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Abstract

Crop wild relatives, the closely related species of crops, may harbour potentially
important sources of new allelic diversity for (a)biotic tolerance or resistance.
However, to date, wild diversity is only poorly characterized and evaluated.
Banana has a large wild diversity but only a narrow proportion is currently used
in breeding programmes. The main objective of this study was to evaluate
genotype-dependent transpiration responses in relation to the environment. By
applying continuous high-throughput phenotyping, we were able to construct
genotype-specific transpiration response models in relation to light, VPD and
soil water potential. We characterized and evaluated six (sub)species and
discerned four phenotypic clusters. Significant differences were observed in leaf
area, cumulative transpiration and transpiration efficiency. We confirmed a
general stomatal-driven ‘isohydric’ drought avoidance behaviour, but discovered
genotypic differences in the onset and intensity of stomatal closure. We
pinpointed crucial genotype-specific soil water potentials when drought
avoidance mechanisms were initiated and when stress kicked in. Differences
between (sub)species were dependent on environmental conditions, illustrating
the need for high-throughput dynamic phenotyping, modelling and validation.
We conclude that the banana wild relatives contain useful drought tolerance
traits, emphasising the importance of their conservation and potential for use in

breeding programmes.
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1 | INTRODUCTION

Human selection of plants has mainly focused on improving yields,
harvest efficiency and edibility. Such a selection has created genetic
bottlenecks as only a limited number of progenitors with beneficial
traits were selected (Zhang et al.,, 2017). Crop wild relatives, the
closely related species of cultivated crops, have been omitted in the
past because of their poor agronomic traits, but are receiving
increasing attention as they contain naturally acquired tolerances and
resistances to biotic and abiotic stresses (Bohra et al., 2021;
Dempewolf et al., 2017; King et al., 2017; Prohens et al., 2017).
Diversity of crop wild relatives was recently screened for drought
tolerance in alfalfa (Humphries et al., 2021), wheat (Aberkane
et al., 2021; Reynolds et al., 2007), barley (Honsdorf et al., 2014;
Naz et al., 2014), sorghum (Cowan et al., 2020; Ochieng et al., 2021)
and sunflower (Seiler et al., 2017) amongst many others. However,
most crop wild relatives remain poorly characterized and are hardly
phenotyped (Castafieda-Alvarez et al., 2016).

Banana (Musa spp.) production ranks among the top 15 crops
worldwide, with annual production of over 158 million tons
(FAO, 2019). However, all bananas exported today are still selections
from somatic mutants of the Cavendish group and have thereby a
very narrow genetic base (Ortiz & Vuylsteke, 1996). In contrast, there
is ample diversity in the crop wild relatives of bananas (Mertens,
Bawin, et al., 2021), which need to be conserved and characterized
(Castafieda-Alvarez et al., 2016; Eyland et al., 2020; Mertens,
Swennen, et al., 2021). Within the Musa acuminata subgroup, 10
different subspecies are commonly described (Christelova et al., 2017).
M. acuminata ssp. burmannica/siamea/burmannicoides, ssp. malaccen-
sis, ssp. zebrina and ssp. banksii were suggested to be the main
contributors to the A genome in cultivars and parthenocarpy has
been linked to M. acuminata ssp. banksii and M. acuminata ssp. errans
(Carreel et al., 2002; Martin et al., 2020; Perrier et al., 2011). The
most common wild progenitor used in banana breeding is ‘Calcutta 4’
(M. acuminata ssp. burmannicoides) because of its resistance to the
black Sigatoka fungal leaf disease and Fusarium wilt race 1 fungal
root disease (Goncalves et al., 2019; Ortiz & Swennen, 2014).

Banana production is sensitive to drought, with estimated yield
reductions of 8% per 100 mm shortage in water (van Asten
et al., 2011). In its most common agro-ecological zones, banana
requires between 1200 and 2600 mm year ! evenly distributed
throughout the year (Hegde & Srinivas, 1989; Machovina &
Feeley, 2013; van Asten et al., 2011). In commercial plantations,
the water requirements are met by irrigation (Carr, 2009; Ekanayake
et al, 1994), but these plantations only represent 15% of the global
production whereas farmer's production is typically rainfed. With
climate change, precipitation in banana-growing regions is expected
to shift or decrease, while temperatures and consequently air vapour
pressure deficits (VPDs) will continue to increase, thereby causing a
major risk for banana production (Calberto et al., 2015; Machovina &
Feeley, 2013; Rippke et al., 2016; Varma & Bebber, 2019). Improving
banana performance for future climate conditions through breeding

is therefore essential (Brown et al., 2020). Wild bananas, with

naturally acquired abiotic tolerance, are therefore key (Dempewolf
et al, 2017; Hajjar & Hodgkin, 2007). However, until now the
diversity in drought tolerance traits within the wild banana popula-
tions remains uncharacterized.

The main objective of this study was to evaluate the transpiration
responses to soil water deficit within wild banana relatives.
Measuring the plant water status in banana is however complex.
Typical thermodynamic measurements of leaf water potential are
impossible because of its peculiar latex vessel structure (Milburn
et al., 1990; Skutch, 1932; Turner et al., 2007). Stomatal conductance
or transpiration measurements are described as the most sensitive
descriptors (Carr, 2009; Turner & Thomas, 1998). By high-throughput
continuous phenotyping under fluctuating light, air VPD and soil
water content we built genotype-specific transpiration response
models and discerned genotype-specific behaviours. To our knowl-
edge, we present here the first evaluation of the impact of water
deficit on wild banana species as a function of the environmental
conditions, thereby pinpointing crucial events when drought avoid-
ance mechanisms are initiated and stress is experienced. This
knowledge will stimulate the incorporation of crop wild relatives in

banana drought breeding programmes.

2 | MATERIALS AND METHODS

Two experiments were performed. One high-throughput phenotyp-
ing experiment in the Phenodyn-PhenoArch platform hosted at M3P,
Montpellier Plant Phenotyping Platforms (https://wwwé.montpellier.
inra.fr/lepse/M3P), INRAE. A second validation experiment at the
Bioversity phenotyping platform hosted at KU Leuven, confirming
three contrasting phenotypes and coupling transpiration measure-

ments to leaf temperature and pressure probe dynamics.

2.1 | High-throughput phenotyping at the
Phenodyn platform

2.1.1 | Plant material and experiment

A diversity panel of eight wild banana genotypes belonging to six (sub)
species (Table 1) were phenotyped for 5 weeks (October-November)
at the Phenodyn platform (Sadok et al, 2007). These (sub)species
comprise most of the known ancestors of the cultivated banana
species (Carreel et al., 2002; Martin et al., 2020; Perrier et al., 2011;
Sardos et al., 2021).

In vitro banana plants were obtained from the International
Transit Center (ITC, Bioversity International, hosted at KU Leuven).
Seeds collected in Papua New Guinea, Malaysia and Japan were
obtained from the National Agricultural Research Institute of Papua
New Guinea (NARI), the Kew Millennium Seed Bank and the Amami
Biodiversity Gardens, conditioned by the Standard Material Transfer
Agreement (SMTA) of the International Treaty on Plant Genetic
Resources for Food and Agriculture. Sixteen replicates per genotype
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TABLE 1 Wild banana genotypes screened during the high-throughput phenotyping experiment at the Phenodyn platform
Collection
Name Subspecies ITC code® Origin® Collection site® coordinates®
Balbisiana Musa balbisiana / South China, northern Indo-Burma, Japan (Amami) /
Southwest India, Sri Lanka,
Philippines and New Guinea
Banksii_11 M. acuminata ssp. / New Guinea Papua New Guinea 5° 37'8"S
banksii Mad
anksii (Madang) 145° 28'7"E
Banksii_17 M. acuminata ssp. / New Guinea Papua New Guinea 6° 44'42"S
banksii (Morobe) -
146° 43'51"E
Burmannicoides M. acuminata ssp. ITC0249 Southern Indo-Burma / /
burmannicoides
Errans M. acuminata ssp. errans ITC1028 Philippines / /
Malaccensis_33 M. acuminata ssp. / Sumatra and Malayan Peninsula Malaysia (Pahang) 3°53'51"N
I .
malaccensis 102° 12'23"E
Malaccensis_ITC0074 M. acuminata ssp. ITCO074 Sumatra and Malayan Peninsula / /
malaccensis
Microcarpa M. acuminata ssp. ITC0253 Borneo / /
microcarpa

2Genotypes without ITC code were collected germplasm not yet available at the International Transit Centre (ITC) collection.

bGenotype origin as described by Janssens et al. (2016).
“Only location of collected samples is shown.

were screened. In vitro plants were acclimated for 6 weeks before
starting the experiment. Plants were grown in white 9 L pots filled
with a well-mixed 30:70 (v/v) mixture of fine clay and organic
compost. Half of the plants received a water deficit treatment,
whereas the other half was maintained under well-watered condi-
tions. Water deficit plants received no irrigation, while well-watered
plants were irrigated in pulses at night till a specified target weight
was reached. Genotypes and treatments were arranged in a
randomized complete block design. Air temperature, relative humid-
ity, and light intensity were measured every 5 min at nine points in
the greenhouse. The VPD was calculated based on the air
temperature and relative humidity. The photoperiod was set to
14 h. Additional light (200 pmol m™2s™) was provided when external
solar radiation was below 300 W m™2 by using 400 W HPS Plantastar
lamps. Soil water potential curves were constructed with soil samples
of 100 cm® following the pressure plate method (Richards, 1948) and
fitted according to the van Genuchten (1980) equation.

2.1.2 | Image acquisition and analysis

Plants were imaged biweekly in the Phenoarch phenotyping platform
(Cabrera-Bosquet et al., 2016). The daily plant weight and leaf area
were estimated from 13 red-green-blue images (12 side views from
30° rotational difference and one top view) (Cabrera-Bosquet
et al., 2016). Top and side views were calibrated using reference
objects to convert pixels to mm?.

Calibration curves were constructed by linking image-based
features with destructive ground-truth measurements of leaf area and
fresh biomass of banana plants at different development stages through
multiple linear regression (R?=0.99 and 0.97). Plant biomass and leaf
area were modelled by a power law equation over time to estimate leaf

area and fresh biomass at every time point (Paine et al., 2012):
LA = (LAw! Pt + cprt (1- BV 1 (1)
Mplant (t) = (mplanttol_62 + oxt(1 —ﬁz))l/l‘ﬁz 2)

With LA¢p and Mpiant;q the initial leaf area and plant mass; and ¢4,
C», B1 and B, are coefficients.

Transpiration efficiency (TE; g g™%) was calculated as the
estimated growth over the whole experiment divided by the
cumulative plant water use over the whole experiment:

Mpjlant,teng ~ Mplant,to

TE = Zignd wu (3)

With Mpjant,tg aNd Mplant,te,y » the modelled plant mass at the start and

end of the experiment; and WU as the daily absolute plant water use.

2.1.3 | Real-time transpiration phenotyping

Plant transpiration was measured by keeping plants on high-precision
balances. These balances provided weight measurements every
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5min. This total weight (my) was broken down to continuously
quantify evapotranspiration and soil water content. my,; consisted of
the plant weight (mpjany), the dry soil weight (Mg qry), the amount of

water retained in the soil (myater) and the plastic pot and tray (mpjastic)-
Mot = mplant + msoil,dry + Myater + mplastic (4)

The plastic pot and tray (mpastic) Were fixed weights, measured
before the experiment. The plant mass (mpj.nt) Was retrieved from
image analysis (Equation 2). The soil dry weight (msgi ary) of each pot
was calculated by weighing the soil after the initial filling of the pots
(Msoir start) @and taking a representative sample of which the ratio of dry
to fresh weight was calculated by comparing the initial fresh weight

with the soil weight after 2 weeks of drying:

_ msample,dw
Msoil,dry = Msoil,start * (5)
Msample,start

The gravimetric soil water content (SWC; g g’l) was calculated
by solving Equation (4) for myater and dividing by Mmegiiary as

calculated from Equation (4).

Myater
SWC= ———
Msoil,dry (6)

Soil evaporation (Esoi; g h™1) was calculated using six pots on
balances carrying no plant, but an artificial plastic plant mimicking the

canopy soil cover.
Esoil = (mevap,tZ - mevap,tl) 7)

Half of these empty pots were well-watered, while the other part
were exposed to water deficit. The soil evaporation of a specific pot
with plant was estimated based on the soil evaporation of the three
empty pots under the same treatment.

Continuous transpiration rates (E,ate; g cm™2 h™1) were calculated
by differentiating subsequent weight measurements, subtracting
calculated soil evaporation for similar period and dividing by the

calculated leaf area (Equation 1) and time between measurements.

E. = (Miot,t2 = Meott1) = Esoi
rate LA*(tQ _ tl)

(8)

Transpiration rates were averaged over 1-h segments to take

into account the balance accuracy (+1 g).

2.1.4 | Jarvis-Stewart model

A modified Jarvis-Stewart model was applied (Jarvis, 1976; Whitley
et al., 2009) to estimate individual plant transpiration rates in relation
to light intensity, VPD and soil water content. Individual plant light
irradiance and VPD was interpolated by inverse distance weighting

between the environmental sensors using the Shepard method
(Shepard, 1968). Light interception was assumed to be uniform and
the plant canopy was hypothesized to be well-coupled with the
atmosphere. Transpiration rate was expressed as a function of scaling
terms:

Emodel = Emax * f1(Qin) * f2(VPD) * f3(SWC) 9

where E;.x represents a scaling factor for the transpiration rate.

With f; an asymptotic saturating function:

Qin % Qmax + ki
Qmax Qin + kl (10)

f1(Qin) =

With Qi, the incoming radiation (W m™2), Qmax the maximum
radiation observed during the experiment and k; describing the
sensitivity of the light response.

f describes the VPD response:
f,(VPD) = VPD x gl-k2*VPD) (11)

where f, was scaled between 0 and 1 by dividing by its maximum and
ko, characterizes the curvature of the transpiration response towards

increasing VPD.
f3 describes the transpiration response towards the soil water
content:
0, SWC < SWCyiit
SWC - SWCy;
f2(SWC) = Wswc:m SWCyit < SWC < SWCeit  (12)

1, SWC 2 SWCit

SWC,; represents the threshold soil water content at which
stomatal closure under progressive soil drying initiates and SWC;
the soil water content at which water uptake and consequently
transpiration is halted. The model was parameterized by minimising
the root-mean-square error (RMSE) based on the Fletcher variable
metric method across 1000 distinct initial values (Nash, 2018). 95%
confidence intervals were calculated by bootstrapping (Canty &
Ripley, 2019). Parameter values were considered significantly

different if bootstrapped confidence intervals did not overlap.

2.1.5 | Leaf gas exchange measurements

Measurements were taken from the middle of the second youngest
fully developed leaf using an LI-6800 infra-red gas analyser (LI-COR).
Measurements were taken between 9:00 and 13:00 to avoid diurnal
stomatal regulations (Eyland et al., 2021). Photosynthetic efficiency
measurements were performed on well-watered plants (SWC
1.4gg™t -0.006 MPa) and water deficit plants (SWC 0.75gg™%,
-0.13 MPa). The leaf cuvette was maintained at a CO, concentration
of 400 umol mol™?, a saturating light intensity of 1500 umol m™2s™%,
a leaf temperature of 26°C and a VPD of 1 kPa. Maximum stomatal



DROUGHT TOLERANCE IN BANANA WILD RELATIVES

conductance (g5 max) and photosynthetic rate (Anax) were defined as
the steady-state stomatal conductance (g) and photosynthesis rate
(A) reached under these saturating light conditions. After reaching
steady-state stomatal conductance (g;) and photosynthesis rate (A),
the ambient CO, concentration (C,) was sequentially decreased to
300, 200, 100, 50 and 0 umol mol™! and increased again to 400, 550,
700, 1000 and 1200 pumol mol™t. The maximum velocity of Rubisco
for carboxylation (V.max) and the maximum rate of electron transport
(Jmax) Were derived according to Sharkey et al. (2007).

Gas exchange measurements at 200 and 1500 umol m?s™t
photosynthetic photon flux density were performed on well-watered
plants. The leaf cuvette was maintained at a CO, concentration of
400 pmol mol™2, a leaf temperature of 26°C and a VPD of 1 kPa. Both
A and g were allowed to stabilize for a minimum of 30 min before
taking measurements. Impression was made by applying dental
polymer according to the protocol of Weyers and Johansen (1985),
followed by covering the polymer with nail varnish and placement on a
microscope slide. Stomatal anatomy was quantified using an EVOS

digital inverted microscope.

216 |
clustering

Blind hierarchical transpiration rate

A database of modelled transpiration rates as a function of light, VPD
and soil water content was constructed for each genotype. The data
set was composed of all combinations of VPDs (0-2.9 kPa, stepsize
0.1kPa), light intensities (0-350 W m™2, stepsize 10 W m™2) and soil
water contents (0.3-1.4gg™%, stepsize 0.05gg %) measured during
the experiment. The optimal number of clusters was determined by
the Dunn index, obtained from the Euclidean distance matrix of the
complete set of modelled transpiration rate values. Four clusters

were proposed (Dunn index of 0.68).

2.2 | Validation experiment at the Bioversity
phenotyping platform

2.21 | Plant material and experiment

During the second phenotyping experiment, three contrasting
genotypes (Banksii_11, Malaccensis_33 and Balbisiana) were pheno-
typed for 8 weeks at the Bioversity phenotyping platform hosted at
KU Leuven. For each genotype, four plants remained under well-
watered conditions and four were water deficit. After 33 days of
drying, the four water deficit plants were replaced with four new
ones. The in vitro plants were acclimated for 8 weeks before starting
the experiment. Plants were grown in 10 L containers filled with peat-
based compost. Air temperature and relative humidity were
measured every 5min at eight points in the greenhouse. Light
intensity was measured in the middle of the greenhouse. The
photoperiod was set to 12 h. Supplemental lighting of 14 W m™2 at
plant level was provided when solar radiation was lower than

B9-wiLey—

250 W m™2. Soil water potential curves were constructed by soil
samples of 100cm® following the pressure plate method
(Richards, 1948) and fitted according to the van Genuchten (1980)
equation.

2.2.2 | Image acquisition and transpiration
phenotyping

Topview images were taken weekly and correlated to destructive
measurements of leaf area and fresh biomass through multiple linear
regression (R?=0.92 and 0.95). Plant biomass and leaf area were
modelled by Equations (1) and (2). Similar to the high-throughput
phenotyping experiment at the Phenodyn platform, plant transpira-
tion was measured by keeping the plants on high-precision balances
providing continuous weight measurements. The soil was covered by
plastic to avoid evaporation and ensure only water loss through
transpiration. Transpiration rate was modelled by the Jarvis-Stewart

model (Equations 9-12).

2.2.3 | Leaf temperature measurements

On September 15, 2020, leaf temperature was measured hourly
between 09:00h and 19:00 h. Temperature was measured at the
middle of the second youngest fully developed leaf with a handheld
infra-red thermometer (BOSCH 1000 C; +0.1°C precision).

2.24 | Leaf patch pressure probes

Pressure probes with a magnetic pressure adjustment (YARA ZIM
Plant Technology GmbH) were used as a proxy for turgor pressure
development (Zimmermann et al., 2008). These non-invasive probes
have been shown to be effective in measuring changes in the plant
water status in banana (Zait et al., 2017; Zimmermann et al., 2010).
The probes magnetically generate a pressure on the leaf patch and
determine the attenuated output pressure (Pp,) which is non-linearly
and inversely coupled to the cell turgor pressure (Rlger et al., 2010;
Zimmermann et al., 2008, 2010). Probes were connected to the
middle of the second youngest fully developed leaf and removed
weekly for plant imaging. The first 24 h were not considered to avoid
relaxation of the clamped patches (Ache et al., 2010). Absolute
output values varied from leaf to leaf depending on the compress-
ibility of the clamped leaf area and the force applied via the probe
(Zimmermann et al., 2008). As a result, relative P, pattern changes
were analysed. These relative patterns indicate increases or
decreases in the leaf turgor rather than absolute changes. Continuous
pressure probe measurements were combined with continuous
environmental and transpiration rate data. A repeated measures
correlation matrix was constructed based on individual daily plant
measurements from one hour before sunrise till one hour after

sunset, using the rmcorr package in R (Bakdash & Marusich, 2017).
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The time needed for nocturnal P, recovery was calculated by fitting

an exponential function on the P, data:
B, =b+(a-blet" (13)

where P, is the output leaf patch pressure, a is the P, at the start of
the night, b the steady-state P, obtained throughout the night, t' the
time (min) and 1 the time constant for rapidity of turgor recovery
(min). Nocturnal P, recovery was modelled between the onset of the
night until 1h after a minimal output leaf patch pressure was
observed. Output leaf patch pressure was measured every 5 min and
smoothed with a rolling window of 13. Data having an R? lower than
0.70 (6% of the data) and the first day after pressure probe
attachment were removed.

2.3 | Genotyping

Total genomic DNA from silica-dried leaf material was isolated using
an optimized CTAB protocol (Tel-Zur et al., 1999). Amplification
reactions of rps16, atpB-rbcL, trnL-F and ITS followed the protocols of
Oxelman et al. (1997), Chiang et al. (1998), Taberlet et al. (1991) and
White et al. (1990), respectively. A GeneAmp PCR system 9700
(Applied Biosystems) was used for amplification reactions. Sequenc-
ing reactions were carried out by Macrogen, Inc. All newly obtained
sequences in this study were submitted to GenBank.

Sequence assembly was carried out in Geneious v10.1
(Biomatters). MAFFT (Katoh et al., 2002) implemented in
Geneious, was used for automated alignment with the following
parameters (E-INS-i algorithm, 100PAM/k = 2 scoring matrix, 1.3
gap open penalty and 0.123 offset value). The automatically
aligned data set was manually optimized. jModelTest 2.1.4
(Posada, 2008) was used to select the best-fitting nucleotide
substitution model for each data set under the Akaike information
criterion (AIC). The GTR+I+G model was determined as best fit for
rps16 and trnL-F, GTR+G for atpB-rbcL and F81+I for ITS.

Possible topological conflicts between plastid and nuclear data
matrices were visually inspected, by searching for conflicting
relationships with a bootstrap support value >70% (Johnson &
Soltis, 1998; Pirie, 2015). For this, a Maximum Likelihood (ML) tree
of the plastid and nuclear matrix were created using the RAxML
search algorithm (Stamatakis et al., 2005). Since no supported
topological conflict was detected among individual gene trees, we
used the concatenated DNA matrix to make an ultrametric tree using
BEAST 1.8.0 (Drummond & Rambaut, 2007). BEAUti was used to
prepare the xml-file as input for the dating analysis in BEAST.
A partitioned Bayesian MCMC analysis was performed using the Yule
branching model and a relaxed lognormal clock. Data partitions were
unlinked for the model of nucleotide evolution, allowing different
partitions to adopt different parameter values, according to the
different models selected for each. Root prior was set to 1. The
analysis ran for 20 million generations and was sampled every 5000
generations. TRACER v.1.6 (Rambaut et al., 2018) was used to

evaluate the effective sampling size (ESS) of the posteriors (which
should be >200). The maximum clade credibility (MCC) tree was
calculated using TreeAnnotator v.1.8.0 (Rambaut & Drummond,
2007). Posterior probabilities were calculated by TreeAnnotator
v.1.8.0. (Rambaut & Drummond, 2007) using the raw trees as input
and a threshold of 0.5.

24 | Statistics

All data processing and statistical analysis were carried out in R
(V3.6.2). Plant-specific and date-specific factors were included as
random effects in a linear mixed model to account for repeated
measurements. Genotypic differences were tested by applying
analysis of variance (ANOVA) with a post hoc Benjamini and
Hochberg correction. Segmented regression was performed on the
whole-plant transpiration between one hour before and after the
onset of light on transpiration rate data measured every 15 min. Data
with no significant segmented regression (p value Davies Test < 0.05,
segmented R package) and negative second slopes were removed
(3%). Segmented regression was performed for every genotype on

the time constant t describing the rapidity of nocturnal P, recovery.

3 | RESULTS

3.1 | Significant differences in leaf area, cumulative
transpiration and transpiration efficiency across wild
banana genotypes

A typical time course of transpiration rate in fluctuating climatic
conditions is presented in Figure 1. VPDs and light intensity fluctuated
throughout the day (Figure 1a,b). Transpiration rates were calculated
from total weight measurements of the lysimeter set-up and fluctuated
in response to the environmental triggers (Equations 4-8, Figure 1c,d).
The transpiration rate reduction of non-irrigated plants compared to
well-watered plants varied with the occurring environmental condi-
tions, strengthening the need for high-throughput dynamic phenotyp-
ing (Figure 1c). A large range of environmental conditions was
measured over the time course of the experiments (Figures S1 and S2).

The leaf area differed significantly across wild banana genotypes
under both well-watered and water deficit conditions (p < 0.05).
Water deficit resulted in a significant reduction of leaf area and water
use (Table S1). Daily water use followed the leaf area trend and was
strongly correlated to the final leaf area across genotypes (R? = 0.84;
p < 0.001). The M. acuminata ssp. banksii genotypes were character-
ized by a high leaf area and consequently cumulative water loss,
while M. acuminata ssp. errans and M. balbisiana genotypes showed a
low leaf area and reduced cumulative water loss (Table S1). The
smaller leaf area of M. balbisiana genotypes was confirmed during
the validation experiment at the Bioversity platform (Table S2). The
transpiration efficiency of M. acuminata ssp. burmannicoides genotype

was the lowest in both well-watered and water deficit conditions,
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FIGURE 1 Time courses of (a) vapour pressure deficit (VPD),

(b) photosynthetic active radiation (PAR), (c) raw weight
measurements for a representative well-watered (WW) and water
deficit (WD) plant of the Banksii_11 genotype and (d) calculated
transpiration rates per unit leaf area. The transpiration rate was
calculated every hour, the VPD, PAR and total weight are illustrated
every 5 min. Grey areas indicate times of darkness

while M. acuminata ssp. errans showed the highest transpiration
efficiency (Table S1). During the high-throughput phenotyping
experiment water deficit resulted in a significant increase in
transpiration efficiency. While the average increase was 34%, the
M. acuminata ssp. errans genotype displayed a 69% increase
(Table S1).

3.2 | Maximum and daily transpiration rates differ
under well-watered conditions

The observed daily maximum transpiration rate under well-watered
conditions differed significantly between genotypes (p <0.001).
Highest maximum transpiration rates were observed for the M.
balbisiana and M. acuminata ssp. microcarpa genotypes, in comparison
with M. acuminata ssp. malaccensis (Figure S3). The observed daily
transpiration rate was strongly correlated to the observed maximal

transpiration rate (R? = 0.68, p < 0.001) and similar genotype-specific
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transpiration rates were observed (Figure S3). Maximum stomatal
conductance (gsmax) and photosynthesis (Anax) across genotypes
were positively correlated to the observed maximum transpiration
rate (R?=0.77 and 0.85; p < 0.05; Figure S4) and daily transpiration
rate (R?=0.80 and 0.87; p < 0.05). During the validation experiment,
similar significant differences in maximum and daily transpiration
rates were observed with the lowest values observed for the M.
acuminata ssp. malaccensis genotypes (Figure S5). Similar to the
differences in maximal transpiration rate (Ena.; Figure S3a), 8 max
differed significantly across genotypes under well-watered condi-
tions with M. balbisiana having a significantly higher gqmax
(Figure Séa). M. acuminata ssp. errans and M. acuminata ssp.

malaccensis genotypes showed the lowest gg max-

3.3 | Drought impacted transpiration rate and
photosynthesis in a genotype-specific way

When the soil water content was above a certain threshold water
status, the maximum transpiration rate of non-irrigated plants did not
differ significantly from the transpiration rate of well-watered plants
(Figure S7a). Below this critical threshold (SWC,), a water deficit
was experienced and the transpiration rate declined sharply
(Figure S7a). This threshold differed significantly between genotypes,
as well as the slope of the change in transpiration rate below the
threshold, thereby suggesting different levels of stomatal control
(Figure S7b,c).

To disentangle environmental impacts, we modelled the individ-
ual plant transpiration rate in terms of net radiation, VPD and soil
water content based on the Jarvis-Stewart model (Equations 9-12;
Table S3). For the high-throughput phenotyping experiment, the
RMSE of the model ranged between 0.0018 and 0.0025gcm™2h™?
and the R? of the observed transpiration rates and modelled rates
was for all genotypes higher than 0.80 (Figure S8). RMSE ranged
between 0.0015 and 0.0021 g cm™2h™* during the second validation
experiment with R? between 0.83 and 0.90. High correlations were
obtained between the modelled critical soil water content (Figure 2)
and the critical soil water content of the maximum transpiration rate
response (Figure S7; R?=0.87). Similarly, the slope of transpiration
rate reductions was tightly related between the modelled and
maximum transpiration rate (R?>=0.84). The threshold soil water
content was significantly higher in the M. acuminata ssp. errans
genotype, indicating a sensitive response to a decreasing soil water
potential (SWC 1.38gg™®, -0.008 MPa; Figure 2). The lowest
threshold soil water content was observed in the M. balbisiana
genotypes (SWC 1.10gg™, -0.022MPa), while the other M.
acuminata subspecies showed decreased transpiration rate responses
between -0.016 and -0.012MPa (SWC 1.18 and 1.27gg™?
Figure 2). The genotypic transpiration behaviour was confirmed in
the validation experiment for M. balbisiana compared to M. acuminata
ssp. malaccensis and ssp. banksii (Figures S9 and S10).

In the same way as the reductions in transpiration rate with

decreasing soil water content (Figure 2), the maximal stomatal
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FIGURE 2 Modelled transpiration rate (E,,e; Equation 12) as a function of soil water content (SWC) and soil water potential (SWP) for eight
wild banana genotypes. (a) E, e did not differ from well-watered conditions until a critical soil water content threshold (SWC,;;) was reached.
After this SWC,,;, water content becomes limiting and E,.;. decreased strongly. Data represent modelled response according to Equation (12)
with a 95% confidence interval at VPD = 1.5 kPa and PAR = 500 pmol m™2s™L. Dotted line represents the SWC,,;; for each genotype. Note the
logarithmic scale of the soil water potential. (b) SWC,,;: at which E, ., started to decrease. Data represent the modelled parameter with a 95%
confidence interval. (c) Slope of E,.;. decreases after the SWC,,i: was reached. Data represent the modelled parameter with a 95% confidence
interval. PAR, photosynthetic active radiation; VPD, vapour pressure deficit

conductance (gsmax) Was significantly reduced when measured at a soil
water potential of -0.13MPa (36%-64% reduction) (Figure Séa).
Likewise, maximum photosynthesis (Ana.,) and intrinsic water use
efficiency (WUE) were significantly reduced and increased respectively
(Figure Séb,c). The M. acuminata ssp. malaccensis genotypes had a low
Anax (Figure Séb). ;WUE across genotypes was significantly correlated to
whole-plant transpiration efficiency (TE) over the complete experiment
(R*ww =0. 92 and R%yp = 0.88). WUE was highest for the M. acuminata
ssp. errans genotype under both well-watered and water deficit
conditions (Figure S6C). Under water deficit conditions g max remained
highest in M. balbisiana (Figure S62), comparable to the decrease in E .,
under decreasing soil water content (Figure S6). The maximum rate of
Rubisco activity (Vcmax) and the potential rate of electron transport (Jyax)
did not differ significantly between well-watered and water deficit
plants (Figure Séd,e). The photosynthetic capacities were highest in the

M. balbisiana genotypes under both well-watered and water deficit
conditions (Figure Séd,e). M. acuminata ssp. errans and ssp. malaccensis
genotypes showed the lowest V. max and Jmax (Figure Séd.e).
Consistent with the above results, leaf temperature measured
during the validation experiment was significantly lower at most time
points in M. balbisiana under water deficit conditions compared to M.
acuminata ssp. malaccensis and banksii (Figure S11). The leaf tempera-
ture was at every time point significantly higher under water deficit
compared to well-watered conditions for both M. acuminata ssp.
malaccensis and ssp. banksii (p <0.05, Figure 3, the soil potential of
water deficit treated M. acuminata ssp. malaccensis and ssp. banksii
plants was -0.062 + 0.011 and -0.033 + 0.004 MPa, respectively). The
temperature differences observed for M. balbisiana were not signifi-
cant (the soil potential of water deficit treated plants was

-0.026 +0.002 MPa). Similarly, transpiration rates differed only
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FIGURE 3 Environmental conditions, leaf temperature and transpiration rate for three wild banana genotypes during 1 day of the validation
experiment. (a) Air temperature (red), photosynthetic active radiation (PAR; black) and vapour pressure deficit (VPD; blue) throughout the
measurement day. (b) Leaf temperature development for well-watered (WW; green) and water deficit (WD; orange) plants. Data represent the
mean * stdev (n =4 per treatment and genotype, * for p < 0.05). (c) Transpiration rate evolution of WW (green) and WD (orange) plants. Data
represent the mean + stdev (n = 4 per treatment and genotype, * for p < 0.05).

significantly for both M. acuminata ssp. malaccensis and banksii
(p < 0.05, Figure 3).

3.4 | Light and VPD triggered genotype-specific
transpiration rate responses

The continuous transpiration rate response to light and VPD was
estimated by the Jarvis-Stewart model (Equations 10 and 11). At low
light intensities, transpiration rates were alike across genotypes, but
responses to higher light intensities differed significantly (Figure 4).
Both M. acuminata ssp. malaccensis genotypes maintained the lowest

transpiration rates with increasing light intensity, while M. acuminata
ssp. microcarpa and M. balbisiana achieved higher transpiration rates.
During the validation experiment, similar light responses were
observed with the highest transpiration rate in M. balbisiana and
the lowest in M. acuminata ssp. malaccensis genotype (Figure S12).
The estimated transpiration rates at a light intensity of 200 and
1500 umol m™2s™1 were significantly correlated to g, measurements
of four representative genotypes at these light levels (Figure S13).
Transpiration rate responses to morning light intensity have been
shown to be a good proxy of light-induced stomatal speeds (Eyland
et al.,, 2021). Light intensity increased from O to 200 umol m2stin the
morning. Upon the onset of light in the morning, transpiration rate
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increased significantly and a breakpoint in transpiration rate increase
was determined (Figure S14). This responsiveness of transpiration
differed significantly across genotypes, with rapid increases in transpi-
ration rate in M. acuminata ssp. banksii, ssp. errans and ssp. microcarpa
genotypes, while M. balbisiana, M. acuminata ssp. burmannicoides and
ssp. malaccensis genotypes showed postponed responses (Figure S14).

The transpiration rate continued to increase with increasing VPD
in all genotypes (Figure 5). Absolute differences in transpiration rate
across genotypes were more expressed under high VPD. M.
balbisiana, followed by M. acuminata ssp. microcarpa showed the
highest transpiration rate with increasing VPDs (Figure 5). The M.
acuminata ssp. malaccensis and ssp. burmannicoides genotypes
showed the lowest increase in transpiration rates with VPD. Under
higher VPD levels present during the validation experiment (VPD yax
3.8 kPa) the (sub)species differences were confirmed: M. balbisiana
showed the highest transpiration rates as a function of VPD while the
M. acuminata ssp. malaccensis genotype was characterized by the
lowest transpiration rates (Figure S15).

3.5 | Failure of nocturnal P, recovery under low
water potentials was genotype-dependent

P, dynamics were closely coupled to the transpiration rate
patterns under well-watered conditions and showed significant

Balbisiana

Banksii_11
Banksii_17
Burmannicoides
Errans
Malaccensis_33
Malaccensis_ITC0074

Microcarpa

Balbisiana
Banksii_11
Banksii_17

Burmannicoides

FIGURE 4 Modelled transpiration rate
response of eight wild banana genotypes as a
function of light intensity (PAR;
photosynthetic active radiation) under well-
watered conditions at three VPD levels (1, 2
and 3 kPa). Data represent the modelled
response according to Equation (10) with a
95% confidence interval. VPD, vapour
pressure deficit

FIGURE 5 Modelled transpiration rate
response of eight wild banana genotypes as a
function of vapour pressure deficit (VPD)
under well-watered conditions at three light
levels (photosynthetic active radiation [PAR]
250, 500 and 750 pumol m™2s7%). Data
represent the modelled response according to

Errans Equation (11) with a 95% confidence interval
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FIGURE 6 Diurnal dynamics of transpiration rate (E,.t, black),
leaf patch clamp pressure (Pp, red), vapour pressure deficit (VPD,
green) and photosynthetic active radiation (PAR, orange) of a
representative well-watered plant of Musa acuminata ssp.
malaccensis. The Pp values have been shown to be inversely coupled
to the cell turgor pressure (Zimmermann et al., 2008). Grey areas
indicate times of darkness

correlations (Figures 6 and S16). With decreasing soil water
content, the correlation decreased (R*ww = 0.58 and R*yp = 0.37).
Both the transpiration rate and P, dynamics were also closely
correlated to the environmental dynamics, with decreases in light
intensity resulting in immediate decreases in transpiration rate and
P, values (Figures 6 and S16).
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Under severe water deficit M. acuminata ssp. banksii and ssp.
malaccensis showed an increase in the time needed for nocturnal P,
recovery (Figures 7 and 8). The time constant of the exponential
decrease was significantly increased (p < 0.001) from SWC 1.15 and
0.91gg? (-0.16 and -0.50 MPa) for M. acuminata ssp. banksii and
ssp. malaccensis genotypes, respectively (Figure 8). In this water
potential range, M. balbisiana showed no significant increase in the
time constant.

3.6 | Four transpiration phenotypes were observed
versus three genotypic groups

Clustering of genotypes was performed based on phenotypic
similarity of the modelled transpiration rates across a wide range of
light, VPD and soil water content conditions. Four major groups were
blindly separated via hierarchical clustering (Figure 9). The most
distant members of the cluster were M. balbisiana and M. acuminata
ssp. errans, characterising groups | and Il, respectively. Cluster Il
consisted of both M. acuminata ssp. banksii genotypes and the M.
acuminata ssp. microcarpa genotype. Both M. acuminata ssp.
malaccensis genotypes clustered in group IV together with the M.
acuminata ssp. burmannicoides genotype.

The phylogenetic relationship between the wild banana geno-
types is shown in Figure 10. The phylogeny indicates that the two M.
acuminata ssp. banksii accessions are closely related to M. acuminata
ssp. errans and ssp. microcarpa, yet with the ssp. microcarpa node not
fully supported (Figure 10). Similarly, the two M. acuminata ssp.
malaccensis grouped together with M. acuminata ssp. burmannicoides.
Musa balbisiana differed most from all the M. acuminata subspecies.

Despite that M. acuminata ssp. errans was genetically close to the

FIGURE 8 Nocturnal time constant for the

Balbisiana

Banksii_11 Malaccensis_33

exponential decrease in leaf patch clamp
pressure at night under decreasing soil water
content (SWC) and soil water potential (SWP).
A significant increase in the time constant was
observed for genotypes Malaccensis_33 and
Banksii_11. Grey point and dashed grey line
represent the threshold soil water content at
which transpiration started to decrease and
drought avoidance begins (*** for p < 0.001,
n=93-135). Note the logarithmic scale of the
soil water potential

10.0 4

Nocturnal time constant (hour)

breakpoint: n.s.

breakpoint: 1.15 " breakpoint: 0.91"




EYLAND ET AL

% | wiLey-f5)

I Balbisiana
II I Errans 4|—
Microcarpa

111 Banksii_11
Banksii_17 ]_
Malaccensis_33
IV Burmannicoides T
Malaccensis_ITC0074 ]—
FIGURE 9 Blind hierarchical clustering of eight wild banana
genotypes based on modelled transpiration rates as a function of
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FIGURE 10 Ultrametric Bayesian maximum clade credibility
(MCC) tree of the eight wild banana genotypes. The tree was
constructed with BEAST v1.10 from the combined plastid-nuclear
data set. An asterisk indicates nodes that are fully supported (=1),
whereas a dash indicates nodes without any support (<0.5). Three
groups were discerned and represented by colours

M. acuminata ssp. microcarpa and banksii (Figure 10), a different

phenotype was observed (Figure 9).

4 | DISCUSSION

Whole-plant phenotypic responses are the result of a complex
interplay between genotype (G), environment (E) and management
(M). Phenotyping for drought tolerance under fully controlled
conditions ignores GxE interactions (Poorter et al, 2016). The
unpredicted GxE interactions often result in a poor translation
towards the field, especially under unfavourable conditions
(Miflin, 2000; Negin & Moshelion, 2017; Poorter et al., 2016). By
measuring transpiration rates continuously across a wide range of
environmental conditions and genotypes, we were able to discern

genotype-specific drought-related traits. A plant's reaction towards

water deficit is not solely determined by the genotype, but also by
the environment. Radiation, VPD and wind have been shown to be
interacting with the effect of soil water potential in banana (Robinson
& Bower, 1988). These complex interactions explain why one specific
universal soil water content, where a reduction or complete stop in
transpiration takes place, cannot be defined. However, the modelling
of the transpiration rate responses towards such environmental
conditions enabled us to anticipate the fluctuating environment and
validate genotypic differences. In literature, many different soil water
contents have been reported from diverse environments and mainly
for the commercial banana cultivar Cavendish. Robinson and Alberts
(1986) are stating that a soil moisture content of -0.023 MPa
resulted in a smaller bunch mass. Thomas and Turner (1998) found
that a soil water potential of -0.062 MPa stopped gas exchange and
mentioned -0.030 MPa for inducing water deficit. Ekanayake et al.
(1994) mentioned practices in commercial plantations in which
irrigation is applied when the soil water potential exceeds
-0.020 MPa. Irrespective of the absolute soil water content and the
conditions, it is clear that bananas respond very early to a reduced
soil water content. Our results not only confirm the stomatal-driven
‘isohydric’ drought avoidance behaviour (Eyland et al., 2021; Turner
et al.,, 2007), but also indicate that there is genetic diversity in
responsiveness within the Musa genus. All wild banana genotypes
reduced their transpiration rate at a relatively high soil moisture
content (all below - 0.025 MPa), displaying drought avoidance. At a
soil water potential of -0.13MPa, gsmax and Anax were both
significantly reduced compared to well-watered conditions
(Figure S6é). At these soil water potentials, the photosynthetic
capacities (Vemax and Jna) were however not yet affected
(Figure S6). Similarly, the drought avoidance behaviour assured that
the nocturnal P, recovery was only affected at lower water potentials
(Figure 8, -0.16 and -0.50 MPa). This Pp recovery has been shown to
be an effective indicator of drought stress, defining the point at
which turgor cannot be restored quickly and at which the stress
cannot be avoided anymore (Zimmermann et al., 2010).

Despite the fact that stomatal control is the dominant drought
avoiding and water-saving factor in all bananas (Aubert &
Catsky, 1970; Eyland et al, 2021; Thomas & Turner, 1998), we
described within the wild banana (sub)species a large diversity of
growth and transpiration responses. Four diverse transpiration
clusters were discerned (Figure 9). These phenotypic clusters were,
except for M. acuminata ssp. errans, in agreement with previous
genetic characterisations (Figure 10; Martin et al., 2020; Perrier
et al., 2009; Sardos et al., 2016, 2021).

As expected from its genetic distance (Figure 10), the M.
balbisiana genotype differed phenotypically most strongly from the
M. acuminata genotypes. The balbisiana B genome has been
frequently associated with improved drought tolerance in triploid
cultivars (Ekanayake et al., 1994; Ravi et al., 2013; Thomas et al., 1998;
van Wesemael et al., 2019; Vanhove et al., 2012). The M. balbisiana
genotype showed in both our experiments a relatively small leaf area
(Tables S1 and S2). A reduced leaf area limits the absolute water
consumption, thereby avoiding fast water depletion, making it an
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important drought avoidance trait (Tardieu, 2012; Vadez, 2014).
Irrespective of the absolute water consumption, a transpiration rate
reduction was observed at a significantly lower soil water content
compared to the M. acuminata subspecies (Figures 2, S7, S9,
and S10, -0.032 to -0.025 MPa). This maintained stomatal opening
is predicted to result in a continued high carbon uptake, which is in
line with the higher A, ., under water-deficit conditions (Figure Séc).
Cultivars containing a large portion of the balbisiana B genome
indeed maintain growth under mild water deficit (Kissel et al., 2015;
van Wesemael et al., 2019). Despite the transpiration rate reduction
at a lower soil water content, M. balbisiana showed together with M.
acuminata ssp. errans the most pronounced response to lower soil
water contents by strongly decreasing the transpiration rate
(Figure 2). In addition to those two drought avoidance strategies
(reduced leaf area and strong transpiration rate reduction), M.
balbisiana was characterized by the highest transpiration rates,
stomatal conductance and photosynthetic capacities (Figures S3
and Sé). The M. balbisiana phenotype can be linked to its ecological
background as it originates from regions with a very distinct yearly
dry season (Janssens et al., 2016; Mertens, Bawin et al., 2021;
Perrier et al., 2011). In contrast to the wild M. acuminata, M.
balbisiana does also occur in open landscapes in full sunlight, but
always close to waterways and can thereby benefit from increased
transpiration rates for cooling (Argent, 1976; Eyland et al., 2020;
Simmonds, 1956). M. balbisiana was indeed the only genotype to
maintain a cool leaf temperature under mild water deficits and high
VPDs (Figures 3 and S11).

M. acuminata ssp. banksii genotypes grouped together with M.
acuminata ssp. microcarpa in their transpiration behaviour, in
accordance to their limited genetic distance (Figures 9 and 10). M.
acuminata ssp. banksii is one of the main ancestors of the commonly
cultivated banana (Martin et al., 2020) and was characterized by the
highest leaf area and thereby with the highest absolute water
consumption (Table S1). Together with Musa acuminata ssp. micro-
carpa, high transpiration rates and stomatal conductance were
observed under well-watered conditions at multiple light and VPD
levels (Figures 4, 5 and Séa). This ‘risk taking’ behaviour of these
genotypes was further exemplified by fast increases in transpiration
rate upon morning irradiation (Figure S14). These fast stomatal
opening responses towards light might result in increased carbon
uptake for plant growth, but are as well associated with a higher
transpirational water loss (Eyland et al., 2021; Lawson & Blatt, 2014).

Despite that M. acuminata ssp. errans genotype grouped
the M.
(Figure 10), it does have genetic differences (the only wild type with

genetically with acuminata ssp. banksii genotypes
an a mitotype according to Carreel et al. [2002]), and its phenotypic
behaviour was contrasting (Figure 9). M. acuminata ssp. errans
showed together with M. balbisiana the most divergent phenotype.
With the lowest leaf area and lowest absolute water use, the errans
genotype was the most ‘conservative’ drought avoiding genotype
studied (Table S1). Under water deficit the Musa acuminata ssp.
errans* genotype responded by a significantly earlier reduction in

transpiration rate (-0.008 MPa, Figures 2 and S7), the greatest
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transpiration rate reduction (Figure 2c) and the lowest photo-
synthetic rate (Figure Sé6b). Both at the stomatal and whole-plant
level it showed the highest WUE (Figure S9c and Table S1). Selecting
for a high WUE is however biased towards slow-growing genotypes
because of the nonlinearity between carbon uptake and water loss
(Blum, 2009).

Both M. acuminata ssp. malaccensis genotypes were character-
ized by the lowest daily transpiration rate (Figure S3) and by low
stomatal conductance and photosynthesis, even under well-watered
conditions (Figure Séa,b). The Musa acuminata ssp. malaccensis
genotypes grouped with ssp. burmannicoides genotype and showed
a similar phenotype (Figure 9). In response to increasing light and
VPD the genotypes from this cluster showed low transpiration rates
(Figures 4 and 5). Similarly, their morning light responsiveness was
significantly lower compared to the other M. acuminata subspecies
(Figure S14). We deduce that those types do not thrive well in
environments with high evaporative demands.

Our findings show that there is significant phenotypic diversity in
the wild banana relatives. By high-throughput continuous phenotyp-
ing under variable environmental conditions, we could discern
multiple transpiration phenotypes associated with specific drought-
related traits. The effectiveness of a given trait will however depend
on the provided drought scenario (Tardieu, 2012; Vadez, 2014). The
traits of the M. balbisiana genotype are beneficial under high
evaporative demands and relatively short dry seasons. Under well-
watered conditions M. acuminata ssp. banksii and ssp. microcarpa
showed the highest growth potential. This assessed diversity in wild
banana drought tolerance traits stresses the importance of conserv-
ing and characterising crop wild relatives for potential use in breeding

programmes.
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