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Abstract 

Robusta coffee (Coffea canephora) accounts for about 80% of Uganda’s coffee pro-

duction and supports over 2.2 million livelihoods. Yet recurrent droughts and erratic 

rainfall, exacerbated by climate change, pose severe threat to its productivity. Despite 

this threat, Ugandan breeding programs lack drought-tolerant varieties, largely 

because selection has not incorporated precise physiological traits linked to drought 

adaptation. Here, we evaluated 165 diverse Ugandan C. canephora genotypes, 

including local wild accessions, commercial lines, and breeders’ selections, under 

controlled screenhouse drought assay. Morphophysiological traits were collected 

before, during, and after drought stress. Using linear mixed-effects models, K-means 

clustering, and the Drought Factor Index, variation in drought tolerance was charac-

terized across genotypes differing in biomass. Drought reduced water relations, gas 

exchange (gs and E), and PSII efficiency (Fv/Fm, Fo/Fv, ETR, Y(II), and PI) across all 

biomass groups. Nevertheless, 24 genotypes maintained higher DFI values, stable 

PSII function (Fv/Fm, PI, Fv/F₀), and less negative pre‑dawn water potential under 

severe stress. Among all traits, photosynthetic performance index (PI) and Fv/F₀ 
emerged as the most robust and biologically interpretable predictors of drought tol-

erance. These fluorescence‑based markers, together with the identified drought‑tol-

erant genotypes, provide a powerful foundation for accelerating climate‑smart coffee 

breeding in Uganda.
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Introduction

Rising global temperatures and erratic rainfall are intensifying across tropical agri-
cultural systems, threatening the sustainability of crops critical to rural livelihoods 
[1,2]. Coffee, a cornerstone of tropical economies, is highly sensitive to these cli-
matic disruptions [3–5]. Global production relies on Coffea arabica and C. canephora 
(Robusta), with the latter contributing ~40% of world supply and dominating Ugan-
da’s coffee sector [6–9]. Despite its economic weight, Ugandan C. canephora yields 
an average of 500 kg/ha compared to 2500 kg/ha reached in other leading coffee-
producing countries [10,11]. This yield gap stems largely from differences in production 
context, with high-yielding systems relying on optimized irrigation and over-fertilization 
[12,13]. In contrast, Ugandan smallholders operate under low-input conditions and 
face compounding biotic and abiotic stresses, including recurrent drought and erratic 
rainfall [14–18]. These interacting pressures disrupt water relations, photosynthesis, 
and reproductive development, thereby constraining yield realization [19].

Although C. canephora is often characterized as more heat- and disease-tolerant 
than C. arabica, this perceived hardiness collapses under prolonged water deficit 
[20–22]. Under drought, coffee deploys coordinated morphological and physiological 
adjustments to maintain water balance [4,23,24]. Plants reduce leaf area, adjust leaf 
inclination to limit solar interception, and develop deeper root architectures to scav-
enge soil moisture [25–27]. Physiologically, drought triggers rapid stomatal closure 
to conserve water [28–31]. However, this defensive strategy curtails CO₂ uptake, 
suppresses Rubisco activity, and promotes accumulation of reactive oxygen species 
(ROS) [19,28,32]. To avoid photo-oxidative damage, plants activate photoprotective 
pathways, primarily non-photochemical quenching (NPQ), which shows as declines 
in maximum PSII quantum yield (Fᵥ/Fₘ), operational efficiency (ΦPSII) and increased 
thermal dissipation [33–35].

Despite these well-documented mechanisms, drought-response dynamics remain 
poorly resolved in Uganda’s diverse C. canephora germplasm [36,37]. Previous 
studies have relied mainly on phenotyping feral, wild, and half-sib accessions using 
terminal growth traits [38,39]. Because these endpoint phenotypes integrate cumula-
tive stress damage rather than underlying physiological processes, they exhibit low 
heritability, high environmental noise, and cannot identify failure thresholds or adap-
tive capacity [40,41]. As such, key functional traits with direct mechanistic relevance 
to drought tolerance, including predawn leaf water potential, gas exchange kinetics, 
and dynamic chlorophyll fluorescence, remain excluded from selection pipelines. 
This omission forces breeders to rely on post-hoc survival proxies, slowing breeding 
cycles and genetic gain for complex polygenic traits like drought tolerance.

To overcome these bottlenecks, crop improvement is shifting toward integrative 
phenotyping that links physiological function to stress tolerance [42,43]. Multivariate 
approaches such as principal component analysis (PCA), hierarchical clustering, and 
linear discriminant analysis have been widely used to differentiate drought-tolerant 
genotypes [42–45]. However, these methods often treat trait covariation as statistical 
patterns rather than physiological drivers, limiting their predictive power. The Drought 
Factor Index (DFI) offers a more direct approach by quantifying the extent and 
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intensity of abiotic stress effects on photosynthetic performance, providing a physiologically relevant marker of genotype 
performance [46–49]. While DFI has proven useful in selecting drought- and salt-tolerant genotypes in barley, tobacco, 
and sorghum, its applicability for perennial crops like coffee remains untested [46,47,49]. By capitalizing on Uganda’s 
extensive C. canephora diversity, this study aims to 1) describe drought tolerance response variation among a large set of 
Ugandan C. canephora accessions, 2) identify drought-resilient C. canephora genotypes by using DFI alongside K-means 
classification, and 3) assess the morphophysiological response of drought-tolerant and sensitive genotypes.

Materials and methods

Permits and ethical considerations

No specific permits or licenses were required for this study. All plant materials used are conserved within the ex situ 
germplasm collections of the National Coffee Research Institute (NaCORI), Kituza Station, under the National Agricultural 
Research Organization (NARO), Uganda, and are routinely used for research and breeding activities. The work did not 
involve endangered or protected species, nor did it require access to privately owned land or engagement with human 
participants. As such, no additional field access approvals or consent was necessary.

Plant material

A total of 165 Ugandan C. canephora genotypes were evaluated, representing four categories according to their cultiva-
tion status: 123 breeder selections collected from farmers’ fields across major Robusta-growing regions, 19 advanced 
breeders’ lines derived from controlled crosses, 23 wild accessions sampled from Zoka, Budongo, and Marabigambo 
forests; and 10 National Agricultural Research Organisation (NARO) commercial varieties referred to as KR clones. The 
genotypes were selected from all sources to capture key traits beneficial to Robusta variety improvement in Uganda, 
including resistance to coffee wilt disease, high yield potential, large bean size, desirable cup quality, wide genetic and 
phenotypic diversity [15,16,36,50–52].

Clonal propagation

Genotypes were regenerated in 2023 by cloning via macro-stem cuttings obtained from mother gardens maintained at 
the NaCORI ex-situ collection found at Kituza station in Mukono district of Uganda. Healthy suckers were harvested and 
trimmed into single-node cuttings, which were then dipped in rooting hormone powder (Seradix 2, 0.8% w/w indole-3- 
butyric acid, Twiga Chemicals Industries, Nairobi, Kenya). The cuttings were planted in a seedbed containing a rooting 
horticultural substrate composed of topsoil and sand mixed in a ratio of 3:1 by volume and covered with an 800-micron 
white transparent polyethylene sheet to reduce evapotranspiration. After nine months, rooted plantlets of uniform size were 
transplanted into 5 x 7 cm poly pots filled with an establishment substrate mixture of black soil, lake sand, and composted 
manure in a ratio of 3:2:2 by volume. The young plants were regularly watered and acclimatized gradually to screenhouse 
conditions by incrementally removing the polyethylene covers to decrease relative humidity and increase light.

Experimental design and drought stress application

The drought assay was conducted from 7th July to 15th November 2024 in a controlled screenhouse, measuring 8 by 24 
meters, set up with a transparent roof (>90% light transmittance), fine mesh netting on the upper sides for ventilation, 
and white polyethylene sheet walls to prevent rainwater intrusion (Fig 1). Three plants per genotype, all 11 months old 
at the time of transplanting and with a single stem, were arranged randomly in a row and column design. Each plant 
was placed in a 20-liter perforated plastic bucket filled with 1 kg of stone aggregates for drainage, topped with a mixture 
of loam soil, cow dung manure, and sand in a 3:2:2 (v/v) ratio. Plants were irrigated with 700 ml every two days during 
the first five months, then increased to 1500 ml every two days for 2 months to meet the water needs of bigger plants. 
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Morphophysiological measures in sequential batches of 16 genotypes throughout the experimental period were taken 
within one day before withholding water to serve as a well-watered control (WW). Genotypes were then withheld water for 
15 days to induce drought stress (DS) throughout the experiment. The drought stress period was monitored through water 
potential measurements and finalized when most plants reached a reading of −3.5 MPa.

Data collection

Temperature and relative humidity monitoring.  Microclimatic conditions within the screenhouse were monitored 
daily using seven dual-channel temperature and humidity data loggers (Tinytag Plus 2, TGP-4500; Gemini Data Loggers 
Ltd., UK) installed across the screenhouse to have a good spatial distribution of Tinytag sensors. Hourly recordings were 
taken throughout the experimental period. Prior to the onset of drought stress (May to mid-July 2024), the maximum daily 
temperature ranged from 28°C to 32°C, with peaks observed in July, while minimum temperatures varied between 20°C 
and 24°C (S1 Fig). Relative humidity remained high during this period, with daily maximums ranging from 75% to 90% 
RH and minimums between 60% and 70% RH. During the drought phase (July to November 2024), the screenhouse 
environment exhibited relatively stable conditions, with maximum temperatures maintained between 30°C and 32°C and 
minimum temperatures between 22°C and 24°C. Relative humidity also remained the same as in the pre-stress period.

Phenotyping of coffee growth and morpho-physiological parameters

Coffee growth and morpho-physiological traits were assessed in 18-month-old plants. Screening was conducted in 
batches, each lasting for 15 days. For each batch, measurements were taken at three time points: (i) baseline (immedi-
ately before stress imposition); (ii) daily during the drought phase to track stress progression; and (iii) at the termination 
phase on day 15 to capture drought  cumulative drought effects (Table 1). These points were selected to characterize 
genotype responses across the drought assay, and data were collected throughout the experiment period to ensure con-
sistency. The entire screening spanned from 15th July to 15th November 2024.

Fig 1.  One year and seven-month-old C. canephora plantlets grown in 20-liter plastic buckets within a screenhouse roofed with a white trans-
parent roof, fine mesh netting for ventilation, and white polyethylene sheet walls were used for drought stress evaluation under controlled 
conditions at NaCORI.

https://doi.org/10.1371/journal.pone.0349873.g001
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Trait Measurements

Measurements of morphological and physiological variables were taken between 08:30 and 11:30 a.m. to minimize diurnal 
variability across batches using fully expanded leaves on the third node from the tip of the third primary branch for con-
sistency [53,54]. Trait selection was informed by previous studies that demonstrated their relevance as indicators of plant 
responses to water deficit and as proxies for drought tolerance [34,35,55].

Pre-dawn leaf water potential

Pre-dawn leaf water potential (Ψ 
PDLWP

) was measured using a Scholander pressure chamber (Model 600, PMS Instrument 
Company, USA) at baseline, upon initial signs of leaf inclination, and subsequently at every two-day interval until Ψ

PDLWP
 

declined to around −3.5 MPa, corresponding to high drought stress for coffee plants grown under controlled conditions 
[56]. Target leaves were enclosed in aluminum pockets for one hour to block light, close stomata, and allow equilibration 
of leaf water potential with soil moisture to mimic the pre-dawn conditions [57]. The petiole was excised with a surgi-
cal blade and inserted into the chamber. Compressed gas was gradually applied, and the pressure at which xylem sap 
appeared was recorded as Ψ 

PDLWP
.

Table 1.  Traits measured during the different phases of drought stress in C. canephora.

Phase Traits Units Physiological relevance

Before Drought Plant height Cm Indicate overall vertical growth

Stem internodes Count Indicates plant elongation

Canopy height/diameter Cm Vertical and lateral growth

Number of primaries/internodes Count Reflects branch development and elongation

Length of the longest primary Cm Indicates horizontal canopy growth

Stem girth Mm Reflects plant vigor

Number of leaves Count Indicates overall vegetative growth

Leaf length/width Cm Reflects leaf size and growth potential

Leaf Surface Area cm² Influences transpiration and photosynthesis capacity

Total Leaf Area cm² Reflect overall plant biomass

Leaf inclination (Leafincl) score (1–3) Protective mechanisms against water stress

Pre-dawn leaf water potential (PDLWP) Mpa Indicates water status and soil matrix potential

Stomatal conductance (gs) mol H₂O m ⁻ ² s ⁻ ¹ Regulates gas exchange, an early stress signal

Fv/Fm – Measures efficiency of photosystem II (PSII)

Fv/Fo – Measures photochemical activity of PSII

Fo/Fm – Measures the non-photochemical quenching of PSII

YII – Measures actual efficiency of PSII electron transport

ETR µmol e- m ⁻ ² s ⁻ ¹ Measures active photosynthetic electron flow

Transpiration rate (E) E-mmol H₂O m ⁻ ² s ⁻ ¹ Indicates total water loss; reduced under drought

Chlorophyll content (Chl) – Proxy for photosynthesis; decreases under stress

Performance Index (PI) – Composite PSII performance indicator

Drought phase Leaf Leafincl, PDLWP, gs, E, ETR – Same as role as before drought stress

Chl, Fv/Fm, Fv/Fo, Fo/Fm, YII, PI – Same as the role as before drought stress.

Termination of drought phase Coffee growth parameters – Same role as before, drought stress.

Leafincl, PDLWP, gs, E, ETR, – Same role as before, drought stress.

YII, Chlo, Fv/Fo, Fo/Fm, Fv/Fm, PI – Same role as before, drought stress.

https://doi.org/10.1371/journal.pone.0349873.t001
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Photosynthetic and chlorophyll fluorescence parameters

Photosynthetic parameters, including stomatal conductance (gs), transpiration rate (E), electron transport rate (ETR), and 
effective quantum yield of PSII (Y(II)), were measured using a MINI-PAM-II/ B photosynthesis analyzer with a porometer 
(Heinz Walz GmbH, Germany) under ambient light [58]. Chlorophyll fluorescence parameters, including maximum quantum 
yield (Fv/Fm), variable to minimal fluorescence ratio (Fv/Fo), minimal to maximal fluorescence ratio (Fo/Fm), and perfor-
mance index (PI), were determined using a Pocket PEA fluorimeter (Hansatech Instruments Ltd., UK) after dark-adapting the 
leaves for 40 minutes with light-exclusion clips to ensure complete stabilization of photosystem II (PSII) [59].

Chlorophyll content

Relative chlorophyll content was estimated non-destructively using a SPAD-502 Plus chlorophyll meter (Konica Minolta, 
Japan), which calculates values based on light transmittance at 650 nm and 940 nm. SPAD readings from three leaves per 
plant were averaged and recorded as a single value in the field book app [60].

Plant growth and morphological traits

Leaf inclination was recorded daily using a standardized three-point visual scale (Fig 2).
 Plant height was measured from the substrate surface to the apical meristem using a builder’s tape measure 

(±0.01 cm). Canopy height was recorded as the vertical distance from the first node to the apex, and canopy diame-
ter was measured as the maximum horizontal spread of the branches. The length of the longest primary branch was 
measured from its point of attachment on the main stem to the distal tip. Leaf dimensions were taken from three fully 
expanded leaves per plant (typically from the third node from the apex). The leaf surface area was determined using 
the LeafArea mobile application (v 2.4; Android/iOS). The total leaf area per plant was computed by multiplying the leaf 
surface area by the total number of leaves. Stem girth was measured 3 cm above the soil surface using a digital cali-
per (±0.01 mm). Count-based architectural traits, including the number of stem internodes, primary branches, and fully 
expanded leaves, were recorded for each plant. All data were collected on an individual-plant basis and digitally cap-
tured in the field book [60].

Data analysis

All statistical analyses were conducted using R version 4.4.3 [61].

Fig 2.  Leaf inclination scale showing drought stress progression in C. canephora  where 1 = horizontal, fully turgid; 2 = mid-inclined, early 
sagging; 3 = inclined, pronounced downward sagging.

https://doi.org/10.1371/journal.pone.0349873.g002
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Morphological variation analysis among the C. canephora accessions

To account for inherent variation in plant size and vigor that could confound stress response assessments, C. canephora 
accessions were clustered using twelve non-destructive vegetative growth parameters (Table 1) as composite indicators 
of aboveground biomass. These traits were averaged at the genotype level and used to group accessions into phenotypi-
cally homogeneous classes via K-means clustering, with the optimal number of clusters determined by the elbow method 
(within-cluster sum of squares) [62]. To validate this partitioning, principal component analysis (PCA) was performed on 
the scaled genotype-level growth data using FactoMineR and factoextra [63]. The resulting cluster membership was sub-
sequently used to define phenotypic biomass groups for downstream analyses. This approach allowed stress-response 
variation to be evaluated independently of pre-existing variation in growth stature.

Comparative analysis of morphophysiological traits under increasing drought stress

Morphophysiological traits were analyzed to assess trait variation across the experiment using linear mixed effects models 
fitted separately for each trait across repeated time measurements. The general model structure was:

	 Yjklm = µ + f(Dj) + f(Dj)Ck + Ck + Bm +Gl + P(l) + εjklm 	

Where Y
jkℓm

 is the observed morphophysiological response variable for the ℓᵗʰ genotype at day j, belonging to biomass 
cluster k and batch m, µ is the overall mean; f(Dj) represents the effect of time modeled as a continuous variable using 
natural spline functions (ns, df = 2); f(Dj) x Ck is the interaction between time and cluster; Ck is the fixed effect of the kth 
cluster (biomass group); Bm is the fixed effect of batch; Gl is the random effect of the ℓth genotype; P(l) is the random effect 
of plant nested within genotype; and ε

jkℓm
 is the residual error term, with ε

jkℓm
∼N(0,σe2).

Random effects were included to account for repeated measurements and genetic structure. The models were fitted by 
restricted maximum likelihood (REML) with fixed-effect significance assessed using Type III F-tests on the full mixed- 
effects models, with Satterthwaite’s approximations for degrees of freedom implemented in the lmerTest [64,65].

Leaf inclination (Leafincl), treated as an ordinal variable, was analyzed using cumulative link mixed models imple-
mented in the ordinal package. The same fixed and random effects structure was applied, and the significance of time, 
cluster, and their interaction was assessed using likelihood ratio tests (LRT) comparing nested models.

Assumptions of normality and homogeneity of variance were verified through inspection of residual diagnostics. Group 
differences were visualized using trend plots based on model-derived estimated marginal means, as well as supplemen-
tary graphical representations (violin plots, bar plots) generated using ggplot2 [66,67].

Drought Factor Index (DFI) calculation and trait-based analysis of tolerance

Genotypes were ranked for drought tolerance (DT), intermediate (DI) and sensitivity (DS) using the DFI [49]. Photosynthetic 
performance index measurements were considered at three key time points: pre-stress (control, day 1), one week of water 
stress (moderate, day 7), and two weeks of water stress (severe, day 15). Genotype-specific values were obtained from 
a mixed model implemented in the lme4 package. The model included batch and day (treated as a categorical factor) as 
a fixed effect, while genotype-specific deviations across time were modeled as random effects. Repeated measurements 
within plants were accounted for using a nested random effect structure with plant nested with genotype. From this model, 
best linear unbiased predictors (BLUPs) were extracted for each genotype at each time point. Relative performance under 
stress was calculated by normalizing genotype-specific PI values at stress conditions to the corresponding control base-
line value (day 1), as shown in the formulas [49]:

	
Relative_PI_Moderate =

Moderate Stress
Control_PI

and Relative_PI_Severe =
Severe Stress
Control_PI 	
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The DFI was computed as a weighted log-transformed function of these relative values following the formula [49]:

	 DFI = log (Relative PI_Moderate) + 2 X log(Relative PI_Severe)	

Genotypes were subsequently classified into drought response groups using k-means clustering applied to the DFI 
values. The optimal number of clusters was determined using the elbow method based on within-cluster sum of squares, 
resulting in three categories being identified: tolerant, intermediate, and sensitive.

Correlation and regression analyses of DFI determinants

To identify morphophysiological traits that best predict drought response, we evaluated genotype-level associations 
among traits and their relationship with the drought factor index (DFI). Genotype morphophysiological trait values on day 
1 (WW conditions) and day 15 (DS conditions) were derived as estimated marginal means from the linear mixed model 
described above, with batch included as a fixed effect. Pairwise trait correlations were then computed, and relationships 
among traits under WW and DS conditions were evaluated using Pearson correlation and regression analyses [68]. To 
identify baseline traits predictive of drought response, linear regressions were fitted using DFI as the response variable 
and each WW (day 1) and DS (day 15) derived adjusted trait (estimated marginal means) as an explanatory variable [69]. 
Model fit and relative predictive performance were quantified using adjusted R² values.

Comparison between drought tolerant and sensitive genotypes

To compare physiological responses between drought-tolerant and drought-sensitive genotypes, as identified by k-means 
clustering, morphophysiological traits were evaluated at two key stages of the experiment corresponding to the onset of 
stress (Day 1, WW conditions) and the end of the stress period (Day 15). For each trait, linear mixed models were fitted to 
the subset of data corresponding to these time points, including batch and day as fixed effects and their interaction, with 
genotype included as a random effect. Estimated marginal means were extracted from the fitted models to compare DT 
and DS groups and are presented with their 95% confidence intervals.

Results

Biomass-based stratification of C. canephora accessions

To minimize size-related confounding effects, plants were first stratified to ensure accurate comparisons of trait responses 
among genotypes with similar water demand based on K-means clustering. The elbow criterion (k = 2) and PCA confirmed 
two distinct groups based on biomass: cluster 1 of small biomass (blue) and cluster 2 of large biomass (red) (S2 Fig). 
Cluster separations were primarily driven by biomass-related traits along PC1 (39.7%) of variance, while PC2 (17.5%) 
captured variation in leaf area. The large-biomass cluster contained 96 individuals, while the small-biomass cluster 
included 69 individuals. Both clusters contained accessions from all cultivation origins, indicating that biomass divergence 
was independent of cultivation history.

Overview of drought-induced trait changes from the onset to the end of stress

Drought stress (DS) affected all measured traits (S1 Table). Stomatal conductance (gs) and transpiration rate (E) under 
DS exhibited the highest variability, as indicated by their coefficients of variation (CV).

Based on percentage changes between the onset and the end of the stress period (Fig 3), genotypes in the large- 
biomass cluster showed greater reductions than in the small-biomass cluster: PI declined by 83.1% vs 72.5%, ETR by 
78.1% vs 54.7%, Fv/Fm by 50.9% vs 26.8%, and YII by 78.8% vs 53.6%. Similarly, gs declined by 109.3% vs 95.5%, and 
E decreased by 106.5% vs 89.6%. PDLWP declined strongly by 572.2.0% and 593.7%.
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In contrast, Chlo remained relatively stable (<10% reduction) across the biomass clusters. FO/FM rose by 120.4% vs 
58.8%, leaf inclination (LeafIncl), treated as an ordinal trait, showed a clear shift in both clusters, with values moving from 
predominantly non-inclined (score 1) to fully inclined leaves (score 3).

Temporal dynamics of morphophysiological trait responses to drought stress

Drought stress affected all measured physiological traits across genotypes over time (S3 Fig). Spline-based linear mixed 
models revealed strong effects of time and significant time x cluster interactions for most traits, indicating that differences 
between biomass groups emerged primarily over the course of the stress period (Table 2). Models also included batch as 
a fixed effect and genotype and plant identity as random effects (see Methods); however, for clarity, only effects relevant 
to the biological hypotheses (time, cluster, and their interaction) are presented here, while full model outputs are provided 
in (SI Table 2).

Fig 3.  Violin plots showing morphophysiological trait responses of C. canephora biomass clusters between the onset and the end of drought 
stress. Each panel compares trait distributions at the onset of stress (Day 1, light blue) and at the end of the stress period (Day 15, pink) for the small 
(left) and large (right) biomass clusters. Boxes represent the median and interquartile range, and shaded violins show the distribution of observations. 
Percentage values indicate the relative change between Day 1 and Day 15, calculated from cluster-level median values. Traits displayed included (1) 
Fo.Fm, (2) Chlo, (3) Fv.Fm, (4) Fv.Fo, (5) PI (6) Y(II), (7) gs, (8) E,(9) ETR, (10) PDLWP, and (11) LeafIncl.

https://doi.org/10.1371/journal.pone.0349873.g003
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At the onset of stress (Day 1), all genotypes exhibited very limited variation for PDLWP and leafincl, whereas greater 
variability across genotypes was observed for ETR, gs, E, PI, YII, Fo/Fm, Fv/Fm, and Fv/Fo. From approximately Day 
5 onward during the stress period, distinct patterns associated with biomass became apparent. Genotypes in the small 
biomass cluster maintained higher and more gradually declining values of PDLWP, gs, E, and photochemical traits (Fv/Fo, 
Fv/Fm, YII, PI), rather than complete stability. In contrast, the large biomass cluster displayed steeper and earlier declines 
in ETR, PI, and YII, accompanied by an increase in Fo/Fm as early as Days 5–7, together with marked reductions in 
PDLWP, gs, and E, reflecting higher vulnerability to water limitation.

Notably, although mean trajectories differed clearly between clusters (Table 2, S3 Fig), genotypes within the same 
biomass group still exhibited heterogeneous physiological responses, indicating that biomass-based stratification does not 
fully capture the diversity of drought response.

Selection of drought-tolerant genotypes across cultivation status and clusters

DFI values varied widely among genotypes (−4.93 to +2.40), indicating substantial variation in drought response. Based 
on k-means clustering, genotypes were classified into three groups representing 24 tolerant (DT), 91 intermediate 
(DI), and 50 sensitive (DS) genotypes (S4 Fig).

The tolerant group was characterized by higher DFI values, reflecting greater stability of photosynthetic performance 
under drought conditions, whereas sensitive genotypes showed strongly negative DFI values. The slightly positive DFI 
observed for 5 genotypes (Table 3) reflects a relative stability of photosynthetic performance under drought rather than an 
absolute increase in PI (Fig 4).

Trait interrelationships and predictors of drought tolerance

To identify morphophysiological traits capable of predicting drought resilience under baseline (Day 1) and at the termina-
tion of drought (Day 15), we conducted a Pearson correlation analysis. Under WW conditions, chlorophyll fluorescence 
parameters exhibited a strong correlation with DFI, with Fv/F₀ (r = −0.75), PI (r = −0.74), and Fv/Fm (r = −0.61) showing 
significant negative associations. In contrast, gas exchange traits (gs, E, and ETR), water status (PDLWP), Chlo, and 
LeafIncl exhibited negligible associations with DFI (r < −0.22). To determine whether trait DFI relationships persist once 

Table 2.  Mean square values for morphophysiological traits in C. canephora clusters under drought stress and well-watered conditions 
across all measurement points.

Trait Day Biomass Cluster Day: Biomass Cluster

Chlo 2136.47*** 250.29** 198.91**

E 65.56*** 0.2ns 1.00***

ETR 84670.03*** 2668.03*** 5575.26***

Fo/Fm 10.00*** 0.05ns 1.35***

Fv/Fm 13.73*** 0.06ns 1.94***

Fv/Fo 569.04*** 1.31ns 38.47***

PDLWP 101.24*** 24.65*** 3.28***

PI 1089.21*** 0.16ns 19.58***

YII 16.94*** 0.01ns 0.52***

gs 233400.38ns 1125.23** 351.98ns

Leafincl *** *** ***

*** significant level p ≤ 0.001, ** significant level p ≤ 0.01, * significant level p ≤ 0.05, ns, not significant.

https://doi.org/10.1371/journal.pone.0349873.t002
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drought is established (day 15), we repeated correlation, and no trait maintained a significant correlation with DFI (r < 0.26) 
(S5 Fig).

Linear regression analyses confirmed the predictive utility of baseline fluorescence traits. PI and Fv/Fo explained 55% 
and 57% of the variance in the DFI, respectively (R² adj. 0.55 and 0.57) (S6 Fig). While gas exchange parameters (ETR, 
gs, E), water status (PDLWP), and Chlo also exhibited negligible predictive power at baseline (R²adj < 0.05). Once drought 
was established by day 15, all predictive signals collapsed (S7 Fig).

Morphophysiological response of drought-tolerant and sensitive genotypes to drought stress

Based on the k-means classification of genotypes according to their drought response (DFI, see above), drought-tolerant 
and drought-sensitive groups were compared for morphophysiological traits at two key time points: the onset (Day 1) and 
end of stress (Day 15) (Fig 6).

Under WW conditions, DS genotypes consistently exhibited higher values for PI, YII, Fv/Fm, gs, and ETR compared 
to DT genotypes, indicating higher baseline physiological activity. In contrast, under DS conditions (Fig 6), DT genotypes 
maintained significantly higher gs, ETR, PI, Fv/Fm, and YII, suggesting their ability to sustain photosynthetic performance 
under stress. Overall, these results highlight a shift in relative performance between groups, with sensitive genotypes 

Table 3.  Top 24 drought-tolerant C. canephora genotypes ranked by DFI.

Genotype PhenoCluster Cultivation status DFI

288/11 Small Biomass Breeders selection 2.40

266S/25/1 Small Biomass Breeders selection 0.26

ZKO Small Biomass Zoka forest 0.23

266S/11/3 Small Biomass Breeders selection 0.21

226/65/1 Big Biomass Breeders selection 0.11

288/12 Big Biomass Breeders selection 0.00

KR1 Small Biomass KR line −0.19

1/30//2 Big Biomass Breeders line −0.30

BDN S5 Small Biomass Budongo forest −0.31

261S/15/1 Small Biomass Breeders selection −0.38

EU /17 Small Biomass Breeders selection −0.41

Q/1/1 Big Biomass Breeders selection −0.57

UFCT3 Big Biomass Breeders selection −0.60

209/29/8 Big Biomass Breeders selection −0.84

234/37/5 Small Biomass Breeders selection −1.09

254/28/4 Big Biomass Breeders selection −1.12

J24/13/59/4 Big Biomass Breeders selection −1.13

Kanengo 2/15 Small Biomass Breeders selection −1.15

BDN S13 Big Biomass Budongo forest −1.23

BD L8 T13 Small Biomass Budongo forest −1.26

266S/11/6 Big Biomass Breeders selection −1.30

BD L8 T6 Big Biomass Budongo forest −1.34

KR2 Big Biomass KR line −1.38

EU /3 Big Biomass Breeders selection −1.40

Across clusters, all DT, DI, and DS genotypes were identified. The small biomass cluster contained 11 DT genotypes (green dots), 44 DI (orange dots), 
and 14 DS (red dots) (Fig 4), whereas the big biomass cluster had 13 DT genotypes, 47 DI, and 36 DS genotypes. The DT genotypes originated from all 
the cultivation statuses (S1 Table). The distribution of DT and DS genotypes differed significantly between biomass clusters.

https://doi.org/10.1371/journal.pone.0349873.t003
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exhibiting higher initial values under WW conditions, but stronger declines under drought stress compared to tolerant 
genotypes.

Discussion

Drought stress is a serious abiotic constraint to C. canephora production, affecting photosynthesis, disrupting key meta-
bolic processes, and curtailing physiological performance [4,35,70,71]. In this study, imposing drought stress significantly 
lowered physiological performance across C. canephora genotypes, irrespective of their biomass clusters (Table 2, Fig 3, 
S3 Fig). Although both clusters showed declines relative to the WW baseline, the magnitude of reduction varied sharply 
between them (S3 Fig). Genotypes in the big-biomass cluster experienced greater declines in PDLWP, Leafincl, gs, E, 
ETR, and in photosynthetic efficiency parameters (PI, YII, Fv/Fm) (Fig 3). These reductions point to impaired hydrau-
lic control, excessive transpiration, and restricted capacity for carbon assimilation under stress [72–74]. In contrast, 
small-biomass genotypes displayed a more moderate decline in these parameters, consistent with lower water use and 
conservative transpiration [27,72,75,76]. This divergence between the clusters suggests that tolerance is genotype-
specific rather than solely determined by plant size. Similar trade-offs were reported in wheat and maize, where compact 
architectures are associated with cooler canopies, delayed senescence, and heightened drought tolerance [77–79]. These 
observations suggest that breeding for drought tolerance in C. canephora should prioritize specific physiological resilience 
traits rather than biomass or vigor alone, as tolerance can occur independently of plant size [74,80].

Fig 4.  Distribution of drought-tolerant and sensitive genotypes across the biomass clusters. Violin plots showing the Drought Factor Index (DFI) 
across two phenotypic clusters under drought stress. Each dot represents a genotype (green = tolerant, orange = intermediate, and red = sensitive). 
Boxes indicate interquartile ranges with median lines, **p ≤ 0.001) significant difference between clusters; overlap of red and green dots within clusters 
reflects genotype-specific variation in drought response.

https://doi.org/10.1371/journal.pone.0349873.g004
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Correlation and regression analyses revealed that baseline fluorescence traits emerged as the strongest early predic-
tors of drought resilience in C. canephora. Under WW conditions (Day 1), Fv/F₀, PI, and Fv/Fm showed strong negative 
correlations with DFI (r = –0.75, –0.74, and –0.61; Fig 5). These signals translated into substantial predictive power, with PI 
and Fv/F₀ explaining 55% and 57% of DFI variance. Gas‑exchange traits (gs, E, and ETR), water‑status (PDLWP), chloro-
phyll content (Chlo), and leaf inclination (LeafIncl) showed negligible associations (r < −0.22; R²adj < 0.05) (S6 Fig). Once 
drought was established, all trait–DFI relationships collapsed (r < 0.26; S5 Fig and S7 Fig), indicating that severe stress 
drives physiological convergence and masks genotype-level differences [81]. This pattern aligns with reports that early 
photochemical efficiency is more heritable and genotype‑specific than late‑stage stress responses, which often saturate 
across genotypes [82,83]. The strong performance of PI and Fv/F₀ is consistent with their sensitivity to PSII damage and 
energy‑dissipation dynamics, which are tightly linked to drought tolerance across perennial crops [84]. Together, these 
results position baseline PI and Fv/F₀ as robust, scalable, and biologically interpretable indicators for early selection of 
drought‑resilient coffee genotypes.

Improving drought tolerance in C. canephora remains a challenge because the trait is complex and polygenic in nature 
[85,86]. Traditional multivariate techniques such as hierarchical clustering, PCA, and linear discriminant analysis have 
been used to single out genotypes that can withstand drought stress [42–44]. However, they fail when trying to capture 
the ever‑shifting web of trait interactions while ranking genotypes based on functional drought resilience [42–44]. The 

Fig 5.  Pearson correlations among morphophysiological traits in C. canephora on day 1 of WW condition. The heatmap displays correlation. 
among the DFI, Y(II), ETR, Fv/Fm, Fv/Fo, Fo/Fm, PI gs, E Chlo, PDLWP, and Leafincl. Circle color denotes the direction of correlation (blue = positive; 
red = negative), while circle size reflects the strength of the association (larger circles = stronger correlations).

https://doi.org/10.1371/journal.pone.0349873.g005
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drought factor index (DFI), which takes into consideration the intensity and duration of stress across a suite of physiologi-
cal signals, overcomes these hurdles by linking adaptive performance squarely to photosynthetic performance [47–49,87]. 
While previously applied to cereals such as barley and sorghum [46,49], this study presents its first comprehensive appli-
cation in C. canephora. Using DFI, 165 genotypes were evaluated, and 24 high performant accessions were identified 
as drought tolerant (Table 3, S4 Fig and Fig 4). These tolerant genotypes came from both biomass clusters and across 
cultivation statuses (breeder selections, breeders’ lines, KR commercial lines, and natural forest populations), suggesting 
that drought tolerance is not linked to plant size or cultivation status. This finding contrasts with earlier reports suggesting 
a close association between vigor and drought response in coffee [80,88]. The broad distribution of tolerant genotypes 
across cultivation status points to genetic variation as the primary driver of drought resilience in C. canephora rather than 
the growth habit or cultivation status [38,88].

Under WW conditions, sensitive genotypes showed significantly higher chlorophyll fluorescence (Fv/Fm, Fv/Fo, 
and Y(II)) than tolerant ones (Fig 6). This suggests a vigorous photosynthetic strategy that maximizes carbon gain and 
depends heavily on sufficient water supply [89,90]. Such high fluorescence under non-stressed conditions, was also 
reported in other crops, and often signifies fast-growing genotypes with limited regulatory capacity under water deficit 
[89,91]. In contrast, tolerant genotypes maintained higher Fv/Fm, Fv/Fo, PI, gs, ETR, and less negative PDLWP under 
drought stress, depicting enhanced photochemical stability, regulated stomatal control, and effective water conservation, 

Fig 6.  Physiological responses of drought-tolerant (DT) and drought-sensitive (DS) C. canephora genotypes at the onset of stress (no stress, 
day 1) and at the end of stress (day 15). Bars represent model-derived estimated marginal means (± 95% confidence intervals) for ETR, Fv/Fm, gs, 
PDLWP, PI, and YII. Genotypes were classified into tolerance groups based on k-means clustering of drought response indices.

https://doi.org/10.1371/journal.pone.0349873.g006
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key attributes of drought adaptation [92,93]. These patterns indicate that drought tolerance in C. canephora depends on 
sustaining leaf water potential and coordinated control of photosynthetic and stomatal functions. Such traits represent 
reliable physiological indicators and breeding targets for improving coffee drought resilience.

Overall, this study demonstrates that drought tolerance in C. canephora is physiologically anchored in the coordinated 
maintenance of leaf water potential, photosynthetic stability, independent of plant size or cultivation status. The identifica-
tion of tolerant genotypes across biomass clusters and cultivation status underscores the complexity and polygenic nature 
of drought resilience in coffee.

Although this study identified drought‑tolerant varieties, extrapolation of these findings to field conditions must be 
made with caution. Container‑grown plants experience constrained rooting volumes that can modify root system archi-
tecture, hydraulic conductance, and soil–plant signaling, often accelerating soil drying and intensifying drought stress 
relative to open‑field soils [94,95]. Such systems also limit access to deep or heterogeneous soil profiles and buffer 
plants from the spatial and temporal variability in microclimate, soil moisture, and biotic interactions that shape drought 
adaptation under natural environments [96,97]. As such, trait expression, particularly for parameters linked to water 
uptake, stomatal regulation, and canopy transpiration, may differ in magnitude or stability compared with field‑grown 
plants [98]. While the controlled screenhouse enabled standardized stress imposition and precise physiological pheno-
typing, several experimental limitations persist. The relatively short‑lived drought period restricts assessment of chronic 
stress responses and post‑stress recovery dynamics. In addition, it cannot fully capture long‑term acclimation processes 
or genotype × environment interactions documented in field studies [94,95]. Field validation across diverse agroecological 
settings will therefore be essential to confirm the agronomic relevance, yield stability, and durability of the drought‑toler-
ant genotypes identified here.

Future studies should focus on dissecting the anatomical, biochemical, and molecular mechanisms underlying these 
physiological traits, integrating multi-omics analyses to unravel the regulatory networks that confer stability under water 
deficit. Beyond physiological markers, linking drought tolerance with agronomic performance, yield stability, and quality 
traits such as cup quality and pest resilience will be critical for translating screenhouse insights into field-ready cultivars. 
Establishing such integrative trait networks will not only deepen our understanding of drought adaptation in C. canephora 
but also accelerate the development of climate-resilient varieties optimized for sustainable production in water-limited 
environments.

Conclusion

This study demonstrates that drought resilience in Ugandan C. canephora is driven primarily by genotype‑specific 
photochemical stability rather than plant vigor or cultivation status. Although drought reduced gas exchange and PSII 
function across all 165 accessions, a subset of 24 genotypes maintained superior water relations and sustained PSII 
efficiency under severe stress. Photosynthetic performance index (PI) and Fv/F₀ were the strongest predictors of 
drought fitness, explaining 55% and 57% of DFI variance, far outperforming gas-exchange traits and pre-dawn water 
potential (R²adj < 0.05). These results identify photochemical integrity as a core mechanism of drought tolerance in C. 
canephora and highlight PI and Fv/F₀ as operationally powerful selection traits. Incorporating these traits into breed-
ing pipelines will increase selection accuracy and accelerate the development of climate‑resilient coffee cultivars for 
drought‑prone regions.

Supporting information

S1 Fig. Seasonal temperature and humidity trends inside the screenhouse. Average relative humidity (left axis) 
and temperature (right axis) recorded from May to December 2024 using seven Tinytag data loggers installed across the 
screenhouse to have a good spatial distribution of Tinytag sensors, showing pre-stress and drought stress periods.
(TIF)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s001
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S2 Fig. Phenotypic clustering of C. canephora genotypes based on growth traits. A, Elbow plot showing optimal 
clustering at k = 2; B, PCA biplot of standardized growth traits, with genotypes grouped into two clusters: cluster 1 (smaller 
biomass) (blue) and cluster 2 (larger biomass) (red).
(TIFF)

S1 Table. Descriptive and comparative statistical analysis of 11 morphophysiological traits in drought stress 
and well-watered conditions across clusters, over all measurement points. Trt: treatment corresponding to Day 
1 (WW) or Day 15 (DS); Min: minimum value of the trait within group (raw), Max: maximum value of the trait within 
group (raw), Mean ± SE: estimated marginal mean and standard error from the mixed model accounting for batch 
(emmeans); SD: standard deviation within group (raw); CV (%): coefficient of variation computed from raw values 
(raw).
(CSV)

S2 Table. Mean square ANOVA results from a spline-based linear mixed model analyzing physiological traits. Sig-
nificance levels are denoted by asterisks: * p < 0.05, *** p < 0.001; ns indicates non-significant results.
(CSV)

S3 Fig. Temporal trajectories of key morpho-physiological traits in C. canephora clusters under increasing 
drought stress. Each panel shows model-derived estimated marginal means (± confidence intervals of the estimated 
marginal means, reflecting uncertainty of the modeled means rather than the variability among individual plants) from 
spline-based mixed models across stress days (Day 1 to Day 15) for the small biomass cluster (blue) and big biomass 
cluster (red).
(TIFF)

S4 Fig. Identification of drought response phenotypes using k-means clustering. (Left) Elbow plot depicting the 
within-cluster sum of squares (WSS) across candidate cluster number (k = 3) indicating the optimal partitioning of the 
dataset. (b) Distribution of the DFI across the three identified response groups: Tolerant (n = 24), Intermediate (n = 91), and 
Sensitive (n = 50).
(TIFF)

S5 Fig. Pearson correlations among morphophysiological traits in C. canephora on day 15 of drought stress. The 
heat map displays correlations between the DFI, Y(II), ETR, Fv/Fm, Fv/Fo, Fo/Fm, PI], gs, E, Chlo, PDLWP, and Leafincl. 
Circle color indicates correlation direction (blue = positive, red = negative), and circle size scales with absolute correlation 
strength (|r|). Pearson’s r coefficients are displayed within each circle.
(TIFF)

S6 Fig. Linear regressions between DFI as independent variable and morphophysiological traits as responsive 
variables at day 1 (WW conditions). 
(TIFF)

S7 Fig. Linear regressions between DFI as independent variable and morphophysiological traits as responsive 
variables at day 15 (DS conditions). 
(TIFF)

Acknowledgments

The authors would like to thank all the technicians involved in agronomic management of the plants, including cloning, 
watering, and fertilizer application.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349873.s009


PLOS One | https://doi.org/10.1371/journal.pone.0349873  May 26, 2026 17 / 21

Author contributions

Conceptualization: Milton Ali, Settumba B Mukasa, Valerie Poncet, Godfrey Sseremba, Pierre Marraccini, Pascal Musoli, 
Daphne Nyachaki Bitalo, Hervé Etienne, Mildred Ochwo Ssemakula, Geofrey Arinaitwe, Boris Delahaie, Mathieu 
Gonin.

Data curation: Milton Ali, Valerie Poncet, Pierre Marraccini, Pascal Musoli, Michael Kanaabi, Doreen Murenju Chelangat, 
Mildred Julian Nakanwagi, Sophie Léran, Anitah Tusiimire, Naome Aryatwijuka, Qurayish Musinguzi, Boris Delahaie, 
Mathieu Gonin.

Formal analysis: Milton Ali, Valerie Poncet, Michael Kanaabi, Doreen Murenju Chelangat, Denis Fabre, Boris Delahaie, 
Mathieu Gonin.

Funding acquisition: Pascal Musoli, Geofrey Arinaitwe.

Investigation: Milton Ali, Pierre Marraccini, Mathieu Gonin.

Methodology: Milton Ali, Settumba B Mukasa, Valerie Poncet, Godfrey Sseremba, Pierre Marraccini, Pascal Musoli, 
Daphne Nyachaki Bitalo, Hervé Etienne, Mildred Ochwo Ssemakula, Doreen Murenju Chelangat, Denis Fabre, Boris 
Delahaie, Mathieu Gonin.

Project administration: Pascal Musoli, Geofrey Arinaitwe.

Software: Milton Ali, Michael Kanaabi, Doreen Murenju Chelangat, Boris Delahaie.

Supervision: Settumba B Mukasa, Valerie Poncet, Godfrey Sseremba, Pierre Marraccini, Pascal Musoli, Daphne 
Nyachaki Bitalo, Hervé Etienne, Mildred Ochwo Ssemakula, Boris Delahaie, Mathieu Gonin.

Validation: Milton Ali, Valerie Poncet, Boris Delahaie, Mathieu Gonin.

Visualization: Milton Ali, Valerie Poncet, Boris Delahaie, Mathieu Gonin.

Writing – original draft: Milton Ali, Valerie Poncet.

Writing – review & editing: Milton Ali, Settumba B Mukasa, Valerie Poncet, Godfrey Sseremba, Pierre Marraccini, Pascal 
Musoli, Daphne Nyachaki Bitalo, Hervé Etienne, Michael Kanaabi, Doreen Murenju Chelangat, Denis Fabre, Mildred 
Julian Nakanwagi, Sophie Léran, Anitah Tusiimire, Naome Aryatwijuka, Qurayish Musinguzi, Geofrey Arinaitwe, Boris 
Delahaie, Mathieu Gonin.

References
	1.	 Xepapadeas A. Uncertainty and climate change: The IPCC approach vs decision theory. J Behav Exp Econ. 2024;109:102188. https://doi.

org/10.1016/j.socec.2024.102188

	2.	 Zhai P, Pörtner HO, Roberts D, Skea J, Shukla PR, Pirani A, et al. Global warming of 1.5 C. An IPCC Special Report on the impacts of global warm-
ing of 1.5 C above pre-industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global response to 
the threat of climate change, sustainable development, and efforts to eradicate poverty. Intergov Panel Clim Change. 2018.

	3.	 Bianco GB. Climate change adaptation, coffee, and corporate social responsibility: challenges and opportunities. Int J Corp Soc Responsib. 
2020;5(1):3. https://doi.org/10.1186/s40991-020-00048-0

	4.	 Borgo L, Rabêlo FHS, Marchiori PER, Guilherme LRG, Guerra-Guimarães L, Resende MLV de. Impact of Drought, Heat, Excess Light, and Salinity 
on Coffee Production: Strategies for Mitigating Stress Through Plant Breeding and Nutrition. Agriculture. 2025;15(1):9. https://doi.org/10.3390/
agriculture15010009

	5.	 Rodrigues C, Trindade C, Geraldo S, Assude P, Nunes J, Beato JC, et al. Threats, challenges, and solutions to the coffee crop under a climate 
change scenario – An industry perspective. Advances in Botanical Research. Elsevier. 2025. p. 589–617. https://doi.org/10.1016/bs.abr.2024.06.002

	6.	 Pancsira J. International coffee trade: a literature review. J Agric Inform. 2022;13(1). https://doi.org/10.17700/jai.2022.13.1.654

	7.	 Pascucci F. The state of the global coffee sector. Sustainability in the coffee supply chain: tensions and paradoxes. Cham: Springer Nature Switzer-
land. 2024. p. 57–75. https://doi.org/10.1007/978-3-031-72502-9_4

	8.	 Statista. World Arabica coffee production from 2005/06 to 2021/2022. https://www.statista.com/statistics/225400/world-arabica-coffee-production/. 
2022. Accessed 2023 April 7.

https://doi.org/10.1016/j.socec.2024.102188
https://doi.org/10.1016/j.socec.2024.102188
https://doi.org/10.1186/s40991-020-00048-0
https://doi.org/10.3390/agriculture15010009
https://doi.org/10.3390/agriculture15010009
https://doi.org/10.1016/bs.abr.2024.06.002
https://doi.org/10.17700/jai.2022.13.1.654
https://doi.org/10.1007/978-3-031-72502-9_4
https://www.statista.com/statistics/225400/world-arabica-coffee-production/


PLOS One | https://doi.org/10.1371/journal.pone.0349873  May 26, 2026 18 / 21

	 9.	 MAAIF. Uganda sets new export record by doubling coffee earnings to US$2.2 billion in 2024/2025. https://africanagribusiness.com/uganda-sets-
new-export-record-by-doubling-coffee-earnings-in-2024-2025/4686/. 2025. Accessed 2025 August 12.

	10.	 Mukasa D, Rusinamhodzi L, van Asten PietJA, Amwonya D, Sseguya H, Okiror FA, et al. A stepwise approach to facilitate adoption of climate 
smart practices for smallholder coffee production in Uganda. International Journal of Agricultural Sustainability. 2025;23(1). https://doi.org/10.1080/
14735903.2025.2513790

	11.	 Nakyagaba WN, Talwana H, Kyamanywa S, Kagezi GH, Bamutaze Y, Mfitumukiza D. Biophysical Constraints to Robusta Coffee Productivity in 
Low, Moderate, and High Rainfall Areas. International Journal of Agronomy. 2024;2024(1):4683226. https://doi.org/10.1155/ioa/4683226

	12.	 Byrareddy V, Kouadio L, Kath J, Mushtaq S, Rafiei V, Scobie M, et al. Win-win: Improved irrigation management saves water and increases yield 
for robusta coffee farms in Vietnam. Agricultural Water Management. 2020;241:106350. https://doi.org/10.1016/j.agwat.2020.106350

	13.	 Byrareddy V, Kouadio L, Mushtaq S, Stone R. Sustainable production of robusta coffee under a changing climate: A 10-year monitoring of fertilizer 
management in coffee farms in Vietnam and Indonesia. Agronomy. 2019;9(9):499. https://doi.org/10.3390/agronomy9090499

	14.	 Musoli CP, Pinard F, Charrier A, Kangire A, ten Hoopen GM, Kabole C, et al. Spatial and temporal analysis of coffee wilt disease caused by Fusar-
ium xylarioides in Coffea canephora. Eur J Plant Pathol. 2008;122(4):451–60. https://doi.org/10.1007/s10658-008-9310-5

	15.	 Musoli PC, Kangire A, Leroy T, Nabaggala A, Nakendo S, Olal S. Towards a variety resistant to coffee wilt disease (CWD): a case for robusta cof-
fee (Coffea canephora) in Uganda. In: 22nd International Conference on Coffee Science. Campinas, SP, Brazil. 2009;1472–9.

	16.	 Musoli PC, Girma A, Hakiza GJ, Kangire A, Pinard F, Agwanda C. Breeding for resistance against coffee wilt disease. In: Flood J, editor. Coffee wilt 
disease. 1st ed. UK: CABI. 2010. p. 155–75. https://doi.org/10.1079/9781845936419.0155

	17.	 Kyalo G, Kagezi GH, Olango ND, Anyijuka M, Twesigye V, Musasizi JK. Incidence, damage and management of the major pests and diseases of 
robusta coffee, [Coffea canephora (Pierre Ex A. Froehner)] in Uganda. J Agric Sci. 2024;17(1):70. https://doi.org/10.5539/jas.v17n1p70

	18.	 Lwiza F, Barkley A. Climate variation effect on Robusta coffee (Coffea canephora) yield in Uganda. Reg Environ Change. 2025;25(2). https://doi.
org/10.1007/s10113-025-02370-4

	19.	 DaMatta FM, Ramalho JDC. Impacts of drought and temperature stress on coffee physiology and production: a review. Braz J Plant Physiol. 
2006;18(1):55–81. https://doi.org/10.1590/s1677-04202006000100006

	20.	 Jordaim RB, Colodetti TV, Rodrigues WN, Salles RA de, Amaral JFT do, Maciel LS. Genotypic performance of Coffea canephora at transitional 
altitudes for climate-resilient coffee cultivation. Horticulturae. 2025;11(6):595.

	21.	 Martins MQ, Partelli FL, Golynski A, de Sousa Pimentel N, Ferreira A, de Oliveira Bernardes C. Adaptability and stability of Coffea canephora 
genotypes cultivated at high altitude and subjected to low temperature during the winter. Sci Hortic. 2019;252:238–42. https://doi.org/10.1016/j.
scienta.2019.03.044

	22.	 Kath J, Byrareddy VM, Craparo A, Nguyen-Huy T, Mushtaq S, Cao L, et al. Not so robust: Robusta coffee production is highly sensitive to tempera-
ture. Glob Chang Biol. 2020;26(6):3677–88. https://doi.org/10.1111/gcb.15097 PMID: 32223007

	23.	 Cabusora CC. Developing climate-resilient crops: adaptation to abiotic stress-affected areas. Technol Agron. 2024;4(1):0–0. https://doi.
org/10.48130/tia-0024-0002

	24.	 Campuzano-Duque LF, Blair MW. Strategies for robusta coffee (Coffea canephora) improvement as a new crop in Colombia. Agriculture. 
2022;12(10):1576. https://doi.org/10.3390/agriculture12101576

	25.	 de Souza GAR, Baroni DF, Bernado W de P, Santos AR, Barcellos LC de S, Barcelos LFT, et al. Leaf to root morphological and anatomical indica-
tors of drought resistance in coffea canephora after two stress cycles. Agriculture. 2025;15(6):574. https://doi.org/10.3390/agriculture15060574

	26.	 Pinheiro HA, Damatta FM, Chaves ARM, Loureirc ME, Ducatti C. Drought tolerance is associated with rooting depth and stomatal control of water 
use in clones of coffea canephora. Ann Bot. 2005;96(1):101–8. https://doi.org/10.1093/aob/mci154

	27.	 Roonprapant P, Arunyanark A, Chutteang C. Morphological and physiological responses to water deficit stress conditions of robusta coffee (Coffea 
canephora) genotypes in Thailand. Agric Nat Resour. 2021;55(3):473–84.

	28.	 Avila RT, Cardoso AA, de Almeida WL, Costa LC, Machado KL, Barbosa ML, et al. Coffee plants respond to drought and elevated [CO2] through 
changes in stomatal function, plant hydraulic conductance, and aquaporin expression. Environmental and Experimental Botany. 2020;177:104148.

	29.	 Martins SCV, Sanglard ML, Morais LE, Menezes-Silva PE, Mauri R, Avila RT, et al. How do coffee trees deal with severe natural droughts? 
An analysis of hydraulic, diffusive and biochemical components at the leaf level. Trees. 2019;33(6):1679–93. https://doi.org/10.1007/
s00468-019-01889-4

	30.	 Rodrigues WP, Silva JR, Ferreira LS, Filho JAM, Figueiredo FAMMA, Ferraz TM, et al. Stomatal and photochemical limitations of  
photosynthesis in coffee (Coffea spp.) plants subjected to elevated temperatures. Crop & Pasture Science. 2018;69(3):317–25. https://doi.
org/10.1071/cp17044

	31.	 Silva PC da, Junior WQR, Ramos MLG, Rocha OC, Veiga AD, Silva NH, et al. Physiological Changes of Arabica Coffee under Different Intensities 
and Durations of Water Stress in the Brazilian Cerrado. Plants (Basel). 2022;11(17):2198. https://doi.org/10.3390/plants11172198 PMID: 36079581

	32.	 Brodribb TJ, McAdam SAM. Evolution of the Stomatal Regulation of Plant Water Content. Plant Physiol. 2017;174(2):639–49. https://doi.
org/10.1104/pp.17.00078 PMID: 28404725

	33.	 de Oliveira Santos M, Coelho LS, Carvalho GR, Botelho CE, Torres LF, Vilela DJM, et al. Photochemical efficiency correlated with candidate gene 
expression promote coffee drought tolerance. Sci Rep. 2021;11(1):7436. https://doi.org/10.1038/s41598-021-86689-y PMID: 33795742

https://africanagribusiness.com/uganda-sets-new-export-record-by-doubling-coffee-earnings-in-2024-2025/4686/
https://africanagribusiness.com/uganda-sets-new-export-record-by-doubling-coffee-earnings-in-2024-2025/4686/
https://doi.org/10.1080/14735903.2025.2513790
https://doi.org/10.1080/14735903.2025.2513790
https://doi.org/10.1155/ioa/4683226
https://doi.org/10.1016/j.agwat.2020.106350
https://doi.org/10.3390/agronomy9090499
https://doi.org/10.1007/s10658-008-9310-5
https://doi.org/10.1079/9781845936419.0155
https://doi.org/10.5539/jas.v17n1p70
https://doi.org/10.1007/s10113-025-02370-4
https://doi.org/10.1007/s10113-025-02370-4
https://doi.org/10.1590/s1677-04202006000100006
https://doi.org/10.1016/j.scienta.2019.03.044
https://doi.org/10.1016/j.scienta.2019.03.044
https://doi.org/10.1111/gcb.15097
http://www.ncbi.nlm.nih.gov/pubmed/32223007
https://doi.org/10.48130/tia-0024-0002
https://doi.org/10.48130/tia-0024-0002
https://doi.org/10.3390/agriculture12101576
https://doi.org/10.3390/agriculture15060574
https://doi.org/10.1093/aob/mci154
https://doi.org/10.1007/s00468-019-01889-4
https://doi.org/10.1007/s00468-019-01889-4
https://doi.org/10.1071/cp17044
https://doi.org/10.1071/cp17044
https://doi.org/10.3390/plants11172198
http://www.ncbi.nlm.nih.gov/pubmed/36079581
https://doi.org/10.1104/pp.17.00078
https://doi.org/10.1104/pp.17.00078
http://www.ncbi.nlm.nih.gov/pubmed/28404725
https://doi.org/10.1038/s41598-021-86689-y
http://www.ncbi.nlm.nih.gov/pubmed/33795742


PLOS One | https://doi.org/10.1371/journal.pone.0349873  May 26, 2026 19 / 21

	34.	 Dubberstein D, Lidon FC, Rodrigues AP, Semedo JN, Marques I, Rodrigues WP, et al. Resilient and Sensitive Key Points of the Photosynthetic 
Machinery of Coffea spp. to the Single and Superimposed Exposure to Severe Drought and Heat Stresses. Front Plant Sci. 2020;11:1049. https://
doi.org/10.3389/fpls.2020.01049 PMID: 32733525

	35.	 Lima ALS, DaMatta FM, Pinheiro HA, Totola MR, Loureiro ME. Photochemical responses and oxidative stress in two clones of Coffea canephora 
under water deficit conditions. Environmental and Experimental Botany. 2002;47(3):239–47.

	36.	 Kiwuka C, Goudsmit E, Tournebize R, De Aquino SO, Douma JC, Bellanger L. Genetic diversity of native and cultivated Ugandan Robusta coffee 
(Coffea canephora Pierre ex A. Froehner): Climate influences, breeding potential and diversity conservation. PLoS One. 2021;16(2):e0245965. 
https://doi.org/10.1371/journal.pone.0245965

	37.	 Musoli P, Cubry P, Aluka P, Billot C, Dufour M, De Bellis F, et al. Genetic differentiation of wild and cultivated populations: diversity of Coffea 
canephora Pierre in Uganda. Genome. 2009;52(7):634–46. https://doi.org/10.1139/G09-037 PMID: 19767894

	38.	 Kiwuka C, Vos J, Douma JC, Musoli P, Mulumba JW, Poncet V, et al. Intraspecific variation in growth response to drought stress across geographic 
locations and genetic groups in Coffea canephora. Ecol Evol. 2023;13(1):e9715. https://doi.org/10.1002/ece3.9715 PMID: 36620399

	39.	 Sseremba G, Tongoona PB, Musoli P, Eleblu JSY, Melomey LD, Bitalo DN, et al. Viability of Deficit Irrigation Pre-Exposure in Adapting Robusta 
Coffee to Drought Stress. Agronomy. 2023;13(3):3. https://doi.org/10.3390/agronomy13030674

	40.	 Sinclair TR. Challenges in breeding for yield increase for drought. Trends Plant Sci. 2011;16(6):289–93. https://doi.org/10.1016/j.
tplants.2011.02.008 PMID: 21419688

	41.	 Blum A. Plant breeding for water-limited environments. Springer Science & Business Media. 2010. https://books.google.com/books?hl=en&l-
r=&id=YZ2ZaemX-BQC&oi=fnd&pg=PR7&dq=Blum,+A.+Plant+Breeding+for+Water-Limited+Environments.+Springer,+New+York+(2011).&ots=_
faADKkSru&sig=cqFrmBYL0ObT2O0aiYzaWb4ytNE

	42.	 Mohi-Ud-Din M, Hossain MA, Rohman MM, Uddin MN, Haque MS, Ahmed JU, et al. Multivariate analysis of morpho-physiological traits reveals 
differential drought tolerance potential of bread wheat genotypes at the seedling stage. Plants (Basel). 2021;10(5):879. https://doi.org/10.3390/
plants10050879 PMID: 33925375

	43.	 Mohi-Ud-Din M, Hossain MA, Rohman MM, Uddin MN, Haque MS, Tahery MH. Multi-Trait Index-Based Selection of Drought Tolerant Wheat: Phys-
iological and Biochemical Profiling. Plants. 2025;14(1):35. https://doi.org/10.3390/plants14010035

	44.	 Pennacchi JP, Lira JMS, Rodrigues M, Garcia FHS, Mendonça AM das C, Barbosa JPRAD. A systemic approach to the quantification of the pheno-
typic plasticity of plant physiological traits: the multivariate plasticity index. J Exp Bot. 2021;72(5):1864–78.

	45.	 Piza MR, Luz SROT da, Andrade VT, Figueiredo VC, Abrahão JC de R, Bruzi AT, et al. Multiple Traits Selection Strategies: A Proposal for Coffee 
Plant Breeding. Agronomy. 2023;13(8):2033. https://doi.org/10.3390/agronomy13082033

	46.	 Amombo E, Gbibar M, Ashilenje DS, Hirich A, Kouisni L, Oukarroum A, et al. Screening for genetic variability in photosynthetic regulation provides 
insights into salt performance traits in forage sorghum under salt stress. BMC Plant Biol. 2024;24(1):690. https://doi.org/10.1186/s12870-024-
05406-9 PMID: 39030485

	47.	 Cahyo AN, Murti RH, Putra ETS, Oktavia F, Ismawanto S, Montoro P. Rubber Genotypes with Contrasting Drought Factor Index Revealed Different 
Mechanisms for Drought Resistance in Hevea brasiliensis. Plants (Basel). 2022;11(24):3563. https://doi.org/10.3390/plants11243563 PMID: 
36559675

	48.	 Cicek N, Arslan Ö, Çulha-Erdal Ş, Eyidoğan F, Ekmekci Y. Are the photosynthetic performance indexes and the drought factor index satisfactory 
selection criterion for stress. Fresen Env Bull. 2015;24(11c):4190–8.

	49.	 Oukarroum A, El Madidi S, Schansker G, Strasser RJ. Probing the responses of barley cultivars (Hordeum vulgare L.) by chlorophyll a fluores-
cence OLKJIP under drought stress and re-watering. Environmental and Experimental Botany. 2007;60(3):438–46.

	50.	 Aluka P. Genetic and phenotypic diversity of cultivated Robusta coffee (Coffea canephora Pierre) in Uganda and effect of environmental factors on 
quality. University of Nairobi. 2013. https://erepository.uonbi.ac.ke/handle/11295/63142

	51.	 Mulindwa J, Kaaya AN, Muganga L, Paga M, Musoli P, Sseremba G, et al. Cup quality profiles of Robusta coffee wilt disease resistant varieties 
grown in three agro-ecologies in Uganda. J Sci Food Agric. 2022;102(3):1225–32. https://doi.org/10.1002/jsfa.11460 PMID: 34358355

	52.	 Musoli PC, Cilas C, Pot D, Nabaggala A, Nakendo S, Pande J, et al. Inheritance of resistance to coffee wilt disease (Fusarium xylarioides Steyaert) 
in Robusta coffee (Coffea canephora Pierre) and breeding perspectives. Tree Genetics & Genomes. 2012;9(2):351–60. https://doi.org/10.1007/
s11295-012-0557-9

	53.	 Chekol H, Warkineh B, Shimber T, Mierek-Adamska A, Dąbrowska GB, Degu A. Drought Stress Responses in Arabica Coffee Genotypes: Physio-
logical and Metabolic Insights. Plants (Basel). 2024;13(6):828. https://doi.org/10.3390/plants13060828 PMID: 38592785

	54.	 Williams LE, Araujo FJ. Correlations among predawn leaf, midday leaf, and midday stem water potential and their correlations with other measures 
of soil and plant water status in Vitis vinifera. J Am Soc Hortic Sci. 2002;127(3):448–54.

	55.	 Dias PC, Araujo WL, Moraes GABK, Barros RS, DaMatta FM. Morphological and physiological responses of two coffee progenies to soil water 
availability. J Plant Physiol. 2007;164(12):1639–47. https://doi.org/10.1016/j.jplph.2006.12.004 PMID: 17291628

	56.	 Marraccini P, Vinecky F, Alves GS, Ramos HJ, Elbelt S, Vieira NG. Differentially expressed genes and proteins upon drought acclimation in tolerant 
and sensitive genotypes of Coffea canephora. J Exp Bot. 2012;63(11):4191–212.

	57.	 Améglio T, Archer P, Cohen M, Valancogne C, Daudet F, Dayau S, et al. Significance and limits in the use of predawn leaf water potential for tree 
irrigation. Plant Soil. 1999;207(2):155–67. https://doi.org/10.1023/a:1026415302759

https://doi.org/10.3389/fpls.2020.01049
https://doi.org/10.3389/fpls.2020.01049
http://www.ncbi.nlm.nih.gov/pubmed/32733525
https://doi.org/10.1371/journal.pone.0245965
https://doi.org/10.1139/G09-037
http://www.ncbi.nlm.nih.gov/pubmed/19767894
https://doi.org/10.1002/ece3.9715
http://www.ncbi.nlm.nih.gov/pubmed/36620399
https://doi.org/10.3390/agronomy13030674
https://doi.org/10.1016/j.tplants.2011.02.008
https://doi.org/10.1016/j.tplants.2011.02.008
http://www.ncbi.nlm.nih.gov/pubmed/21419688
https://books.google.com/books?hl=en&lr=&id=YZ2ZaemX-BQC&oi=fnd&pg=PR7&dq=Blum,+A.+Plant+Breeding+for+Water-Limited+Environments.+Springer,+New+York+(2011).&ots=_faADKkSru&sig=cqFrmBYL0ObT2O0aiYzaWb4ytNE
https://books.google.com/books?hl=en&lr=&id=YZ2ZaemX-BQC&oi=fnd&pg=PR7&dq=Blum,+A.+Plant+Breeding+for+Water-Limited+Environments.+Springer,+New+York+(2011).&ots=_faADKkSru&sig=cqFrmBYL0ObT2O0aiYzaWb4ytNE
https://books.google.com/books?hl=en&lr=&id=YZ2ZaemX-BQC&oi=fnd&pg=PR7&dq=Blum,+A.+Plant+Breeding+for+Water-Limited+Environments.+Springer,+New+York+(2011).&ots=_faADKkSru&sig=cqFrmBYL0ObT2O0aiYzaWb4ytNE
https://doi.org/10.3390/plants10050879
https://doi.org/10.3390/plants10050879
http://www.ncbi.nlm.nih.gov/pubmed/33925375
https://doi.org/10.3390/plants14010035
https://doi.org/10.3390/agronomy13082033
https://doi.org/10.1186/s12870-024-05406-9
https://doi.org/10.1186/s12870-024-05406-9
http://www.ncbi.nlm.nih.gov/pubmed/39030485
https://doi.org/10.3390/plants11243563
http://www.ncbi.nlm.nih.gov/pubmed/36559675
https://erepository.uonbi.ac.ke/handle/11295/63142
https://doi.org/10.1002/jsfa.11460
http://www.ncbi.nlm.nih.gov/pubmed/34358355
https://doi.org/10.1007/s11295-012-0557-9
https://doi.org/10.1007/s11295-012-0557-9
https://doi.org/10.3390/plants13060828
http://www.ncbi.nlm.nih.gov/pubmed/38592785
https://doi.org/10.1016/j.jplph.2006.12.004
http://www.ncbi.nlm.nih.gov/pubmed/17291628
https://doi.org/10.1023/a:1026415302759


PLOS One | https://doi.org/10.1371/journal.pone.0349873  May 26, 2026 20 / 21

	58.	 Motohashi R, Myouga F. Chlorophyll Fluorescence Measurements in Arabidopsis Plants Using a Pulse-amplitude-modulated (PAM) Fluorometer. 
BIO-PROTOCOL. 2015;5(9). https://doi.org/10.21769/bioprotoc.1464

	59.	 Estrada F, Gonzàlez‐Meler MA, Dias de Oliveira EA, del Pozo A, Lobos GA. Morphophysiological Plant Phenotyping for the Development of Plant 
Breeding Under Drought and Heat Conditions: A Practical Approach. Food and Energy Security. 2025;14(1). https://doi.org/10.1002/fes3.70030

	60.	 Rife TW, Poland JA. Field book: an open‐source application for field data collection on android. Crop Science. 2014;54(4):1624–7. https://doi.
org/10.2135/cropsci2013.08.0579

	61.	 R Core Team. Language and environment for statistical computing. https://www.R-Project.org/. 2025.

	62.	 Kassambara A. Practical guide to cluster analysis in R: Unsupervised machine learning. Sthda. 2017.

	63.	 Kassambara A, Mundt F. Package ‘factoextra’. Extr Vis Results Multivar Data Anal. 2017;76(2):10–18637.

	64.	 Figner B, Algermissen J, Burghoorn FJ, Chen Z, Fenneman J, Guo M. Standard operating procedures for using mixed-effects models. D2P2 Lab, 
Radboud University. 2024. http://decision-lab.org/wp-content/uploads/2020/07/SOP_Mixed_Models_D2P2_v1_0_0.pdf

	65.	 Kuznetsova A, Brockhoff PB, Christensen RH. lmerTest package: tests in linear mixed effects models. J Stat Softw. 2017;82:1–26.

	66.	 Allen M, Poggiali D, Whitaker K, Marshall TR, van Langen J, Kievit RA. Raincloud plots: a multi-platform tool for robust data visualization. Well-
come Open Res. 2021;4:63. https://doi.org/10.12688/wellcomeopenres.15191.2 PMID: 31069261

	67.	 Wickham H, Chang W, Wickham MH. Package ‘ggplot2.’ Create elegant data vis using gramm graph version. 2016. 1–189.

	68.	 Sedgwick P. Pearson’s correlation coefficient. BMJ. 2012;345:e4483. https://doi.org/10.1136/bmj.e4483

	69.	 Dufera AG, Liu T, Xu J. Regression models of Pearson correlation coefficient. Statistical Theory and Related Fields. 2023;7(2):97–106. https://doi.
org/10.1080/24754269.2023.2164970

	70.	 Ahmad N, Irfan A, Ahmad HR, Salma H, Tahir M, Tamimi SA. Impact of Changing Abiotic Environment on Photosynthetic Adaptation in 
Plants. In: Aftab T, editor. New Frontiers in Plant-Environment Interactions. Cham: Springer Nature Switzerland. 2023. p. 385–423. https://doi.
org/10.1007/978-3-031-43729-8_14

	71.	 Qiao M, Hong C, Jiao Y, Hou S, Gao H. Impacts of Drought on Photosynthesis in Major Food Crops and the Related Mechanisms of Plant 
Responses to Drought. Plants (Basel). 2024;13(13):1808. https://doi.org/10.3390/plants13131808 PMID: 38999648

	72.	 Edwards CE, Ewers BE, Weinig C. Genotypic variation in biomass allocation in response to field drought has a greater affect on yield than gas 
exchange or phenology. BMC Plant Biol. 2016;16(1):185. https://doi.org/10.1186/s12870-016-0876-3 PMID: 27558796

	73.	 Mathew I, Shimelis H, Mutema M, Clulow A, Zengeni R, Mbava N, et al. Selection of wheat genotypes for biomass allocation to improve drought 
tolerance and carbon sequestration into soils. J Agronomy Crop Science. 2019;205(4):385–400. https://doi.org/10.1111/jac.12332

	74.	 Silva PE, Cavatte PC, Morais LE, Medina EF, DaMatta FM. The functional divergence of biomass partitioning, carbon gain and water use in Coffea 
canephora in response to the water supply: implications for breeding aimed at improving drought tolerance. Environ Exp Bot. 2013;87:49–57.

	75.	 Jin Y, He J, Turner NC, Du YL, Li FM. Water-conserving and biomass-allocation traits are associated with higher yields in modern cultivars com-
pared to landraces of soybean [Glycine max (L.) Merr.] in rainfed water-limited environments. Environ Exp Bot. 2019;168:103883.

	76.	 Tezara W, Loyaga DW, Reynel Chila VH, Herrera A. Photosynthetic Limitations and Growth Traits of Four Arabica Coffee (Coffea arabica L.) Geno-
types under Water Deficit. Agronomy. 2024;14(8):1713. https://doi.org/10.3390/agronomy14081713

	77.	 Hu J, Zhao X, Gu L, Liu P, Zhao B, Zhang J, et al. The effects of high temperature, drought, and their combined stresses on the photosynthesis 
and senescence of summer maize. Agricultural Water Management. 2023;289:108525. https://doi.org/10.1016/j.agwat.2023.108525

	78.	 Nehe AS, Foulkes MJ, Ozturk I, Rasheed A, York L, Kefauver SC, et al. Root and canopy traits and adaptability genes explain drought tolerance 
responses in winter wheat. PLoS One. 2021;16(4):e0242472. https://doi.org/10.1371/journal.pone.0242472 PMID: 33819270

	79.	 Sowiński P, Wieliczko-Manowska K, Grzybowski M, Jończyk M, Sowiński J, Sobkowiak A, et al. Diverse coping modes of maize in cool environ-
ment at early growth. BMC Plant Biol. 2025;25(1):191. https://doi.org/10.1186/s12870-025-06198-2 PMID: 39948440

	80.	 Rakocevic M, Baroni DF, de Souza GAR, Bernado W de P, de Almeida CM, Matsunaga FT, et al. Correlating Coffea canephora 3D architecture to 
plant photosynthesis at a daily scale and vegetative biomass allocation. Tree Physiol. 2023;43(4):556–74. https://doi.org/10.1093/treephys/tpac138 
PMID: 36519756

	81.	 Shi S-H, Qiu C-W, Holford P, Wang F, Yu S, Wu F. Genotypic differences in morphological, physiological and agronomic traits in response to 
drought in tobacco genotypes. Plant Growth Regul. 2025;105(4):1043–56. https://doi.org/10.1007/s10725-025-01318-2

	82.	 Singh-Bakala H, Ravelombola F, Adeva C, Oliveira M, Zhang R, Argenta J, et al. Harnessing photosynthetic and morpho-physiological traits 
for drought-resilient soybean: integrating field phenotyping and predictive approaches. Front Plant Physiol. 2025;3. https://doi.org/10.3389/
fphgy.2025.1591146

	83.	 Ismaili A, Karami F, Akbarpour O, Rezaei Nejad A. Estimation of genotypic correlation and heritability of apricot traits, using restricted maximum 
likelihood in repeated measures data. Can J Plant Sci. 2016;96(3):439–47. https://doi.org/10.1139/cjps-2015-0253

	84.	 Bashir N, Athar H-U-R, Kalaji HM, Wróbel J, Mahmood S, Zafar ZU, et al. Is Photoprotection of PSII One of the Key Mechanisms for Drought Toler-
ance in Maize?. Int J Mol Sci. 2021;22(24):13490. https://doi.org/10.3390/ijms222413490 PMID: 34948287

https://doi.org/10.21769/bioprotoc.1464
https://doi.org/10.1002/fes3.70030
https://doi.org/10.2135/cropsci2013.08.0579
https://doi.org/10.2135/cropsci2013.08.0579
https://www.R-Project.org/
http://decision-lab.org/wp-content/uploads/2020/07/SOP_Mixed_Models_D2P2_v1_0_0.pdf
https://doi.org/10.12688/wellcomeopenres.15191.2
http://www.ncbi.nlm.nih.gov/pubmed/31069261
https://doi.org/10.1136/bmj.e4483
https://doi.org/10.1080/24754269.2023.2164970
https://doi.org/10.1080/24754269.2023.2164970
https://doi.org/10.1007/978-3-031-43729-8_14
https://doi.org/10.1007/978-3-031-43729-8_14
https://doi.org/10.3390/plants13131808
http://www.ncbi.nlm.nih.gov/pubmed/38999648
https://doi.org/10.1186/s12870-016-0876-3
http://www.ncbi.nlm.nih.gov/pubmed/27558796
https://doi.org/10.1111/jac.12332
https://doi.org/10.3390/agronomy14081713
https://doi.org/10.1016/j.agwat.2023.108525
https://doi.org/10.1371/journal.pone.0242472
http://www.ncbi.nlm.nih.gov/pubmed/33819270
https://doi.org/10.1186/s12870-025-06198-2
http://www.ncbi.nlm.nih.gov/pubmed/39948440
https://doi.org/10.1093/treephys/tpac138
http://www.ncbi.nlm.nih.gov/pubmed/36519756
https://doi.org/10.1007/s10725-025-01318-2
https://doi.org/10.3389/fphgy.2025.1591146
https://doi.org/10.3389/fphgy.2025.1591146
https://doi.org/10.1139/cjps-2015-0253
https://doi.org/10.3390/ijms222413490
http://www.ncbi.nlm.nih.gov/pubmed/34948287


PLOS One | https://doi.org/10.1371/journal.pone.0349873  May 26, 2026 21 / 21

	85.	 dos Santos TB, da Silva Ferreira MF, Marques I, Oliveira SC, Zaidan IR, Oliveira MG, et al. Current Challenges and Genomic Advances Towards 
the Development Resilient Coffee Genotypes to Abiotic Stresses. Genomic Designing for Abiotic Stress Resistant Technical Crops. Springer Inter-
national Publishing. 2022. p. 41–69. https://doi.org/10.1007/978-3-031-05706-9_3

	86.	 Ferrão RG, Pacova B, Ferrão L, Volpi PS, Ferrão M, da Fonseca AFA, et al. Coffea canephora breeding. https://biblioteca.incaper.es.gov.br/digital/
bitstream/123456789/3539/1/chapter-06-coffea-canephora-Breeding.pdf. 2019. Accessed 2025 October 13.

	87.	 Boureima S, Oukarroum A, Diouf M, Cisse N, Van Damme P. Screening for drought tolerance in mutant germplasm of sesame (Sesamum indicum) 
probing by chlorophyll a fluorescence. Environmental and Experimental Botany. 2012;81:37–43.

	88.	 de Aquino SO, Kiwuka C, Tournebize R, Gain C, Marraccini P, Mariac C, et al. Adaptive potential of Coffea canephora from Uganda in response to 
climate change. Mol Ecol. 2022;31(6):1800–19. https://doi.org/10.1111/mec.16360 PMID: 35060228

	89.	 Kalaji HM, Jajoo A, Oukarroum A, Brestic M, Zivcak M, Samborska IA, et al. Chlorophyll a fluorescence as a tool to monitor physiological status of 
plants under abiotic stress conditions. Acta Physiol Plant. 2016;38(4). https://doi.org/10.1007/s11738-016-2113-y

	90.	 Umar M, Siddiqui ZS. Florescence assessment of sunflower genotypes against drought stress environment. Pak J Bot. 2020;52(4):1181–8. https://
doi.org/10.30848/PJB2020-4(29)

	91.	 Jan MF, Li M, Liaqat W, Altaf MT, Liu C, Ahmad H, et al. Chlorophyll fluorescence: a smart tool for maize improvement. Cereal Research Communi-
cations. 2024;53(2):617–48. https://doi.org/10.1007/s42976-024-00573-9

	92.	 Belay GA, Zhang Z, Xu P. Physio-Morphological and Biochemical Trait-Based Evaluation of Ethiopian and Chinese Wheat Germplasm for Drought 
Tolerance at the Seedling Stage. Sustainability. 2021;13(9):4605. https://doi.org/10.3390/su13094605

	93.	 Zhang F, Zhu K, Wang YQ, Zhang ZP, Lu F, Yu HQ, et al. Changes in photosynthetic and chlorophyll fluorescence characteristics of sorghum under 
drought and waterlogging stress. Photosynt. 2019;57(4):1156–64. https://doi.org/10.32615/ps.2019.136

	94.	 Passioura JB. The perils of pot experiments. Functional Plant Biology. 2006;33(12):1075–9. https://doi.org/10.1071/fp06223

	95.	 Poorter H, B Hler J, van Dusschoten D, Climent J, Postma JA. Pot size matters: a meta-analysis of the effects of rooting volume on plant growth. 
Funct Plant Biol. 2012;39(11):839–50. https://doi.org/10.1071/FP12049 PMID: 32480834

	96.	 Affortit P, Ahmed MA, Grondin A, Delzon S, Carminati A, Laplaze L. Keep in touch: the soil-root hydraulic continuum and its role in drought resis-
tance in crops. J Exp Bot. 2024;75(2):584–93. https://doi.org/10.1093/jxb/erad312 PMID: 37549338

	97.	 Carminati A, Javaux M. Soil rather than xylem vulnerability controls stomatal response to drought. Trends Plant Sci. 2020;25(9):868–80. https://doi.
org/10.1016/j.tplants.2020.04.003

	98.	 Kharkina TG, Ottosen CO, Rosenqvist E. Effects of root restriction on the growth and physiology of cucumber plants. Physiol Plant. 
1999;105(3):434–41. https://doi.org/10.1034/j.1399-3054.1999.105307.x

https://doi.org/10.1007/978-3-031-05706-9_3
https://biblioteca.incaper.es.gov.br/digital/bitstream/123456789/3539/1/chapter-06-coffea-canephora-Breeding.pdf
https://biblioteca.incaper.es.gov.br/digital/bitstream/123456789/3539/1/chapter-06-coffea-canephora-Breeding.pdf
https://doi.org/10.1111/mec.16360
http://www.ncbi.nlm.nih.gov/pubmed/35060228
https://doi.org/10.1007/s11738-016-2113-y
https://doi.org/10.30848/PJB2020-4(29
https://doi.org/10.30848/PJB2020-4(29
https://doi.org/10.1007/s42976-024-00573-9
https://doi.org/10.3390/su13094605
https://doi.org/10.32615/ps.2019.136
https://doi.org/10.1071/fp06223
https://doi.org/10.1071/FP12049
http://www.ncbi.nlm.nih.gov/pubmed/32480834
https://doi.org/10.1093/jxb/erad312
http://www.ncbi.nlm.nih.gov/pubmed/37549338
https://doi.org/10.1016/j.tplants.2020.04.003
https://doi.org/10.1016/j.tplants.2020.04.003
https://doi.org/10.1034/j.1399-3054.1999.105307.x

	Intraspecific drought tolerance in Ugandan Coffea canephora for accelerated breeding selection
	Introduction
	Materials and methods
	Permits and ethical considerations
	Plant material
	Clonal propagation
	Experimental design and drought stress application
	Data collection
	Temperature and relative humidity monitoring. Microclimatic conditions within the screenhouse were monitored daily using seven dual-channel temperature and humidity data loggers (Tinytag Plus 2, TGP-4500; Gemini Data Loggers Ltd., UK) installed across the

	Phenotyping of coffee growth and morpho-physiological parameters
	Trait Measurements
	Pre-dawn leaf water potential
	Photosynthetic and chlorophyll fluorescence parameters
	Chlorophyll content
	Plant growth and morphological traits
	Data analysis
	Morphological variation analysis among the C. canephora accessions
	Comparative analysis of morphophysiological traits under increasing drought stress
	Drought Factor Index (DFI) calculation and trait-based analysis of tolerance
	Correlation and regression analyses of DFI determinants
	Comparison between drought tolerant and sensitive genotypes

	Results
	Biomass-based stratification of C. canephora accessions
	Overview of drought-induced trait changes from the onset to the end of stress
	Temporal dynamics of morphophysiological trait responses to drought stress
	Selection of drought-tolerant genotypes across cultivation status and clusters
	Trait interrelationships and predictors of drought tolerance
	Morphophysiological response of drought-tolerant and sensitive genotypes to drought stress

	Discussion
	Conclusion
	Supporting information
	References


