. On 

27/07/2023 (38 DAS, week 1) irrigation was stopped to induce the water deficit treatment and 

on 25/08/2023 (67 DAS, week 5) the plants experienced a mock recovery period due to 

precipitation. 
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After sowing, fifteen Teros-21 (Decagon Company) and twelve Teros-12 (Decagon Company) 

(Cominelli et al. 2024) soil sensors were randomly assigned to pots, distributed among the 

growth habits and replications (Table 4). Together, these collected hourly, supplementary 

information on soil water potential, soil moisture content, soil temperature and electrical 

conductivity. ZL6 data loggers were used to collect real time data recordings (Meter Group, Inc). 

Data from the sensors was collected and analysed in R studio, utilising the package ggplot (R 

Core Team 2024; Wickham 2016).  

To test for differences in the soil metrics between growth habits and stress (control or water 

deficit) over time, a two-way ANOVA was completed with the stress x growth habit and week as 

fixed factors, including their interaction. Post-hoc pairwise comparisons of estimated marginal 

means were calculated for significant interactions with the emmeans package in R (Lenth 

2025). The P-values were then adjusted with the Holm method. Group differences were 

visualised with letters generated with multcomp and numbers assigned for each week (Hothorn 

et al. 2008). Groups sharing the same letter x number were not significantly different at α = 0.05, 

whereas groups with different letters differed significantly. Data was plotted in R with ggplot2, 

paletteer and ggthemes (Arnold 2024; Hvitfeldt 2021; Wickham 2016).  

 

Table 4; Distribution of soil sensors among the growth habits and treatments during the trial. 

Treatment Growth habit Sensor Number of 
sensors per 
treatment 

Control Determinate bush Teros-21 3 
Teros-12 2 

Water 
deficit 

Determinate bush  Teros-21 4 
Teros-12 3 

Indeterminate bush Teros-21 2 
Teros-12 2 

Indeterminate climbing Teros-21 6 
Teros-12 5 
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3.3.4 Phenotyping, data collection and data analysis 

Leaf-level water loss and photosynthetic parameters were measured across the diversity panel 

during the experiment using a LI-COR LI-600P/F (porometer/fluorometer). However, during the 

study, 2 accessions (JSPinto and JSBlackwater), died during water deficit therefore, the trial 

continued with 142 accessions only. The porometer outputs included stomatal conductance to 

water vapour (gsw), transpiration (E_apparent), leaf vapour pressure deficit (VPDleaf), relative 

humidity of the sample (rh_s), and leaf temperature (Tleaf), and the fluorometer outputs 

included electron transport rate (ETR), steady-state fluorescence (Fs), maximum fluorescence 

(Fm’), and quantum efficiency in light (PhiPS2).  

LI-600 measurements were initiated when irrigation ceased (27/07/2023, 38 DAS) and were 

collected weekly between the hours 13:00 BST and 17:00 BST. For every plant in each 

treatment, spot measurements were taken on the central leaflet of fully expanded trifoliate 

leaves that showed no signs of yellowing or damage.  

To compare how water deficit differentially affected common bean phenological development, 

BBCH was recorded weekly (Cavalcante et al. 2020). At the end of the growth experiment, 

plants were harvested at soil surface level (09/2023). Their pods were counted and the fresh 

weight for the pods and leaves were measured separately to evaluate the differentiation 

between reproductive and vegetative growth. Finally, seed type (wild, landrace, and heirloom), 

country of origin, population structure (admixture coefficients estimated by ADMIXTURE; K = 6), 

seed colour, photoperiod sensitivity and growth habit information were included from the 

previous analysis (Chapter 2, Denning-James (2025), and Appendices 1, 4 and 8).  

The phenotypic data were tested for normal distribution using the Shapiro-Wilk test from the 

rstatix package (p-value > 0.05) (Kassambara 2023). The statistical analysis of variance of the 

phenotypic data between continuous datasets was completed in R with Spearman’s rank 

correlation for non-normal distribution. Correlations between continuous and discrete data 

were calculated with Kruskal-Wallis for non-parametric data (Kassambara 2023; Kruskal and 

Wallis 1987; R Core Team 2024; Wei and Simko 2021). The correlation between two discrete 

datasets was calculated with Cramér’s V and significance with chi-squared (Mangiafico. 2025). 

This was visualised using the R package ‘corrplot’ and ‘ggplot2’ (R Core Team 2024; Wei and 

Simko 2021; Wickham 2016). Analysis of the significant difference between growth habits 

across the porometer and fluorometer variables was completed with a two-way ANOVA as for 

the soil metrics (section 3.3.3).  
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3.3.5 Genome wide association studies 

A genome-wide association study (GWAS) was completed using GAPIT v.3 (Wang and Zhang 

2021) with three principal components for all phenotypes and data collections in Table 3 

(Appendix 4). ‘Trait’ measurements derived from the LI-600 were labelled as ‘initial response’ to 

water deficit (Week 1 and Week 2) and ‘recovery’ from water deficit (Week 4 and Week 5). Other 

measurements included the differences between data collections (Week 1 to Week 4 and Week 

1 to Week 5), averages across all the dates, sum of all the dates and the scaled sum of all the 

dates (to normalise the values using the built in R function). The data from harvesting such as 

pod weight, foliar weight and partitioning weight (the ratio between pod weight and foliar weight, 

to determine how plants allocate resources) were also included (Polania et al. 2016; Rehling et 

al. 2021). Phenotypic data was visualised using different methods to identify quantitative trait 

loci (QTLs) and to find QTLs that arose in more than one method.  

The final two recordings (Weeks 4 and 5) were used to evaluate accession ‘recovery’ following 

water deficit. As is shown in Table 3, week 4 is the last recording of water deficit and week 5 is 

after the ‘recovery’ rainfall. Consequently, showing the difference in accession responses 

before and after the ‘recovery’, can help identify how or if the accession responded to the re-

addition of water. Significance was calculated with the Wilcoxon signed-rank test for non-

parametric paired data (Rosner et al. 2006). The first two recordings (week 1 and week 2) were 

used to analyse the ‘response’ to water deficit. The differences between recordings were used 

to measure the change, magnitude, speed, and intensity of accession ‘responses’ to water 

deficit and ‘recovery’ over time. 

GAPIT was run on the whole diversity panel with the models Bayesian-information and Linkage-

disequilibrium Iteratively Nested Keyway (BLINK) (Huang et al. 2019), Fixed and random model 

Circulating Probability Unification (FarmCPU) (Liu et al. 2016), Multiple Locus Mixed Linear 

Model (MLMM) (Segura et al. 2012) and Mixed Linear Model (MLM) (Zhang et al. 2010). BLINK, 

FarmPCU and MLMM were selected as multi-locus models for different heritability levels to 

improve the statistical power (Cebeci et al. 2023; Huang et al. 2019; Merrick et al. 2022). MLM 

was chosen as a single-locus analysis for comparison to the other models. To run GAPIT with 

the BLINK model, the analysis was completed with the parameter ‘Random.model=TRUE’ so 

that R2 was not calculated for phenotypic variance explained values after GWAS. To determine 

the fit of the models to the phenotypic data quantile-quantile (QQ) plots were used. Plotting was 

completed in R using the packages ‘ggplot2’ (Ginestet 2011), ‘qqman’ (Turner 2018) and 

‘ggbreak’ (Xu et al. 2021).   
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3.3.6 QTL identification and candidate gene prediction 

Marker trait associations (MTAs) were investigated based on significance (-log10(p-value) > 7) 

and when the MTA was identified by two different phenotypic traits from any model. QTLs were 

defined as ±100 kbp from the MTA; this is based on an LD decay of 114 kb for the panel when R2 

= 0.25, as in Chapter 2 (Campa et al. 2018; Denning-James et al. 2025; Moghaddam et al. 2016; 

Reinprecht et al. 2024). 

To prioritise causative genes within QTLs, the criteria previously tested in section 2.3.7 and 

Denning-James et al. (2025) was followed. The Andean reference genome, Phaseolus vulgaris 

G19833 v2.1, was visualised in JBrowse (Diesh et al. 2023; Schmutz et al. 2014) and used to 

identify the genes contained within the QTLs.  SnpEff was used to identify non-synonymous 

‘high impact’ mutations (Cingolani et al. 2012). eggNOG-mapper v2 provided functional 

annotation of the genes in the QTLs based on ortholog assignments (Cantalapiedra et al. 2021). 

GO terms GO:0009819, GO:2000070, GO:1902584, GO:0009414, GO:0009415, GO:0042630, 

GO:0042631, GO:0097207, GO:0006970, GO:0009651, GO:0009269, GO:0009992, and 

GO:0080148 were used to identify genes related to drought stress and abiotic stress responses. 

The candidate genes were further explored using PhytoMine (Goodstein et al. 2012) (Phaseolus 

vulgaris v.2), BLAST (Camacho et al. 2009) against the non-redundant (nr) protein database at 

NCBI, and finally against the TAIR database, if no gene function could be identified in closer 

relatives (Huala et al. 2001). The loci were compared to previous studies and literature using 

PulseDB. QTLs and markers were mapped to the reference genome to estimate the conversion 

from cM to Mb, and visualised in JBrowse (Humann et al. 2019). 
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3.4 Results  

3.4.1 Soil conductivity and moisture assessments  

Figure 23 shows how the soil moisture metrics (soil matric potential, soil temperature, bulk 

electrical conductivity (EC) and water content) changed over time from thinning (17 DAS) to 

harvesting (79-82 DAS). Soil matric potential (kPa), bulk EC and water content clearly reflected 

when irrigation was stopped in the water-deficit stressed accessions.  

During irrigation (week 0), all the growth habits started with a mean water content from 0.22 to 

0.26 m3/m3, an average soil matric potential from -0.13 to -0.33 kPa and a Bulk EC from 0.17 to 

0.08 mS/cm. The soil temperature ranged from 20.8°C in weeks 2 and 3 to 17.2°C in week 1 

(Figure 23B). Soil temperature was never significantly different between the groups under 

control and water deficit treatments and stayed within 3°C from week 0 to week 5.  

For the water-deficit treated plants, the Bulk EC decreased from an average of 0.08, 0.1 and 0.1 

mS/cm in week 1 (removal of irrigation), to an average of 0.0067, 0.0075 and 0.0077 mS/cm in 

week 5, for the determinate bush, indeterminate bush and indeterminate climbing growth 

habits, respectively (Figure 23C). While the water content and soil matric potential also 

decreased from week 1 to week 4. In week 3, there was no significant difference in the water 

content and Bulk EC between the determinate bush and indeterminate climbing groups under 

water deficit. In week 4, there was no significant difference between the determinate bush, 

indeterminate bush or indeterminate climbing groups in water content or Bulk EC.  

After the ‘recovery’ rainfall, there was a delayed response in the soil metrics, during which the 

soil matric potential, bulk EC and water content increased in all the groups between weeks 4 

and 5 (Figure 23A, C and D).  This delay suggests that the post water deficit precipitation was 

insufficient to balance the water lost. This was evidenced by the continued decline in soil matric 

potential, particularly for both groups of indeterminate accessions (Figure 23A).  

The control determinate bush group experienced a water content from on average 0.22 to 0.14 

m3/m3, a soil matric potential from -80.1 to -0.1kPa and a Bulk EC from an average of 0.03 to 

0.17mS/cm. The soil matric potential and water content decreased during weeks 2 and 3, but 

the values were significantly different to those groups experiencing water deficit (Figure 23A and 

Figure 23D). The bulk EC also decreased during weeks 2 and 3, but it was significantly different 

to the water deficit treatment in all weeks except week 3 (Figure 23C). This displays the 

significant differences in the soil metrics measured between the control and water deficit 

groups in the different growth habits (after irrigation was removed).  
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Figure 23; Bar plots of parameters collected from soil moisture sensors (Table 4). For (A) the Soil Matric Potential (kPa), (B) the soil temperature (°C), (C) 
the bulk electrical conductivity (EC, mS/cm) and (D) for the water content (m3/m3). The colours represent the dates from irrigation (week 0) to harvesting 
(week 5). Statistical analyses identified significant interactions between stress x growth habit over time. Groups were labelled by a letter and superscript 
number. Groups sharing the same letter were not significantly different at α = 0.05, whereas groups with different letters differed significantly. The 
superscript numbers in the labels corresponded to the week.
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3.4.2 Phenotypic variation and correlations 

A 

 

B 

 

Figure 24; Correlation plot comparing phenotypes derived from the poromoter and fluorometer, BBCH (phenological developmental data), D 

(Determinacy),  PS (Photoperiod Sensitivity), Date, VPDleaf (leaf vapour pressure deficit), Tleaf (leaf temperature), Country, Type (wild, heirloom, 

landrace), Strategy (drought tolerance strategy, Table 5), population structure at K6 and K2 (subgroups from ADMIXTURE), RH (relative humidity), SS 

(seed size), ETR (electron transport rate), Fs (steady-state chlorophyll fluorescence), GSW (gsw, stomatal conductance), E apparent (E, transpiration), 

Fm’ (maximum fluorescence yield), PhiPS2 (ΦPSII, quantum yield of fluorescence). Data from water deficit treated plants (142 accessions) following 

the cessation of water application (five recordings between days 38 to 72, Appendix 4 and 5). (A) Correlation between continuous datasets, and 

correlation between continuous and discrete data, where discrete datasets were put to zero. (B) Correlation between discrete datasets. 
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Figure 24 shows the correlations between all the harvesting, porometer, fluorometer, 

population structure and growth habit phenotypes over multiple dates during, and after the 

cessation of water application on all water deficit treated plants (excluding controls), for 

comparative analysis. When investigating categorical values (Figure 24B), associations were 

determined between tolerance strategies and estimated seed size (ES = 0.3), Type (Wild, 

Landrace (1 commercial variety), or Heirloom; ES = 0.3), Country of origin (ES = 0.3), Major seed 

colour (ES = 0.34), K6 population structure (‘Admixed K6’, ES = 0.35) and growth habit (GH, ES= 

0.5).  

There are significant correlations (p<0.01) between many of the stomatal and photosynthetic 

parameters. Stomatal conductance (gsw, r= -0.65, r=-0.57), transpiration (E_apparent, r=-0.56, 

r=-0.47), relative humidity (rh_s, r= -0.65, r=-0.58), steady-state chlorophyll fluorescence (Fs, r=-

0.38, r=-0.33), maximum fluorescence yield (Fm’, r=-0.6, r=-0.5), and quantum yield of 

fluorescence (ΦPSII ) (PhiPS2, r=-0.64, r=-0.53) all negatively correlate with leaf vapour pressure 

deficit (VPDleaf) and leaf surface temperature (Tleaf), respectively. VPDleaf and Tleaf positively 

correlate with each other (r=0.98) and VPDleaf positively correlates with BBCH (r=0.21), while 

gsw, E_apparent, Fs, Fm, PhiPS2, and rh_s significantly negatively correlate. BBCH correlates 

positively with pod weight (r=0.62) and number of pods (r=0.61) and negatively correlates with 

gsw (r=-0.39), E_apparent (r=-0.42), Fs (r=-0.26), Fm (r=-0.36), PhiPS2 (r=-0.34), growth habit (GH, 

r=-0.34). Pod number and pod weight positively correlate (r=0.99) and negatively correlate with 

GH (r=-0.48, r=-0.5) respectively (Figure 24A).  

The average Fm’ decreased for all growth habits from values above 300 in week 1 to average 

values below 150 in week 4 (Figure 25A). Fs has more subtle differences with the averages by 

growth habits ranging from 141-145 in week 1 to 100-124 in week 4 (Figure 25B). The leaf 

temperature increased from ~25°C in week 1 to <31°C in week 4 (Figure 25C). Stomatal 

conductance (gsw) decreased throughout the water deficit stress from 0.2-0.3 in week 1 to ~0 in 

week 4 (Figure 25D). Transpiration (E) also decreased from 2.7-3.8 mmol m-2s-1 in week 1 to ~0 

mmol m-2s-1 in week 5 (Figure 25E). Finally, PhiPS2 decreased from ~0.6 μmol m-2s-1 (week 1) to 

~0.2 μmol m-2s-1 (week 5) (Figure 25F).  
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Figure 25; Bar plots of parameters collected 

from the porometer and fluorometer 

separated by growth habit from week 1 to 

week 4, for accessions experiencing water 

deficit (Table 3, 142 accessions; 37 

determinate bush, 8 indeterminate bush, 97 

indeterminate climbing and prostrate). (A) 

Fm’ (maximum fluorescence yield), (B) Fs 

(steady-state chlorophyll fluorescence), (C) 

Tleaf (leaf temperature, °C), (D) GSW (gsw, 

stomatal conductance, mol m-2s-1), (E) E 

apparent (E, transpiration, mmol m-2s-1) and 

(F) PhiPS2 (ΦPSII, quantum yield of 

fluorescence, µmol m-2 s-1). Groups sharing 

the same letter are not significantly different 

at α = 0.05, whereas groups with different 

letters differed significantly. The superscript 

numbers correspond to the week. 
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A1 A1B1 A2A2A2 A3 A3A3 A4A4 A4 A5 A5 B5

Week 1 Week 2 Week 3 Week 4 Week 5
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3.4.3 Drought stress strategies 

Phenotypic data was collected for all accessions under water deficit and, where available, well-

watered control conditions. Measurements included harvest information (fresh foliar weight 

and pod weight), development (BBCH and photoperiod sensitivity) and, porometer and 

fluorometer data (E, gsw, rh_s, VPDleaf, Tleaf, PhiPS2, ETR, Fm, Fs). Collating this phenotypic 

data identified different drought tolerant strategies and responses, based on plant biomass, 

photosynthetic activity, reproductive output and developmental rate. The classification used 

measurements from week 4, as this was the longest period of water deficit before the recovery 

event. I have classified the responses as ‘stay-green’, ‘saver’, ‘spender’, ‘prioritised yield’, 

‘drought susceptible’, ‘determinate bush control growth’ and ‘no classification’ (Table 5). Each 

accession was assigned to one category (Table 5).  

‘Stay-green’ accessions had a pod weight below 13g (lowest 75%) and a high foliar weight (top 

10%) (Figure 26A and B). This represents accession that maintain their canopy under water 

deficit. ‘Savers’ were photoperiod insensitive accessions that did not produce pods under water 

stress. This included those with a BBCH score below flowering (60) or those which displayed a 

difference in developmental stage (±10) during the recovery dates, consistent with stopping 

development under stress.  

‘Spenders’ were accessions that continued development to reproduction and maintained 

photosynthetic activity under water deficit. The accessions included those which were 

photoperiod sensitive with pods, accessions with a BBCH greater than 60 (flowering) and those 

with an ETR (electron transport rate measurement and indicator of photosynthetic efficiency) 

greater than 90 on week 4, the longest period of water deficit (Figure 26C and D). Accessions 

classified as ‘prioritised yield’ had a high reproductive output under stress or a high allocation 

of resources to the pods. They had a pod weight in the top 10%, a BBCH greater than 60 

(flowering) or the proportion of pod weight to foliar weight in the top 5%.  

‘Drought susceptible’ stopped growth under water deficit. The accessions had no pods, a low 

foliar weight in the bottom 5% and a BBCH below 50 (budding). This group don’t maintain their 

biomass or switch to reproductive group.  ‘Determinate bush control growth’ included 

accessions that had similar growth and development (BBCH) to the controls under water 

deficit. They were considered different if there was a BBCH difference greater than ±10, 

therefore covering a whole developmental stage. Finally, any accessions which did not fit into 

these categories had ‘no classification’ (Table 5, Figure 26A-D).  
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The population structure within the different strategies was also investigated. All categories 

contained members from both the Andean and Mesoamerican gene pool, except ‘stay-green’ 

which only included Andean accessions (Appendix 4). 

 

Table 5; The drought stress strategies within the diversity panel were identified based on 

phenotypic characteristics from comparative analysis on accessions under water-deficit 

conditions (142 accessions). Including photoperiod sensitivity and growth habit data 

(photoperiod insensitive and photoperiod sensitive). Data from week 4 (four weeks since 

irrigation was removed) was selected as it reflected the maximum length of water deficit before 

the ‘recovery’ event.  

Drought stress 
strategy 

Phenotypes Number of 
accessions 

Population 
Structure 

Stay-green Foliar weight > 120 g (top 10%) 
& Pod weight < 13 g (bottom 75%)  

7  7 Andean 

Saver Photoperiod Insensitive without pods / 
BBCH < 60 (week 5) (flowering) /  
Difference between the BBCH on week 
4 and week 5 greater than 10 (1 
developmental stage) 

84 9 Admixed 
18 Mesoamerican 
57 Andean 

Spender Photoperiod Sensitive with pods / 
ETR > 90 µmol m-2 s-1 (week 4) (top 50%) 
& BBCH > 60 (flowering) 

6 3 Mesoamerican 
3 Andean 

Prioritised yield Pod weight > 31 g (top 10%) & 
BBCH > 60 (Flowering) / 
Proportion pod weight to foliar > 0.195 
(top 5%) 

19 7 Mesoamerican 
12 Andean 

Drought-
susceptible 
(growth 
stopped) 

Pod weight = 0 g & 
Foliar weight < 67 g (bottom 5%) & 
BBCH < 50 

5 1 Admixed 
3 Mesoamerican 
1 Andean 

Determinate 
bush control 
growth 

Determinate bush accessions which 
have a difference between control and 
drought on week 4 greater than 10 (a 
developmental stage) 

15 1 Mesoamerican 
14 Andean 

No 
classification 

Without further work and controls they 
cannot be placed in a different category 

6 1 Admixed 
2 Mesoamerican 
3 Andean 
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To evaluate the accessions responses to the ‘recovery’ rainfall, the differences between the 

water-deficit in week 4 (before ‘recovery) and during the ‘recovery’ in week 5 were analysed 

across multiple traits (Figure 27). Significant differences (p<0.001) between week 4 and week 5 

were identified for the electron transport rate (ETR), leaf temperature (Tleaf), transpiration 

(E_apparent), quantum yield of Photosystem II (PhiPS2), Fs (steady-state chlorophyll 

fluorescence), relative humidity (rh_s), gsw (stomatal conductance) and Fm’ (maximum 

fluorescence yield).  

The median decreases between week 4 and week 5 for ETR (from 91.9 to 73.7 μ mol m-2 s-1) and 

Tleaf (from 32.4°C to 20.5°C). The median increases between week 4 and week 5 for 

transpiration (E) (from 0.008 to 0.8 mmol m-2 s-1), PhiPS2 (0.2 to 0.5 µmol m-2 s-1), Fs (from 97.4 

to 121.7), humidity (RH) (from 30% to 46.3%), Gsw (gsw) (from 0.0002 to 0.07 mol m-2 s-1) and Fm’ 

(119.5 to 259.2). While BBCH has no significant difference from week 4 (39) to week 5 (36) 

(Figure 27E). 
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Figure 26; (A, B) Histograms for 

comparative analysis of the 

diversity panel undergoing water 

deficit stress treatment (n=142). 

Histograms for (A) pod weight (g) 

and (B) foliar weight (g). (C, D) 

Violin plots for five weeks of 

recording water-deficit and 

recovery (Table 3) for (C) BBCH 

(development) and (D) ETR 

(electron transport rate, µmol m-

2 s-1). Grouped by the drought 

tolerance strategies identified in 

Table 5. 
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Figure 27; Violin plots comparing leaf porometer and fluorometer responses between water 
deficit (Week 4) and recovery (Week 5) for all accessions (n=142). (A) ETR (electron transport 
rate, µmol m-2 s-1), (B) Tleaf (leaf temperature, °C), (C) E apparent (E, transpiration, mmol m-2s-1), 
(D) PhiPS2 (ΦPSII, quantum yield of fluorescence, µmol m-2 s-1), (E) BBCH (development), (F) Fs 
(steady-state chlorophyll fluorescence), (G) RH (relative humidity, %), (H) Gsw (gsw, stomatal 
conductance, mmol m-2s-1) and (I) Fm’ (maximum fluorescence yield). Significance calculated 
with Wilcoxen signed-rank test for non-parametric paired data (Rosner et al. 2006) (NS; not 
significant, * p <0.05, ** p<0.01, *** p<0.001). 
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3.4.4 GWAS based on drought responses 

The GWAS was performed using the models BLINK, FarmCPU, MLM and MLMM (Figure 28, Table 

6) (Huang et al. 2019; Liu et al. 2016; Segura et al. 2012; Wang and Zhang 2021; Zhang et al. 

2010). 

The QQ plots were analysed to determine the suitability of the model fit (Figure 29), and MTAs 

were considered significant when -log10(p-value) > 7. A total of 36 QTLs were then selected for 

being present in more than one phenotype (Table 6).  Within these QTLs there were 465 genes 

(listed in Appendix 6 and 7). For convenience, the QTLs were grouped in categories based on the 

collection method or complex trait associated; porometer (Figure 28A (gSW) and Figure 28B (E)), 

development (Figure 28C, harvesting and BBCH), fluorometer (ETR), VPDleaf and Tleaf (Figure 

28D), response (Figure 28E (weeks 1 and 2)) and recovery (Figure 28F (weeks 4 and 5)).  

Twelve QTLs were found for gSW, on chromosomes Pv01, Pv02, Pv04, Pv05, Pv06, Pv08 and Pv11 

(Figure 28A). ETR, VPDleaf and Tleaf were associated with 3 QTLs on chromosomes Pv01 and 

Pv11. VPDleaf and Tleaf have the same 2 QTLs and are significantly correlated (Figure 24, Figure 

28D). E_apparent was associated with 8 QTLs on chromosomes Pv02, Pv05, Pv06, Pv08 and 

Pv09 (Figure 28B). 8 QTLs were found for development (BBCH and harvesting) on chromosomes 

Pv02, Pv04, Pv07, Pv08, Pv09 and Pv11 (Figure 28C). The 8 QTLs related to drought response 

(first 2 dates after water application stopped, 01/08/2023 and 10/08/2023) were found on 

chromosomes Pv02, Pv04, Pv05, Pv06, Pv08 and Pv11 (Figure 28E). Finally, 17 QTLS were 

identified related to responses within the mock recovery period; these were identified on 

chromosomes Pv01, Pv02, Pv03, Pv04, Pv05, Pv07, Pv08, Pv09, Pv10 and Pv11 (Figure 28F).  

After identifying genes within the QTLs, GO terms related to drought or water stress were 

searched for. This identified thirteen genes, (Phvul.001G058600, Phvul.002G288700, 

Phvul.004G007100, Phvul.004G122000, Phvul.005G138000, Phvul.006G005100, 

Phvul.006G170600, Phvul.006G171100, Phvul.007G167200, Phvul.008G092800, 

Phvul.008G275700, Phvul.009G192900 and Phvul.011G013900). Of the thirteen genes 

identified in the GO analysis, four of these genes (Phvul.001G058600, Phvul.004G122000, 

Phvul.005G138000, Phvul.011G013900) have SNPeff ‘high impact’ mutations corresponding to 

frameshift mutations (Cingolani et al. 2012).  
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Figure 28; Manhattan plots highlighting markers significantly associated with the traits; (A) Gsw 

(gsw, stomatal conductance, porometer), (B) E (transpiration, porometer), (C) development 
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(BBCH and harvesting), (D) ETR (electron transport rate, fluorometer), VPDleaf (leaf vapour 

pressure deficit) and Tleaf (leaf temperature), (E) ‘responses’ to drought (weeks 1 and 2) and (F) 

‘recovery’ (weeks 4 and 5). The difference (diff) was calculated to see how the traits changed 

over time and to see differences in the magnitude of change between weeks (Table 3). Week 1 

(W1), week 2 (W2), week 3 (W3), week 4 (W4) and week 5 (W5). The analyses were completed 

with GAPIT and the models FarmCPU, BLINK, MLMM or MLM on 142 accessions (Huang et al. 

2019; Liu et al. 2016; Segura et al. 2012; Wang and Zhang 2021; Zhang et al. 2010). The X-axis 

represents the genomic position of markers, and the Y-axis is the -log 10 of the P-values for 

association with the phenotype. The vertical lines correspond to QTLs associated with at least 

two phenotypes. Point size correlates to -log10(P-value). Quantile-quantile (QQ) plots are 

provided in Figure 29.  
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Figure 29; Quantile-quantile (QQ) plots are provided for Manhattan plots in Figure 28. (A) Gsw 

(gsw, stomatal conductance, porometer), (B) E (transpiration, porometer), (C) development 

(BBCH and harvesting), (D) ETR (electron transport rate, fluorometer), VPDleaf (leaf vapour 

pressure deficit) and Tleaf (leaf temperature), (E) ‘responses’ to drought (weeks 1 and 2) and (F) 

‘recovery’ (weeks 4 and 5). The difference (diff) was calculated to see how the traits changed 

over time and to see differences in the magnitude of change between weeks (Table 3). Week 1 

(W1), week 2 (W2), week 3 (W3), week 4 (W4) and week 5 (W5). The analyses were completed 

with GAPIT and the models FarmCPU, BLINK, MLMM or MLM on 142 accessions (Huang et al. 

2019; Liu et al. 2016; Segura et al. 2012; Wang and Zhang 2021; Zhang et al. 2010). The X-axis 

represents the expected -log 10 of the P-values and the Y-axis is the observed -log 10 of the P-

values for association with the phenotype. The Y-axis in plots A-C and E-F have breaks to 

improve visualisation of the distribution and extreme values.  
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Table 6; The 36 QTLs for gsw (porometer), E apparent (porometer), development (BBCH and 

yield), ETR (electron transport rate, fluorometer), VPDLeaf (leaf vapour pressure deficit), Tleaf 

(leaf temperature), water deficit ‘response’ (weeks 1 and 2) and ‘recovery’ from water deficit 

(weeks 4 and 5).  

Name Chromosome Start (bp) End (bp) Traits 

Dr1.1 Chr01 6,671,000 6,880,000 gsw  

Recovery gsw 

Dr1.2 Chr01 25,129,000 25,338,000 Tleaf 

VPDleaf 

Dr2.1 Chr02 5,343,000 5,543,000 Recovery gsw 

Recovery Transpiration €  

Dr2.2 Chr02 27,067,000 27,276,000 Transpiration  

Response Transpiration (E) 

Dr2.3 Chr02 35,612,000 35,821,000 gsw  

Recovery gsw 

Dr2.4 Chr02 45,604,000 45,813,000 Partitioning Weight 

Transpiration (E) 

Dr3.1 Chr03 4,510,000 4,719,000 Recovery gsw 

Recovery Transpiration (E) 

Dr3.2 Chr03 10,951,000 11,160,000 Recovery gsw 

Recovery Transpiration (E) 

Dr4.1 Chr04 401,000 610,000 gsw  

Response gsw 

Dr4.2 Chr04 9,414,000 9,623,000 BBCH 

gsw 

Dr4.3 Chr04 41,187,000 41,396,000 gsw 

Recovery gsw 

Dr5.1 Chr05 17,733,000 17,941,000 gsw  

Recovery gsw 

Recovery Transpiration (E) 

Dr5.2 Chr05 37,918,000 38,127,000 Recovery gsw 

Recovery Transpiration (E) 

Dr5.3 Chr05 39,838,000 40,047,000 Transpiration (E) 

Response gsw 

VPDleaf 
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Dr6.1 Chr06 3,218,000 3,427,000 gsw  

Response gsw 

Transpiration (E) 

Dr6.2 Chr06 24,785,000 24,994,000 gsw  

Transpiration (E) 

Dr6.3 Chr06 27,359,000 27,568,000 Response gsw 

Response Transpiration (E) 

Dr7.1 Chr07 541,000 750,000 BBCH 

Pod Weight 

Dr7.2 Chr07 28,150,000 28,359,000 BBCH 

Recovery gsw 

Dr8.1 Chr08 234,000 443,000 BBCH 

Pod Number 

Dr8.2 Chr08 9,293,000 9,502,000 Transpiration (E) 

gsw 

Response gsw 

Response Transpiration (E) 

Dr8.3 Chr08 16,512,000 16,721,000 Recovery gsw 

Recovery Transpiration (E) 

Dr8.4 Chr08 45,321,000 45,530,000 Transpiration (E) 

gsw  

Response gsw 

Dr8.5 Chr08 51,625,000 51,834,000 BBCH 

Pod Number 

Pod Weight 

Partitioning Weight 

Dr8.6 Chr08 61,805,000 62,014,000 Recovery gsw 

Recovery Transpiration (E) 

Dr9.1 Chr09 7,448,000 7,657,000 BBCH 

Pod Weight 

Dr9.2 Chr09 29,293,000 29,502,000 Transpiration (E) 

Recovery gsw 

Recovery Transpiration (E) 

Dr10.1 Chr10 12,119,000 12,328,000 Recovery gsw 

Recovery Transpiration (E) 
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Dr10.2 Chr10 35,366,000 35,557,000 Recovery gsw 

Recovery Transpiration (E) 

Dr11.1 Chr11 898,000 1,107,000 BBCH 

Pod Weight 

Dr11.2 Chr11 6,038,000 6,247,000 gsw  

Recovery gsw 

Dr11.3 Chr11 7,934,000 8,143,000 gsw  

Recovery gsw 

Recovery Transpiration (E) 

Dr11.4 Chr11 12,256,000 12,465,000 VPDleaf 

Tleaf 

Response VPDleaf 

Dr11.5 Chr11 16,712,000 16,921,000 ETR 

Recovery ETR 

Dr11.6 Chr11 24,038,000 24,247,000 Response gsw 

Response Transpiration (E) 

 

 

3.5 Discussion  

3.5.1 Indicators of drought stress 

This study is comparative between accessions experiencing water deficit. The soil moisture 

sensors provided a quantitative measure of the level of water stress the plants experienced. In 

line with previously published water deficit experiments, a soil matric potential of -800 kPa or 

less, and a water content of less than 0.1 m3/m3 are sufficient for drought stress (Figure 23) 

(Ganesan et al. 2024; Gebregiorgis and Savage 2006; Lui and Mihara 2024; Medynska-Juraszek 

et al. 2021; Yang et al. 2024). Consequently, the limited water received by the accessions in the 

water deficit experiment failed to meet the demands of the plants for normal growth and 

development (Dramadri et al. 2019; Wortmann et al. 1998).  

In the later weeks of the trial, there was no statistical difference in the water content between 

the stressed determinate bush, indeterminate bush or indeterminate climbing groups (Figure 

23D). This supports that there was not a significant difference in the water content experienced 

by the different growth habits under water deficit. However, the water content and Bulk EC at 
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week 2 were significantly different between the growth habits experiencing water deficit (Figure 

23C and D). Indeterminate and determinate accessions have divergent behaviours such as in 

vegetative growth, development and water conductance, suggesting that the observed 

differences between the growth habits were due to the indeterminate cultivars accessing more 

water from the soil (Campos et al. 2021).   

Leaf porometry and fluorometry also provided quantitative measures of the levels of water 

deficit that the plants experienced (Figure 25). Overtime, the Fs (steady state fluorescence) and 

Fm’ (maximum fluorescence yield) decreased from week 1 to week 4, indicative of 

photoinhibition in response to water deficit (Guidi et al. 2019; Jat et al. 2024; Ramírez-Estrada et 

al. 2023). Also, higher leaf temperatures (Tleaf) under drought negatively correlate with other 

leaf traits, reducing stomatal conductance (gsw) and photosynthetic efficiency (e.g. lower ETR, 

and Fm’, Figure 24 and Figure 25). These responses are indicative of the onset of water deficit 

stress during this trial. Further to this, the work supports the use of leaf temperature as a proxy 

for stomatal conductance under drought stress, a phenomenon exploited in canopy-level infra-

red thermal imaging (Driever et al. 2023; Yu et al. 2015). 

Conclusions can also be drawn from the correlation plot between phenotypes (Figure 24). 

BBCH,  a score of the phenological development of the plant, has a strong positive correlation 

with the harvest information and negatively correlates with stomatal and photosynthetic traits 

(Cavalcante et al. 2020). This is likely because the BBCH scale correlates with pod production, 

while maturation under drought negatively impacts stomatal conductance and transpiration 

(gsw and E_apparent, respectively) (Jahan et al. 2023; Müllers et al. 2022; Urban and Urban 

2024).  

During this work, water-deficit was experienced in the absence of other stresses such as heat 

stress. The soil temperature stayed constant throughout the experiment and was never 

significantly different between control or the water-deficit treatments, and the air temperature 

stayed in the range of 12 to 25°C (Figure 22 and Figure 23). However, combinatory stress is 

common in nature, and the stresses are more frequently overlapping under climate change 

(Sato et al. 2024).  

Another consideration is that this trial took place in pots rather than in the field, to manage 

water leakage between accessions. This limitation was controlled across the growth habits and 

treatments but is likely to have impacted the root structure of the plants. Certain cultivars have 

shown phenotypic plasticity in root growth under water deficit conditions, sometimes 
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developing more extensive root systems. Indeterminate types, which generally produce larger 

root systems than determinate types, may therefore have been more strongly affected inside 

the pots (Cerutti et al. 2023; Velho et al. 2018).  

 

3.5.2 Drought stress strategies 

The panel contains both the Andean and Mesoamerican gene pools. Differences in 

susceptibility to drought among the two domestication pools had already been observed 

(Vicente-Serrano et al. 2020). Within the diversity panel, multiple different drought tolerance 

strategies were found. Classified as ‘stay-green’, ‘saver’, ‘spender’, ‘prioritised yield’, ‘drought 

susceptible’, ‘Determinate bush control growth’ and ‘no classification’ (Table 5, Figure 26) in 

this study. However, many of the strategies have developed in both gene pools, likely through 

local adaptation to the ecogeographic environment.  

Interestingly, there is a correlation between the major seed colour and water deficit strategies in 

this panel, which has been identified previously in literature with common beans (Hussaini et al. 

2021). This is possibly indirectly selected for by the market preferences of a country, so the 

colour is associated with the agro-ecological conditions in which the varieties are selected for 

and maintained. Similar to associations observed between seed colour, seed weight and seed 

size within gene pools (Giordani et al. 2022). Further to this the seed colour can be a proxy for 

seed coat traits, such as the concentration of flavonoids and phenolics, but also seedling 

growth and germination (Kavas et al. 2022; Vidak et al. 2022). These compounds have in some 

cases been linked to stress resistance, including drought tolerance (Rao and Zheng 2025; 

Yaneva et al. 2024). Further to this, the country of origin showed an association with the drought 

tolerance strategy (Figure 24) however, due to the movement of accessions and the population 

structure this would need further investigation to see if this is a true correlation with drought 

tolerance strategies. 

The panel contains accessions that are ‘drought susceptible’, as they had low pod and foliar 

weights following four weeks of water deficit. Common beans are renowned for experiencing 

severe yield losses under drought stress, hence the need to identify those genotypes with 

different drought tolerance strategies (Labastida et al. 2023; Rosales et al. 2012). ‘Savers’ 

(isohydric) are plants which reduce gas exchange and photosynthesis under drought stress, due 

to closing their stomata earlier (Polania et al. 2016). These accessions pause development 

under drought tolerance or abort pod development to wait for better conditions which are more 
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appropriate for reproductive development. In the panel, this was evidenced by the BBCH 

pausing during water-deficit, therefore not reaching pod development and, in some cases, 

development resuming during the ‘recovery’. Without the re-addition of water, these accessions 

tend to have lower seed yields (Hamabwe et al. 2024). This strategy is best for longer-term mild 

droughts, when water will return to allow the plant to produce yields rather than focusing on 

vegetative biomass (Bandurska 2022; Nesporová et al. 2024). A large proportion of the panel are 

‘savers’ suggesting, this strategy is better adapted for the ecogeographic environment they were 

collected from (Arregocés et al. 2025).  

‘Spenders’ (anisohydric) are plants that are fast growing under drought stress conditions. They 

maintain gas exchange and photosynthesis, allowing growth under stress conditions in order to 

avoid the onset of worsening conditions. In the phenotyping, this is evidenced by their 

continuing development (increasing BBCH), combined with high transpiration and 

photosynthesis rates. The spending strategy is best for producing yields under long-term 

drought stress, capitalising on the prevailing conditions before more unfavourable conditions 

set in, and prioritising biomass (Delfin et al. 2021; Nesporová et al. 2024). If the accessions are 

able to complete their life cycle before the conditions get worse, then this strategy is best for 

longer-term drought stress when precipitation may not return, similar to drought escaping 

(Shavrukov et al. 2017). However, if the lifecycle is not completed, then this strategy may result 

in total crop failure, and is best for milder, shorter droughts, when water will return to continue 

development. A subset of these accessions were those which ‘prioritised yield’, which under 

drought stress, maintained yield and grain development (Polania et al. 2016).  These accessions 

have seed yields in the top 10% under the water deficit conditions, so could be determined 

‘drought tolerant’ (Hamabwe et al. 2024). Those with high reproductive output have reduced 

levels of abortion under drought stress and maintain fertilisation. 

Other strategies included ‘stay-green’. In this panel, the ‘stay-green’ accessions were Andean, 

however they have been previously identified in other common bean populations (Labastida et 

al. 2023; Schmit et al. 2019). Our panel is skewed towards the Andean gene pool, consequently 

it is possible that our genetic diversity didn’t cover the Mesoamerican ‘stay-green’ genetic 

diversity. ‘Stay-green’ accessions maintain photosynthesis under drought stress, and under 

certain droughts, may alleviate yield loss. In this trial, this strategy was identified at harvest time 

in accessions with very high foliar weight but very low or absent pod weight. ‘Stay-green’ plants 

can also be categorised as delaying senescence and chlorophyll degradation under drought 

stress, so that when water returns, they can quickly continue development (Thomas and 

Ougham 2014). This strategy is best for shorter droughts when water will return quickly. In other 
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crops the ‘stay-green’ strategy has been linked to higher yields under drought stress, and 

therefore further investigation is needed in common beans to understand the yield of the stay-

green accessions after drought stress and during a recovery, comparative to controls (Kamal et 

al. 2019; Padilla-Chacón et al. 2019).  

These different strategies have developed for, and are beneficial under, different agro-

ecogeographic conditions and farming methods (Blum 2015; Polania et al. 2016). All strategies 

are beneficial and of interest for breeding programmes depending on the type of drought 

prevalent in a region.  

During this study, I found that using developmental information was useful to distinguish 

strategies, and this could be complimented with the porometer and fluorometer data to 

determine levels of stress. Porometer and fluorometer associated traits (Tleaf, gsw, E_apparent) 

indicate the level of water stress the plants were experiencing. Accessions with the highest 

scores for photosynthesis (top 10%) included those with a variety of strategies, as well as those 

which were ‘drought susceptible'. These trait evaluations alone were unable to differentiate the 

different drought tolerance strategies without the addition of developmental information.  

This panel includes examples of various strategies for drought tolerance. However, the 

assignment of these strategies remains speculative, and would require further experimental 

work and comparisons under contrasting drought and environmental scenarios. Additionally, 

control groups for the indeterminate accessions would help to improve certainty and progress 

the investigation into drought tolerance beyond comparative analysis.  

Finally, phenotypic analyses could be expanded to include root traits, as research links root 

phenotypes to strategy (Polania et al. 2017a). Roots are often the first organ to respond to 

drought stress in plants, however due to difficulties with sampling and observation, foliar 

organs are often investigated instead (El Bey et al. 2024; Irshad et al. 2024). Root architecture 

traits (root branching and depth) are often correlated with drought tolerance strategies in 

common beans therefore, exploring this could uncover further pathways (Polania et al. 2017b). 

Also, drought stress can impact the symbiotic relationship with rhizobia, affecting nodulation, 

nitrogen fixation, carbon allocation and gene expression (da Silva et al. 2024; Fenta et al. 2020). 

Direct analysis of epidermal traits, including stomatal density (Egesa et al. 2024) and size, may 

also be beneficial (Polania et al. 2022). These could further complement the other above-

ground traits, which were proven for estimating drought responses, including the stay green 

trait, rates of photosynthesis, transpiration and reproductive output (Sofi et al. 2021).   



 154 

A multi-faceted approach will be best to combat the effects of global drought stress on 

common bean yields. Incorporating government policies that discuss how to utilise water 

resources more efficiently (Li et al. 2020), new irrigation methods (such as exploring drip 

irrigation (Barezzi et al. 2024)), soil supplements (such as coconut charcoal (Lui and Mihara 

2024)) and breeding programmes for beneficial drought tolerant traits.  

 

3.5.3 Recovery from water deficit 

A separate trait to investigate is recovery from drought stress. How crop plants recover 

photosynthesis and growth after water deficit affects their ability to continue normal 

development and, consequently, yields (Wang et al. 2019). Recovery is an important trait to 

investigate, as drought is often intermittent or can be alleviated through irrigation, and other 

water management practices. Where drought is short-lived, drought recovery, plays a 

significant role in yields (Delfin et al. 2021).  

Within this study, the differences in accessions under drought stress, and then following a 

timely precipitation event were investigated. This event allowed some of the plants to start 

recovering from the drought stress. The large differences between the week 4 and week 5 

suggest that the re-addition of water instigated a quick recovery response, photosynthetically 

(Figure 27).  

One of the traits that did not significantly change between these dates (week 4 and week 5) was 

plant development, as defined by BBCH (Figure 27E). This is likely because the accessions that 

had not flowered did not have enough time with the re-addition of water to significantly 

accelerate their development, such as to flowering. Those plants that had flowered during the 

water deficit had already committed to producing pods or maturing.  

However, this recovery period was not sufficiently long or extensive enough to see an impact on 

yield; only the shorter-term physiological changes triggered by the recovery, were investigated. 

During future work, a comparison of the effects of intermittent drought, recovery, and terminal 

drought stress would further clarify their relationships. In such a scenario, the role of plant 

stress ‘memory’ (priming) and how it affects responses to future stresses will be similarly 

important (Jacques et al. 2021). 
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3.5.4 Candidate genes 

By leveraging this diversity panel, 36 QTLs were found associated with responses and recovery 

to water deficit (Figure 28, Table 6). Within these QTLs there were 465 genes (listed in Appendix 

6 and 7). To prioritise causative genes within QTLs, I followed the criteria that I previously tested 

in Chapter 2, and published in Denning-James et al. (2025). This consisted of focusing on genes 

with ‘high impact’ mutations in the coding region (mostly frame shifting, where an insertion or 

deletion changes the translation) or associated to ‘drought related’ or ‘abiotic stress related’ 

GO terms.  

Phvul.001G058600 (QTL Dr1.1) is related to chloroplastic chaperone activity of the BC1 

complex (CABC1) (Goodstein et al. 2012), and may modulate chlorophyll degradation in 

response to oxidative stress, including salt stress (Borkiewicz et al. 2020; Huala et al. 2001; Qin 

et al. 2020). Phvul.004G122000 (Dr4.3) may encode a dehydration response element binding 

protein (DREB1) (Goodstein et al. 2012). DREBs are found across the plant kingdom (Han et al. 

2022b) (rice (Wang et al. 2022), wheat (Mei et al. 2022), tomato (Tao et al. 2022)). Another DREB 

gene, Phvul.008G092800 (orthologous to DREB2) was also found within the QTLs (Dr8.2). Both 

DREB1 and DREB2 are involved in responses to abiotic stresses including heat, drought and salt 

(Akbudak et al. 2018; Akhtar et al. 2012; Guttikonda et al. 2014).  

Other identified genes are associated with drought stress. Phvul.005G138000 (Dr5.2) has 

homology to Arabidopsis AT3G45660, a member of the NAXT NPF subfamily which is 

upregulated under drought and involved in xylem transport in response to osmotic stress (Huala 

et al. 2001; Li et al. 2016; Li et al. 2010). Phvul.011G013900 (Dr11.1) is likely to encode a 

calcium transporting ATPase (Goodstein et al. 2012; Huala et al. 2001). Homology with 

Arabidopsis gene AT3G57330.1 suggests associations with drought and salt tolerance possibly 

via the control of guard cell physiology (He et al. 2024; Su et al. 2024). 

Transcription factor-encoding genes in the QTLs include SHINE orthologue Phvul.010G092300, 

an APETALA2/ Ethylene Responsive Factor (AP2/ERF) controlling waxy cuticle and stomatal 

development (Girón-Ramírez et al. 2021; Khoudi 2023), MYBs (Phvul.004G121500, 

Phvul.009G192600, Phvul.011G084500), and Phvul.008G275300, an orthologue of WRKY20 

known to modulate guard cell ABA and ROS signalling as well as cuticular wax biosynthesis in 

response to drought (Li et al. 2023a; Luo et al. 2013; Rushton et al. 2012). ERFs, MYBs, WRKY 

and protein kinases are genes which are involved in responses to drought stress and drought 

tolerance by interacting with downstream genes in signalling pathways (Umezawa et al. 2006; 

Wu et al. 2024). 
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Genes related with the phytohormones auxin (Phvul.005G172900, Phvul.005G173000, 

Phvul.006G142200, Phvul.006G142300) (Liu et al. 2019a; Wang et al. 2021; Yin et al. 2023) and 

gibberellic acid (Phvul.002G193300, Phvul.005G173500, Phvul.007G167600) were also 

identified (Chu et al. 2022). Phvul.007G167600 is an ortholog of GIBBERELLIN-INSENSITIVE 

DWARF 1 (GID1), a partially-ABA-dependent GA receptor that regulates stomatal development 

and ABA biosynthesis under drought stress in rice (Du et al. 2015). Other ABA-associated genes 

identified in these pathways include PPRs (Phvul.001G059500, Phvul.003G071600, 

Phvul.008G277600, Phvul.009G034500, Phvul.011G068200, Phvul.011G069000) including a 

DYW subgroup PPR gene, (Phvul.011G107600) linked to soybean drought responses (Su et al. 

2019). Similarly, homologues to protein kinase-encoding genes involved in drought and ROS 

signalling were identified (Phvul.002G289000, Phvul.005G173100, Phvul.008G093200, and 

Phvul.008G124300) (Cai et al. 2025; Liu et al. 2024; Liu et al. 2020; Wu et al. 2024; Xu et al. 

2018). Enhanced photosynthetic efficiency under drought may arise from superior responses to 

oxidative stress (ROS). Together with the transcription factors, crosstalk between auxin, 

gibberellic acid and ABA regulate an array of signalling components in downstream pathways 

critical to water deficit responses (Aslam et al. 2022; da Silva et al. 2024; Labastida et al. 2023; 

Salehin et al. 2019; Su et al. 2019; Verma et al. 2022).  

The candidate genes identified in this diversity panel show promising relevance to drought 

stress resilience. Nevertheless, further functional experimental analyses are necessary to 

confirm whether these putative genes play similar roles in common beans as their orthologues 

in other crops such as soybean and Arabidopsis. Also, the QTLs are still relatively large, 

covering many genes therefore, future work could include fine-mapping and higher-resolution 

mapping populations to aid in distinguishing causal genes from the candidates. Functional 

validation approaches, such as gene silencing or gene expression analyses, could then be used 

on these genes (Azizi et al. 2020; Gutierrez and Torres 2025). As the porometry and fluorometry 

analyses selected the largest proportion of QTLs, combining these approaches in future studies 

will be important to identify differences in stomatal and photosynthetic drought responses 

alongside developmental datasets.  
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3.6 Conclusions 

Altogether, this study highlights the power of combining both phenological and physiological 

analyses when investigating the diversity of plant drought responses. By measuring 

developmental (long term responses) and short-term instantaneous responses to water deficit, 

both divergent strategies were identified in response to drought as well as a broad range of 

candidate genes underlying those responses.  Leveraging large-scale trait data with large scale 

populations not only provides novel insights into the mechanisms of plant drought response, 

but I believe will provide new breeding targets for future sustainable agriculture under climate 

change. 
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Chapter 4 

Future work and Further Discussion 

 

4.1 Key findings chapter 2 

During my PhD, I showed that the diversity panel contains genetic diversity from both the 

Andean (four subgroups) and Mesoamerican (two subgroups) gene pools, including Colombian 

accessions that display introgressive hybridisation and admixture. This indicates a large 

amount of genetic diversity with fewer geographic effects.  

Variation in domestication traits, such as determinacy and photoperiod insensitivity were found 

to be prevalent in both gene pools. Genomic regions associated with these traits included both 

known and novel putative candidate genes. Many of which were identified due to homology with 

other species such as Glycine soja, Vigna species and Arabidopsis. These findings contribute to 

current literature and have practical relevance to breeding programmes. This is because 

determinacy and photoperiod insensitivity are pleiotropic traits, under linkage drag, they are 

important for yield stability and stress resistance under different ecogeographic conditions, and 

they have facilitated the dissemination of common beans. 

Introgressions between the gene pools, alongside the mean allele dosage in regions of the 

genomes, support frequent gene flow (low isolation). They can help to infer private allelic 

diversity and mutations within the population structure or link to phenotypes, including 

functional variation at a SNP level (non-synonymous substitutions). This work also highlights 

the importance of GWAS for identifying MTAs, especially when properly accounting for 

population structure. By linking candidate genes to phenotypes, hopefully more targeted 

precision breeding approaches can be adopted to improve common bean traits under climate 

change. Future work should include functional validation in multiple Phaseolus genomes 

(pangenomes) and exploring protein modelling to determine how the SNPs or indels impact 

protein function or folding. All the data generated during my PhD is available and can be utilised 

in future work to investigate gene function and then be utilised in breeding programmes. This 

understanding is important for the conservation, management and utilisation of the genetic 

resources through breeding programs. 
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The diversity panel also included two weedy accessions; these may contain interesting novel 

diversity and population structure. Providing a path for trait introgressions between crop wild 

relatives and landraces as evidenced by the improvement of drought tolerance in a CIAT 

breeding programme crossing tepary bean with common bean. Possibly making genetic 

diversity in wild relatives more accessible in future breeding programmes. However, further 

research is needed into weedy accessions to determine their genetic diversity and phenotypes.  

 

4.2 Key findings chapter 3  

The diversity panel was also investigated under water deficit, using porometry, fluorometry and 

developmental datasets to capture complex genotype responses. Across the different 

subpopulations, multiple drought tolerance strategies were found. These strategies did not 

correspond directly to population structure, reflecting the local adaptation to a wide range of 

ecogeographic conditions in Central and South America.  

Different strategies are better suited to different environments and production regimes (small 

holders vs industrial), which is an important consideration for bean breeding programmes. 

Drought is a complex trait and strongly impacts common bean yields. The PhD expands current 

knowledge on drought tolerance strategies in common beans and putative candidate genes. 

Accessing the genetic diversity in landraces with the ‘correct’ drought strategy, could improve 

yields or yield stability under drought stress in commercial varieties through breeding 

programmes.  

QTLs were identified for the different evaluated responses, as well as traits associated with 

recovery from water deficit (despite not being a trait initially planned for), in common beans to 

understand how the common beans respond to drought stress. This work could be taken further 

as in chapter 2, linking the genes to introgressions, SNPs or indels; and also, by functionally 

validating the candidate genes to understand the genetic basis for the strategies.  

The work is mainly comparative, with only controls for determinate bush accessions, due to 

space limitations. To build on this, another study could also include controls for the 

indeterminate growth habits to directly resolve differences between control growth and water 

deficit development. Future, field trials could add to the data from this study by not restricting 

root development, to better understand whole-plant responses. In addition, future work could 
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explore combinatory stress, such as drought and heat, which commonly co-occur in real 

production systems, particularly under climate change.  

Altogether, this study highlights the power of combining both phenological and physiological 

analyses when investigating the diversity of plant drought responses. By measuring 

developmental (long-term responses) and instantaneous responses to water deficit, both 

divergent strategies were identified in response to drought and a broad range of candidate 

genes underlying those responses.  Leveraging large-scale trait data with large scale 

populations not only provides novel insights into the mechanisms of plant drought response, 

but it is hoped to provide new breeding targets for future sustainable agriculture under climate 

change. 

 

4.3 Future Implications 

This work highlighted the genetic diversity within common bean accessions, their 

domestication traits, and differing drought tolerance strategies in response to water deficit. This 

work can be integrated, using data on determinacy and photoperiod sensitivity with drought 

associated loci. Allowing for breeding programmes to breed common beans that are climate-

resilient and adaptable across different ecogeographic environments. This genetic diversity 

would safeguard yields under different climate change scenarios.  

Although this work provides important insights, there are several limitations. First, the reference 

genome may introduce bias, potentially leading to missing or misrepresented variation, 

particularly in ‘uncalled’ regions. Second, GWAS analyses are constrained by population 

structure and sample size, which can reduce statistical power and increase the likelihood of 

false positives or undetected loci. Additionally, candidate gene identification relied heavily on 

homology with model species such as Arabidopsis thaliana, which may not fully capture gene 

function in common bean.  

In Chapter 3, phenotyping was conducted in pots, restricting root development and limiting the 

ability to capture natural plastic responses to water deficit. The absence of control groups 

across all growth habits further constrained comparisons. Also, drought stress was applied in 

isolation, whereas in field conditions multiple stresses often co-occur. Finally, while 

computational approaches enabled the identification of numerous candidate genes, functional 
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validation was beyond the scope of this study, limiting the ability to confirm causal 

relationships between genotype and phenotype. 

In the future, short term aims should include prioritising candidate genes for future work using 

integrative approaches, including transcriptomics, protein modelling, and machine learning-

based prediction of gene function. While this study identified a large number of candidate 

genes, experimental validation remains a bottleneck. The application of machine learning 

approaches to predict gene function and phenotype could help reduce candidate gene lists 

prior to validation. Targeted validation of key loci using gene expression analyses or genome 

editing approaches such as CRISPR/Cas9 will also help to confirm their roles in domestication 

and drought response. 

Medium term aims could include expanding genomic resources through the development of 

Phaseolus vulgaris pangenomes, alongside utilising long-read sequencing technologies, to 

improve the resolution of structural variation and ‘uncalled’ regions. This sequence diversity 

panel can be utilised alongside other whole-genome sequenced common bean accessions to 

improve prediction capabilities and better understand genomic diversity. 

My PhD has also highlighted the importance of genebanks in conserving genetic diversity ex 

situ. I investigated the genomes of 144 common bean accessions, yet the CIAT gene bank alone 

contains ~30,000 accessions, most of which remain unexplored and therefore, is a reservoir of 

untapped diversity. Greater utilisation and characterisation of these resources, combined with 

multi-environment field trials, will allow validation of drought tolerance strategies, including 

combined stress scenarios such as heat and drought. 

In the longer term, integrating genomic, phenotypic, and environmental data into predictive 

breeding programmes will enable the development of climate-resilient common bean varieties. 

My PhD has highlighted the power of computational approaches in identifying hundreds of 

potential candidate genes for traits of interest. However, taking this work forward 

experimentally is difficult, as it is not possible to validate all the genes, creating a large 

bottleneck.  New machine learning approaches for predicting phenotypes, gene function and 

gene structure, offers a way to reduce the lists of genes before experimental validation, 

improving the efficiency of downstream experimental work. 

Alongside this, where possible, genetic diversity should be conserved both ex situ and in situ 

within genetic hotspots to allow the species to evolve to ever-changing conditions. Crop wild 

relatives, which have not undergone domestication bottlenecks, represent an important 
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reservoir of diversity. As these are often found at farm boundaries, local education and 

management practices could support their conservation and future utilisation in breeding 

programmes. 

Altogether, integrating genomic diversity, functional validation and new computational 

technologies will help in developing common beans which can produce yields in a large variety 

of ecogeographic conditions and are climate resilient through breeding programmes. 
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Appendices  

All appendices and scripts are available at https://github.com/kdennj/PhD_2025  

Appendix 1; Subpopulation and phenotypic annotation for the 144 common bean accessions 

used in studying determinacy and photoperiod sensitivity. 

Appendix 2; Genes and non-synonymous genetic variants within each of the identified QTLs 

associated with determinacy. 

Appendix 3; Genes and non-synonymous genetic variants within each of the identified QTLs 

associated with photoperiod sensitivity. 

Appendix 4; All phenotypes and transformations input into GAPIT to identify significant QTLs 

for tolerance to water-deficit. 

Appendix 5; The phenotypes input into the correlation plot, after water application was 

stopped. 

Appendix 6; All genes found within the 36 QTLs, their locations, if SNPeff high mutations are 

present and their annotations. 

Appendix 7; TAIR and Phytomine annotations for all genes within the QTLs for water deficit 

response and recovery. 
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Appendix 8; Publication  
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Glossary  

CWR  Crop wild relatives 

PI  Photoperiod insensitive 

PS  Photoperiod sensitive 

D  Determinacy 

GH  Growth habit 

ENSO  El Niño-Southern Oscillation 

GWAS  Genome-wide association mapping 

QTL  Quantitative trait loci 

MTA  Marker trait association 

LD  Linkage disequilibrium 

DTF  Days to flowering 

SS  Seed size 

E100 SW Estimated seed weight 

BLINK  Bayesian-information and Linkage- disequilibrium Iteratively Nested Keyway 

FarmCPU Fixed and random model Circulating Probability Unification 

MLM  Mixed Linear Model  

MLMM  Multiple Locus Mixed Linear Model  

A  Andean 

M  Mesoamerican 

Admx  Admixed 

DAS  Days after sowing 
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HOMR  Homozygous reference 

HOMR  Homozygous alternative 

SG  Stay-green 

gsw  Stomatal conductance to water vapour 

E_apparent Transpiration 

VPDleaf Leaf vapour pressure deficit 

rh_s  relative humidity of the sample 

Tleaf  Leaf temperature 

ETR  Electron transport rate 

Fs  Steady-state fluorescence  

Fm’  Maximum fluorescence 

 PhiPS2 Quantum yield of fluorescence 

WC  Water content 

Bulk EC Bulk electrical conductivity 

MP  Soil matric potential 

ST  Soil temperature 
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