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A B S T R A C T

In crops, key physiological traits such as transpiration, stomatal conductance, and photosynthesis are closely 
linked to productivity. However, these dynamic traits are often studied under steady-state conditions or modeled 
with limited data, failing to capture the plant's versatile responses to dynamic field conditions. We hypothesized 
that natural variation in stomatal morphological traits, specifically, abaxial-to-adaxial distribution and density 
regulate the temporal physiological response patterns in tomato introgression lines (ILs; crosses between WT, 
S. Pennellii, and M82 lines). We further hypothesized that differences in these response patterns could explain key 
variations in drought response and yield. To test this, we performed continuous and simultaneous functional 
phenotyping on IL populations with a well-documented multi-year field yield history. Our results revealed high 
plasticity in the dynamic water balance regulation of ideotypic ILs (plants with good yield performance under 
various field conditions). The ideotype lines exhibited higher transpiration and growth rates under well-irrigated 
conditions than the other lines. Moreover, the ideotype lines exhibited rapid stomatal canopy conductance re
sponses to changing conditions and quick recovery after drought. Anatomically, these lines had high abaxial-to- 
adaxial stomatal density ratios and stomatal apertures that peaked early in the day, even under water-deficit 
conditions. Our study demonstrates how a functional phenotyping approach of the whole-plant water-loss 
measurements can help us understand and identify dynamic, complex, yield-related physiological traits.

1. Introduction

Agricultural crop productivity must increase significantly to meet the 
food needs of the world’s growing population. The challenge of 
enhancing yields, especially under stressful conditions, while mini
mizing environmental damage, remains paramount (Tian et al., 2020). 
Breeding for yield improvement under drought conditions is a very long 
process (Moshelion and Altman, 2015). Thus, identifying yield-related 
traits early in growth is a major challenge in pre-breeding programs 
(Voss-Fels et al., 2019). Stomata play a crucial role in regulating CO₂ 
uptake and transpiration under water-limited conditions (Endo and 
Torii, 2019; Harrison et al., 2020). Plants regulate productivi
ty–vulnerability trade-offs by controlling stomatal density, size and 
aperture (Shahinnia et al., 2016). Measuring canopy conductance and 
/or stomatal conductance (gs) and transpiration can be another effective 

screening strategy for plant water-use traits. However, these traits are 
often studied using steady-state measurements, which fail to capture 
plant behavior under fluctuating environmental conditions (Matthews 
et al., 2018), underscoring the importance of measuring the dynamic 
responses of plants to fluctuating environments (Adachi et al., 2019). 
Traits like stomatal density, size, aperture, and distribution determine 
stomatal conductance (gs) and transpiration (Shahinnia et al., 2016; 
Ohsumi et al., 2007). Moreover, variations in stomatal size and density 
influence the speed and efficiency of stomatal responses to environ
mental cues (McAusland et al., 2016) and rapid stomatal responses to 
light fluctuations were linked with high water use efficiency (WUE) 
(Battle et al., 2024).

Nevertheless, these traits are challenging to phenotype in a timely 
manner during an experiment. Recent studies by (Vialet-Chabrand and 
Lawson, 2019) and (Durand et al., 2019) reported that dynamic models 
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predict gs more accurately than steady-state models under dynamic 
environmental conditions. Moreover, continuous whole-canopy 
conductance (Gsc) measurements in young tomato plants revealed a 
close relationship between high morning Gsc peak patterns and high 
yield under field conditions (Gosa et al., 2022a). Yet the measurement of 
Gsc under dynamic environmental conditions and its environmental 
interaction is less explored relative to static environmental 
condition-based measurements. This highlights the need for precise 
physiological phenotyping for enhanced crop breeding (Ghanem et al., 
2015). Hence, whole-plant G×E functional phenotyping platforms are 
pivotal in addressing such kinds of challenges (Dalal et al., 2020) as 
these methods measure actual water loss under fluctuating environ
ments. These platforms enable the collection of accurate and continuous 
data on the entire plant's stomatal behavior in response to its ambient 
conditions (Jaramillo Roman et al., 2021), which is crucial due to the 
stomatal dynamic response to both external conditions and the internal 
biochemical-physiological state. Stomatal ratio between the adaxial and 
abaxial leaf surfaces directly influences stomatal responses by altering 
the diffusional pathway for CO₂ uptake and transpiration. Amphistom
atous leaves (stomata on both surfaces) generally exhibit higher 
maximum stomatal conductance and faster gas-exchange kinetics due to 
reduced boundary layer resistance, but they may also experience greater 
transpiration demand under high irradiance or low humidity compared 
to hypostomatous leaves (Xiong and Flexas, 2020; Parkhurst, 1978). 
Consequently, variation in stomatal ratio modifies the balance between 
carbon assimilation and water conservation, thereby shaping the 
sensitivity and magnitude of stomatal responses to environmental 
drivers such as light, vapor pressure deficit (VPD), and CO₂ concentra
tion (Drake et al., 2013; Muir, 2015).

In C₃ leaves, stomatal density is a primary anatomical determinant of 
stomatal conductance (gₛ), as higher density increases the potential 
maximum pore area available for diffusion (Franks and Beerling, 2009; 
Lawson and Vialet-Chabrand, 2019).

In this study, we hypothesize that genotypes with higher early- 
season cumulative transpiration and faster post-drought recovery 
accumulate more biomass and achieve higher yields under field water 
limitation than genotypes with lower water-use efficiency or slower 
recovery. We further hypothesized that stomatal density ratios, aper
ture, and physiological response rates to changes in environmental 
conditions of introgression lines (ILs) will translate into a yield advan
tage due to water use efficiency under dynamic conditions.

To test the hypothesis, we conducted whole-plant phenotyping in a 
multi-year field experiment to analyze the yields and plant weights of 
tomato introgression lines (ILs) that combine S. pennellii genetics with 
the breeding cultivar M82. We identified 29 ILs exhibiting a range of key 
traits from high to low yield and resilience and phenotyped their 
vegetative biomass at the early growth stage and stomatal traits using 
stomatal imprinting and an automated functional-phenotyping plat
form. While previous studies have emphasized stomatal traits or steady- 
state conductance as proxies for drought tolerance and yield, the 
emerging capability to continuously monitor whole-plant conductance 
under realistic environmental fluctuations introduces a new dimension 
of phenotyping. Continuous dynamic phenotyping enables detection of 
transient peaks, recovery rates, and conductance–environment feedback 
that cannot be resolved by steady-state approaches. This offers novel 
mechanistic insight into how stomatal behavior translates into WUE, 
growth, and ultimately yield, thereby bridging the gap between basic 
physiology and breeding-relevant performance.

2. Materials and methods

This study combines multi-year field performance data with 
controlled greenhouse functional phenotyping. First, historic field trials 
of 29 Solanum pennellii introgression lines (ILs) in the M82 background 
were used to classify yield and biomass performance under wet and 
drought irrigation regimes. Based on these classifications, six ILs 

representing contrasting productivity and resilience profiles, together 
with M82, were selected for greenhouse testing. In the greenhouse, 
plants were monitored continuously using the PlantArray gravimetric 
platform to quantify whole plant transpiration, canopy conductance, 
drought response and recovery under a feedback-controlled deficit 
irrigation protocol, and these physiological outputs were linked back to 
field performance and stomatal traits.

2.1. Field experiment data used for line selection

We analyzed multi-year field yield and biomass data for 29 ILs 
derived from crosses of Solanum pennellii with M82 (Solanum lycopersi
cum cv. M82; Table 1), each containing a unique Solanum pennellii 
chromosome segment (Eshed and Zamir, 1995). In a randomized block 
design, the field experiments were conducted at the Western Galilee 
Experimental Station in Akko, Israel, as detailed in (Gur and Zamir, 
2004). The experiments were performed at a wide spacing density of 14 
plants per 4 m². For the dry treatment, only 30 m³ of water was applied 
per 1000 m² of the field immediately after transplanting. In contrast, the 
wet treatment received 320 m³ of water per 1000 m² of field area 
throughout the growing season, in accordance with the area's irrigation 
protocols. All experiments were conducted using a randomized block 
design (Fridman et al., 2000). Multi-year field data guided the selection 
of high- and low-to-medium-performing introgression lines for green
house plant-array tests to characterize physiological performance. These 
irrigation values derive from the original historic field trials used for line 
classification and were not part of the present greenhouse experiment. 
Data on weather conditions, including radiation, temperature, and hu
midity, from the nearest meteorological station to the experimental site 
indicate typical summer weather for the area (Supplementary Tables 1 
and 2).

2.2. Experimental setup for functional phenotyping

Selected ILs based on their multiple-year (2000–2004) fruit and 
biomass yield performance from low to high yield as compared to the 
M82 tomato plants were grown in a greenhouse at the Israeli Center of 
Research Excellence (iCORE) (https://researchinfrastructure.inwise. 
net/iCORE); The Hebrew University of Jerusalem, at Rehovot campus 
during September 2019. The protocols and methods of the PlantArray 
system have been detailed in previous studies (Dalal et al., 2020) 
(Halperin et al., 2017). Here, we provide a brief description along with 
specific protocols for the current experiment. The iCORE polycarbonate 
greenhouse features cooling pads activated when the temperature rea
ches 32 ◦C. A weather station in the greenhouse near the plants 
continuously monitored weather conditions. The continuous photosyn
thetic photon flux density (PPFD) and vapor pressure deficit (VPD) 
measured during the experimental period are presented in Fig. 3A. 
Before the start of the experiment, all load-cell units were calibrated for 
accuracy and drift level under constant load weights (1 kg and 5 kg) 
using the PlantArray auto-calibration application.

The setup consisted of highly sensitive, temperature-compensated 
load cells used as weighing lysimeters. Each measuring unit was 
mounted with a 4 L pot containing a single plant and connected to its 
controller, which collected data and controlled irrigation. Each pot was 
placed into the plastic container through a hole in its cover and an ‘O′- 
ring to prevent water evaporation from the bottom of its drainage holes. 
The containers had orifices at identical heights on their side walls to 
enable similar water levels after drainage of excess water following 
irrigation. Evaporation from the pot surface was prevented by a soil 
cover with a circular cutout at its center, through which the plant would 
grow.

Tomato seeds were germinated in cavity trays in the greenhouse. 
Five-week-old seedlings of the selected ILs and M82 tomato plants were 
transplanted into 4 L pots filled with quartz sand 20/30 (the upper and 
lower size of the mesh screen through which the sand was passed; 20 =
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Table 1 
Phenotypic classification of tomato introgression lines based on total yield and plant weight under well-irrigated and dry field conditions (as presented in Fig. 2). 
Relative to M82, lines were classified into three groups based on their fruit weights: high-yielders (HY, >20%), low-yielders (LY, 20%) and medium-yielders (MY, 
similar). Similarly, lines were classified as high biomass (HB), medium biomass (MB) and small biomass (SB), relative to M82. Lines with all “highs” were considered 
ideotypic. The drought stress-response phenotype was classified based on terminology suggested by Moshelion (2020). Specifically, under drought conditions a line 
with a fruit weight that was 20% higher fruit than that of M82 was classified as having a high tolerance (HT), a line with a fruit weight that was 20% lower than that of 
M82 was classified as having a low tolerance and lines with fruit weights similar to that of M82 were classified as having moderate tolerance (MT). Plants that 
maintained or increased their biomass under stress were categorized as having a high resilience (HR). Plants that maintained or reached medium levels of shoot 
biomass were classified as medium resilience (MR). Small plants that maintained their size or larger plants that lost biomass under stress were classified as having low 
resilience (LR); the former phenotype was also referred to as a survival phenotype. We identified 20 classification groups; seven of which (marked with *) were selected 
for further physiological characterization using the functional telemetric platform. All these lines exhibited consistent behavior across the years of study data.

Line ID 
Number

Fruit yield Shoot 
weight

Fruit yield Shoot 
weight

Group classification Abbreviation Classification 
Number

M82 30 CONTROL CONTROL CONTROL CONTROL Control ​ *
IL12–1–1 4 HIGH HIGH HIGH HIGH High yielder High biomass High tolerance 

High resilience - IDEOTYPE
HyHbHtHr 1 ​

IL5–2 16 HIGH HIGH HIGH HIGH High yielder High biomass High tolerance 
High resilience - IDEOTYPE

HyHbHtHr 1 *

IL6–4 26 HIGH HIGH HIGH HIGH High yielder High biomass High tolerance 
High resilience - IDEOTYPE

HyHbHtHr 1 ​

IL7–4–1 22 HIGH HIGH HIGH HIGH High yielder High biomass High tolerance 
High resilience - IDEOTYPE

HyHbHtHr 1 ​

IL2–4 8 HIGH HIGH MEDIUM HIGH High yielder High biomass Medium 
tolerance High resilience

HyHbMtHr 2 ​

IL2–6 9 HIGH HIGH LOW HIGH High yielder High biomass Low tolerance 
High resilience

HyHbLtHr 3 *

IL11–4 3 HIGH MEDIUM MEDIUM MEDIUM High yielder Medium biomass Medium 
tolerance Medium resilience

HyMbMtMr 4 *

IL6–3 20 MEDIUM HIGH LOW HIGH Medium yielder High biomass Low tolerance 
High resilience

MyHbLtHr 5 ​

IL9–3 29 MEDIUM HIGH LOW HIGH Medium yielder High biomass Low tolerance 
High resilience

MyHbLtHr 5 ​

IL9–1 26 MEDIUM HIGH LOW MEDIUM Medium yielder High biomass Low tolerance 
Medium resilience

MyHbLtMr 6 ​

IL9–2–6 28 MEDIUM HIGH MEDIUM HIGH Medium yielder High biomass Medium 
tolerance High resilience

MyHbMtHr 7 ​

IL2–6–5 10 MEDIUM MEDIUM HIGH HIGH Medium yielder Medium biomass High 
tolerance High resilience

MyMbHtHr 8 ​

IL5–3 17 MEDIUM MEDIUM MEDIUM HIGH Medium yielder Medium biomass Medium 
tolerance High resilience

MyMbMtHr 9 ​

IL9–1–3 27 MEDIUM MEDIUM MEDIUM LOW Medium yielder Medium biomass Medium 
tolerance Low resilience

MyMbMtLr 10 ​

IL10–2 2 MEDIUM MEDIUM MEDIUM MEDIUM Medium yielder Medium biomass Medium 
tolerance Medium resilience

MyMbMtMr 11 ​

IL5–5 18 MEDIUM SMALL HIGH HIGH Medium yielder Small biomass High 
tolerance High resilience

MySbHtHr 12 ​

IL2–1–1 7 MEDIUM SMALL MEDIUM LOW Medium yielder Small biomass Medium 
tolerance Low resilience

MySbMtLr 13 ​

IL12–2 5 MEDIUM SMALL MEDIUM MEDIUM Medium yielder Small biomass Medium 
tolerance Medium resilience

MySbMtMr 14 ​

IL12–3–1 6 MEDIUM SMALL MEDIUM MEDIUM Medium yielder Small biomass Medium 
tolerance Medium resilience

MySbMtMr 14 ​

IL10–1 1 LOW HIGH LOW HIGH Low yielder High biomass Low tolerance 
High resilience

LyHbLtHr 15 *

IL3–3 11 LOW HIGH LOW HIGH Low yielder High biomass Low tolerance 
High resilience

LyHbLtHr 15 ​

IL3–4 12 LOW HIGH LOW HIGH Low yielder High biomass Low tolerance 
High resilience

LyHbLtHr 15 ​

IL6–2 19 LOW MEDIUM LOW LOW Low yielder Medium biomass Low tolerance 
Low resilience

LyMbLtLr 16 ​

IL4–1 13 LOW MEDIUM MEDIUM MEDIUM Low yielder Medium biomass Medium 
tolerance Medium resilience

LyMbMtMr 17 ​

IL4–1–1 14 LOW SMALL MEDIUM MEDIUM Low yielder Small biomass Medium 
tolerance Medium resilience

LySbMtMr 18 ​

IL8–1 23 LOW SMALL LOW MEDIUM Low yielder Small biomass Low tolerance 
Medium resilience

LySbLtMr 19 *

IL8–1–3 25 LOW SMALL LOW LOW Low yielder Small biomass Low tolerance 
Low resilience - SURVIVAL

LySbLtLr 20 *

IL4–3–2 15 LOW SMALL LOW LOW Low yielder Small biomass Low tolerance 
Low resilience - SURVIVAL

LySbLtLr 20 ​

IL8–1–1 24 LOW SMALL LOW LOW Low yielder Small biomass Low tolerance 
Low resilience - SURVIVAL

LySbLtLr 20 ​
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20 squares across one linear inch of screen), resulting in a sand particle 
size of between 0.595 and 0.841 mm (Negev Industrial Minerals Ltd., 
Israel).

Fertilizer (poly feed 17:10:27, Haifa Chemicals, Haifa, Israel) was 
supplied to the plants through the irrigation system known as fertiga
tion. Each pot was fertigated with four drippers inserted into the upper 
portion of the sand to ensure that the medium was uniformly wet with 
each irrigation event. Fertigation was applied during the night in mul
tiple pulses. The fertigation in the control treatment consisted of four 
irrigation pulses, each lasting 15 min, applied every 2 h to ensure 
adequate leaching and achieve full pot water capacity.

2.3. Enhancing signal-to-noise in greenhouse phenotyping

The phenotyping system employed several strategies to enhance the 
signal-to-noise ratio, thereby reducing potential artifacts in the noisy 
greenhouse environment. These strategies include the use of high- 
accuracy load cell transducers, achieving a precision of ±0.167 g per 
kg of load on each cell. These transducers are also temperature- 
compensated to minimize drift caused by ambient temperature fluctu
ations effectively. Furthermore, each load cell is connected via a short 
cable (45 cm) to its analog-to-digital (A/D) controller, significantly 
reducing analog electrical interference and noise (typically associated 
with long cables connected to a central data logger). Thermal insulation 
and sealed covers are applied separately to each load cell to prevent 
overheating due to direct solar radiation. Vibration-induced noise is 
mitigated by placing compressed foam cushions and mass under each 
load cell. Measures to counteract the "pot effect" (Gosa et al., 2019), such 
as double-pot arrangements that isolate the soil and roots from direct 
solar radiation-induced heat, periodic flushing to prevent salinity 
buildup from frequent fertigation, and a split-dripper system to avoid 
localized soil compaction from uneven water distribution, ensuring the 
reliability and consistency of the physiological data collected during the 
experiment.

2.4. Drought treatment

To standardize drought stress across genotypes with different tran
spiration rates, we used the PlantArray system to apply feedback- 
controlled deficit irrigation. Each plant’s daily irrigation was set to 
80% of its transpiration from the previous day, ensuring that fast- 
transpiring plants received proportionally more water than slow- 
transpiring plants. This imposed a similar dehydration trajectory 
across plants while preserving genotype-specific differences in water use 
and dynamics. This protocol was applied throughout the drought- 
imposition phase until re-irrigation (Fig. 3C). To avoid confounding 
drought effects with nutrient limitation, plants continued to receive the 
same nutrient solution via fertigation during the drought-imposition 
phase, but in the reduced irrigation volumes determined by the 
feedback-controlled deficit protocol.

Here, θcrit was defined as the soil volumetric water content (VWC) at 
which transpiration began to decline from the well-irrigated plateau for 
an individual plant, and it was used as a standardized reference point for 
comparing genotypic drought responses. This approach prevented a 
rapid decrease in soil water content, creating a uniform drought scenario 
throughout the treatment period (see Fig. 3B in (Dalal et al., 2019). 
Using this approach, even the rapid water-loss lines (e.g., IL11–4) 
showed no significant differences between treatments across soil mois
ture levels. Such precise treatment-control mechanisms are necessary to 
maintain consistent and replicable conditions across all experimental 
units, as emphasized by the JXB guidelines for drought experiments 
(Moshelion et al., 2024). These guidelines advocate standardizing 
experimental conditions to minimize variability and enhance repro
ducibility, thereby ensuring that observed differences in plant responses 
are attributable to genetic variation rather than environmental variation 
(Franks and Beerling, 2009).

2.5. Selection of introgression lines for the physiological experiment

Following the classification and the terminology proposed by 
(Moshelion, 2020), plant drought-response behavior was defined as 
follows: Plant resilience (recovery from stress) was determined by the 
plant's biomass relative to M82, under similar drought conditions, and 
plant tolerance was measured by its total yield (TY) under identical 
drought conditions. In this context, resilience refers to the plant's ca
pacity to recover biomass identical to that of M82 after re-irrigation. At 
the same time, tolerance is defined as the plant's ability to maintain or 
increase yield under stress. Thus, under comparable drought stress, a 
line displaying higher biomass and higher yield would be classified as 
having a high-resilience (HR) and high-tolerance (HT) phenotype 
(HrHt). In contrast, a line with lower biomass and yield under drought 
conditions would be classified as having a low-resilience (LR) and 
low-tolerance (LT) phenotype (LrLt). If a line's biomass under stress was 
> 20% of the control, but its yield was lower than M82, it was defined as 
high-resilience–low-tolerance (HrLt; Table 1). This categorization yiel
ded 20 groups, ranging from ideotypic to survival phenotypes.

2.6. Measurement of quantitative physiological traits

Plant water relations, kinetics, and physiological traits were deter
mined for all plants by continuously and simultaneously monitoring soil- 
plant-atmospheric conditions, as shown in Fig. 1. Whole-plant physio
logical traits were measured using the PlantArray 3.0 system (PlantDi
Tech, Israel), following the methods described by Halperin et al. (2017) 
and Dalal et al. (2020). Briefly, plant weight gain(g) was calculated 
every day at the end of each irrigation and drainage period, at pre-dawn 
(ΔPW). The system automatically accomplished this by comparing pot 
weights (after subtracting all tare weights) upon drainage termination 
when the soil reached field capacity on consecutive days. Plant daily 
transpiration (PDT, g day⁻¹) was calculated every day as the weight 
difference between pre-dawn and few minutes before the first irrigation 
at night. The whole-plant WUE during a defined period was determined 
by the ratio between the sum of the daily plant fresh-weight gain (ΔPW) 
and water used throughout this period: 

WUE =

∑
ΔPWn

∑
PDTn

(1) 

Eq. (2) was then used to determine plant weight gain during the 
drought period, when plants were not irrigated, and the above proced
ure could not be applied. 
∑

ΔPWn = WUE⋅
∑

PDTn (2) 

WUE was calculated for the well-irrigated period (Eq. 1), and PDTn is 
the measured daily water consumption throughout this period, where n 
is the number of days measured. Plant agronomic water-use efficiency, 
WUE (WUEb; gbiomass/gwater), was calculated by dividing the dry 
biomass weight (g; measured at the end of the experiment) by the cu
mulative transpiration of each plant (gwater) over the entire experi
mental period. The momentary whole-plant transpiration rate (Tr; 
gwater⋅min⁻¹) was derived by multiplying the first derivative of the 
measured load-cell time series by –1. Tr was then normalized by plant 
fresh weight to yield Ec (gwater ⋅gplant⁻¹min⁻¹).

The whole-canopy conductance (Gsc) was calculated using Eq. (3)

Gsc = Ec ⋅ BP ⋅ VPD⁻¹                                                                     (3)

where VPD is the vapor pressure deficit (kPa) and BP is the atmo
spheric barometric pressure (kPa). Thus, Gsc is expressed in units of 
gwater ⋅gplant⁻¹min⁻¹ (Halperin et al., 2017).

Before these calculations, the time-series data were smoothed using 
the Savitzky–Golay method with a 61-point filter window and a fourth- 
order polynomial. This step was taken to mitigate noise amplification, 
which increases as the sampling interval decreases.
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2.7. Gas exchange measurements

Leaf gas-exchange was assessed on the youngest, fully expanded leaf. 
Measurement data were collected from mature, fully expanded leaflets 
at the top of the canopy of ~8-week-old plants between 10:00 am and 
12:00 pm. A portable infra-red gas analyzer (LI-6800XT; Li-Cor Inc., 
Lincoln, NE, USA) was used to obtain the carbon assimilation rate (AN). 
Stomatal conductance (gs) was measured in a 6 cm2 chamber, at 
midday, with the CO2 reference set at 400 ppm (µmol mol⁻¹), PPFD at 
1400 µmol m–2 s–1, VPD at 1.4 kPa and temperature set at 25◦C. Those 
levels were selected to replicate the greenhouse environmental condi
tions at the time of the initial measurements.

2.8. Stomatal density and aperture

Stomatal apertures and density on both leaf surface were determined 
using a rapid imprinting method (Geisler and Sack, 2002), widely used 
with fast-drying (~1 min) (Attia et al., 2015a), light-bodied vinyl pol
ysiloxane dental resin (Heraeus-Kulzer, https://www.kulzerus.com). 
Measurements were taken on the main lamina areas, avoiding major 
veins and vein-associated tissues to ensure consistency and accuracy. 
The vein areas were excluded by carefully selecting interveinal regions 
for analysis, following standard protocols to minimize variability and 
ensure representative sampling of stomatal distribution. The dried resins 
were used to create positive impressions with transparent nail polish, 
which were then transferred onto a microscopic slide. All stomata were 
then photographed using a bright-field inverted microscope (Nikon 
Eclipse TS100, Japan) with a 20 × /NA 0.40 objective and a 12-bit CCD 
camera (Manta G-235B; https://www.alliedvision.com). Stomatal 
aperture was measured directly from the pore dimensions visible in the 
imprints, thereby capturing pore geometry at the moment of fixation. 
We interpret this as an anatomical snapshot of aperture at fixation, not 
as a direct equivalent of functional stomatal openness or stomatal 
conductance. This allowed us to collect large samples of stomatal im
prints (see Suppl. Fig. 4). For uniformity of sampling, we imprinted 
stomata from the youngest fully expanded trifoliate leaves exposed to 
full sunlight and obtained images of approximately four randomly 
selected areas on the leaf, avoiding major veins and vein-associated 
tissues. The images were analyzed using ImageJ, with a calibrated mi
croscope ruler used for size calibration.

2.9. Statistical analysis

Unless otherwise specified, all statistical analyses were performed 
using JMP ver. 15 statistical package (SAS Institute, Cary, NC, USA). 
Analysis of variance (ANOVA) was calculated, and subsequent com
parisons were analyzed using Tukey's post hoc test. A p-value of ≤ 0.05 
was considered statistically significant for the ANOVA tests. The specific 
statistical tests used are indicated in the legends of each figure or table. 
Graphs were generated using OriginPro, Version 2021 (OriginLab Cor
poration). Correlation analyses were performed in the R Statistical 
package’s cor() function, which computes pairwise correlation co
efficients for continuous variables.

3. Results

3.1. Field performance of the IL population

We began by analyzing two field experiments conducted in 2000 and 
2004 (see Table 1) that included 29 IL lines and M82. These plants were 
characterized by yield and biomass parameters and compared to the 
control M82 under optimal and water-limiting conditions (Fig. 2). The 
percentage change in biomass and fruit yield was calculated relative to 
M82, a “check variety”. Under optimal irrigation, the lines were classi
fied into high-yield (HY), medium-yield (MY), and low-yield (LY) groups 
based on their yields relative to M82: HY = >20% greater than the yield 
of M82, MY = yield levels comparable to, but not necessarily equal to, 
that of M82, and LY = 20% lower than the yield of M82. Based on the 
biomass of the different lines collected from the field at the experiment's 
end relative to M82, the genotypes were also classified as having high 
shoot biomass (HB, >20%), medium shoot biomass (MB, =20%), or low 
shoot biomass (LB, <20%; Table 1) as compared to the biomass of M82.

Six lines (marked with *in Table 1) with a range of low to high 
biomass and fruit yield, and the M82 line, were chosen for further 
physiological characterization using the functional phenotyping plat
form to dissect the physiological basis of their difference. These six ge
notypes were selected to represent a broad range of plant response 
characteristics, based on data from 4 to 5 years of well-irrigated field 
experiments and at least two years of data on performance under stress 
conditions. The selected lines were IL5–2, IL11–4, IL2–6, IL8–1, IL10–1, 
and IL8–1–3. Among these lines. IL5–2 outperformed M82 in all 

Fig. 1. Overview of the telemetric, gravimetric phenotyping platform and analysis scheme. A, A partial view of multiple tomato introgression lines positioned on the 
Plantarray screening platform [located at the Israeli Center of Research Excellence (ICORE) for Plant Adaptation to the Changing Environment, at The Hebrew 
University of Jerusalem]. B, randomized experimental setup of all plants simultaneously measured. Different colors represent different lines and treatments. C, An 
illustration of the direct soil-plant-atmosphere measurements taken for a single plant.

S.C. Gosa et al.                                                                                                                                                                                                                                  Plant Science 370 (2026) 113170 

5 

https://www.kulzerus.com
https://www.alliedvision.com


parameters in both environments; thus, we classified the HY, HB, HT, 
and HR (HyHbHtHr) line as ideotypic. IL2–6 was a high-yield under 
optimal irrigation but a low-yield under drought stress, while main
taining high biomass under both conditions (HyHbLtHr). IL11–4 
exhibited high yields under optimal irrigation but had medium-level 
values for the other selection criteria (HyMbMtMr). IL10–1 exhibited 
robust vegetative growth but yielded low amounts in wet and dry con
ditions. It was characterized by a low yield, high biomass, low tolerance, 
and high resilience (LyHbLtHr). IL8–1 had low total yields and biomass 
under optimal irrigation and low yields under drought conditions, but 
medium biomass under drought stress (LySbLtMr). IL8–1–3 had low 
total yields and biomass under optimal irrigation and low yields under 
both optimal irrigation and drought conditions (LySbLtLr). Physiolog
ical characterization of the selected introgression lines

As a preliminary approach, we conducted single-time- point mea
surements of stomatal conductance and photosynthesis using a widely 
adopted IRGA gas-exchange system (Supplementary Figure 3). Howev
er, these single-time-point measurements did not reveal statistically 
significant differences among the introgression lines. We attribute this to 
substantial biological and environmental variability across replicates, 
likely driven by fluctuations in light intensity, temperature, and vapor 
pressure deficit (VPD) during the measurement period required to cover 
all plants sequentially. Thus, although chamber conditions were stan
dardized, the plants were not measured simultaneously and their 
physiological state varied across an approximately 2 h time window and 
greenhouse microclimate. This underscores that single-time-point IRGA 
measurements have limited power to resolve genotype differences in 
diurnal water-use dynamics, thereby motivating our continuous whole- 
plant approach.

This limitation inherent to manual gas-exchange systems prompted 
us to employ a high-resolution gravimetric phenotyping platform 
capable of continuously and simultaneously monitoring whole-plant 
transpiration. This system enabled the detection of dynamic physio
logical patterns across genotypes under identical and gradually chang
ing drought conditions.

During continuous, simultaneous measurement of whole-plant 

physiological performance, all lines showed linear increases in transpi
ration under optimal irrigation. When comparing whole-plant daily 
transpiration, no significant differences were observed between the lines 
on the first experimental day (4-week-old seedlings) (Fig. 3B, Day 1). 
From 2–17 days after transplanting, IL11–4 and IL5–2 showed signifi
cantly higher whole-plant transpiration than the Check variety ( M82), 
whereas IL8–1 exhibited moderate to lower transpiration relative to the 
Check variety. After 18 days, all plants underwent controlled drought 
stress (a differential-feedback-irrigation drought treatment; see Mate
rials and Methods), ensuring they experienced a similar drought stress, 
in which the soil volumetric water content (VWC) decreased at a similar 
rate (Fig. 3B), despite differences in transpiration. Although all plants 
encountered a similar declining VWC, high-transpiring lines reached 
their VWC limitation point (θcrit) more swiftly, thus reducing their 
transpiration rate earlier than the low-transpiring plants (Fig. 4, Suppl. 
Figure 2), revealing a transpiration-positional inversion (e.g., Fig. 3B, 
the transpiration “flip-flop” of IL11–4 and IL8–1).

3.2. Stress response and resilience evaluation

During the drought period, no differences in plant transpiration were 
observed between the lines (Fig. 3B). We therefore assessed recovery 
rates (resilience) of the different lines after full irrigation was reinstated, 
once plant transpiration had declined to approximately 10% of their 
maximum transpiration (Day 29). The transpiration was measured until 
the plants returned to their previous (non-normalized) transpiration 
rates observed before the drought stress. Over this period, all lines 
recovered successfully to their pre-stress transpiration levels. However, 
the high-transpiring line (IL5–2) exhibited a faster absolute recovery 
rate (as measured by actual, whole-plant water-loss rates, which were 
not normalized; Fig. 5A) than the low-transpiring lines (IL8–1 and 
IL2–6), suggesting more effective drought-response and resilience 
mechanisms. We assumed that plants with higher transpiration rates 
would be more negatively affected by drought. However, it was notable 
that high transpiration was coupled with greater resilience. In addition, 
we observed a strong correlation between cumulative transpiration (CT) 

Fig. 2. Field performance of 29 tomato introgression lines (gray) and the M82 control (black). A, Two years of mean fruit weights (ranked from low to high) under 
well-irrigated conditions. B, Two years of mean fruit weights (ranked from low to high) under drought conditions. C, Two years of mean shoot weights at harvest 
(ranked from low to high) under well-irrigated conditions. D, Two years of mean shoot weights at harvest (ranked from low to high) under drought conditions. The 
square (□) in the box plot represents the mean value. The box-splitting horizontal bands indicate the sample median, and bars show the interquartile range (25th to 
75th percentile). Points below or above the interquartile ranges are outliers, respectively(n = 9–13).
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and dry biomass at harvest (Fig. 5B, r2=0.89). Moreover, the lines with 
higher CT (IL5–2 and IL11–4) exhibited higher transpiration-use effi
ciency (transpiration normalized by biomass; WUEb), with IL11–4 
showing significantly higher WUEb than IL8–1 (P < 0.05), indicating 
improved water-use efficiency mechanisms in these high-transpiring 
lines (Fig. 5C).

3.3. Daily whole-plant–environment kinetics

Single-point measurements of daily transpiration parameters can be 
challenging to compare plant performance because plants respond 
dynamically to microclimate factors, such as fluctuating light, temper
ature, and vapor pressure deficit (VPD). The high signal-to-noise ratio of 
the system (see materials and methods) enables the precise measure
ment of momentary transpiration rates rather than just daily aggregates, 
ensuring continuous monitoring and analysis of transient physiological 
responses. Therefore, we could measure differences in the momentary 
plasticity response to ambient conditions throughout the day, which 
might provide additional explanations for the performance differences 
between lines. To comprehend the response of Gsc and the transpiration 
rate to ambient conditions, we monitored all lines simultaneously under 
optimal irrigation and similar soil water content conditions (50% of 

maximum midday transpiration, after θcrit, day 23 of the experiment; 
this stress level synchronization (Fig. 3C) was possible due to the sys
tem's automatic feedback irrigation control, see Materials and Methods). 
Under well-irrigated conditions (Day 16 of the experiment), the whole- 
canopy Gsc and TR exhibited similar response patterns to light and VPD 
across lines. All lines opened their stomata in response to PAR and VPD, 
increasing their Gsc and TR from 06:00–10:00 (Figs. 6B and 6C). Daily 
maximum Gsc and TR increased in parallel with rising PAR and VPD 
during the early morning hours, stabilizing around 10:00 AM, after 
which both environmental and plant physiological parameters remained 
relatively constant throughout midday and into the late afternoon 
(10:00–16:00). In the late afternoon, Gsc sharply declined in response to 
PAR, while TR remained high following the VPD pattern. With the VPD 
drop (Fig. 6A), transpiration also decreased (Fig. 6C). Similar findings 
have been reported by (Fridman et al., 2000), who found that canopy 
photosynthesis increased rapidly, reaching a high level shortly after 
sunrise. In contrast, transpiration increased slowly following the VPD 
trend, ultimately resulting in a high canopy of WUE accompanied by 
high carbon assimilation before 7:00. This observation suggests the 
possibility that the plants' WUE might have been at its lowest during the 
afternoon and evening hours; however, further measurements normal
izing transpiration to biomass or photosynthetic rates would be required 

Fig. 3. A, Daily photosynthetically active radiation (PAR) and vapor pressure deficit (VPD) during the experimental period. B, Daily transpiration of tomato seedlings 
over the entire experimental period. Data points are means ± SE of continuous daily whole-plant transpiration over the entire experimental period (32 days). C, mean 
± SE volumetric water content (VWC) measured by a soil probe over the course of the experiment. The drought treatment was followed by a recovery period during 
which the resumed irrigation brought the pot back to full capacity. Groups were compared using Tukey's Honest Significance test; different letters above represent 
significant differences between lines; p < 0.05. n = 5–8 plants per group.
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to confirm this speculation. The maximum midday transpiration rate 
displayed a pattern similar to the daily transpiration trend presented in 
Fig. 3, with consistent differences among lines. However, when 
normalized by plant biomass and VPD to obtain canopy conductance 
(Gsc), a different pattern emerged, characterized by an early morning 
peak followed by a decline during midday and the afternoon hours. 
Unlike under optimal irrigation conditions, the Gsc and TR kinetics of 
plants exposed to soil water-limiting conditions varied among lines and 
in response to PAR and VPD (which were very similar to the pre-stress 
conditions; see Supplemental Figure 1). All lines experienced re
ductions in Gsc and TR from late morning to noon, regardless of the 
ambient PAR and VPD conditions. However, the high-performing lines 
(i.e., IL5–2 and IL11–4) exhibited a distinct response pattern, charac
terized by an early-morning peak in Gsc (Fig. 7 A and B) and a relatively 
low transpiration rate (Fig. 7a and b) at the same time, followed by an 
immediate and linear reduction in those parameters during the middle 
of the day and the afternoon (10:00 to the evening hours).The differ
ential sensitivity of transpiration (Tr) to vapor pressure deficit (VPD) 
and stomatal conductance (gₛ) to light is consistent with established 
stomatal control mechanisms, whereby VPD directly influences 

evaporative demand while light regulates stomatal opening through 
photosynthetic signaling pathways (The control of stomata by water 
balance - Buckley, 2005; Farquhar and Sharkey, 1982). This pattern can 
be interpreted in the context of photosynthetic feedback on stomata, 
where changes in mesophyll photosynthesis and intercellular CO₂ con
centration modulate gₛ, linking light-driven carbon assimilation to sto
matal behavior (Wong et al., 1979; Lawson et al., 2012). Conversely, 
low-performing lines (i.e., IL10–1, IL8–1, and IL8–1–3) presented lower 
Gsc during the early hours (when VPD is low). They reached their Gsc 
peaks later in the day (Fig. 7 E, F, and G, respectively). Those peaks 
persisted for longer periods, causing those plants to lose more water 
through transpiration (Fig. 7e, f, and g, respectively). Importantly, all 
measurements in Fig. 7 were conducted on the same day under the same 
VPD trajectory and at similar soil water content levels (Figs. 3B and 4), 
ensuring comparability across lines. In these high-resolution measure
ments of continuous Gsc and Tr patterns, we detected differences be
tween lines that were not evident in the low-resolution measurements of 
single-point daily transpiration (i.e., no differences between lines were 
detected in the daily-transpiration stress response, unlike the pre-stress 
period; Fig. 3A). To better understand the different Gsc response 

Fig. 4. The physiological drought point (θcrit) was determined as the point at which soil water is restricted from supplying mid-day transpiration needs, for all the 
plants presented in Fig. 3. This point was identified using piecewise correlations based on the relationships between two segmented lines that intersected (following 
Halperin 2016). The yellow box in the middle represents the standard drought-evaluation zone, in which the performance of all lines was evaluated under 
drought stress.

Fig. 5. A, Transpiration recovery rate for five days after the resumption of irrigation in seven different tomato lines. B, Correlation between shoot dry weight and 
cumulative daily transpiration for 33 days during the screening period. Data points are the means ± SE (n = 5–8). C, means ± SE of biomass WUE of the different 
lines. Different letter indicates significant difference according to Tukey’s Honest Significance test (p < 0.05).
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patterns of the high-yielding lines, we examined their abaxial/adaxial 
stomatal densities and daily apertures.

3.4. Variation in stomatal morphology among the lines

Stomatal density and aperture (pore width) measurements revealed 
that lines IL5–2, IL11–4, IL8–1–3, and IL10–1 had higher abaxial than 
adaxial stomatal densities. In contrast, the other lines had similar sto
matal densities on both leaf sides. No differences were observed in the 
maximal stomatal aperture size between the abaxial and adaxial leaf 
sides for each line, except for M82 and IL8–1–3, which had larger sto
matal apertures on the abaxial and adaxial sides of their leaves, 
respectively (Fig. 8 B). However, each line had a maximum aperture on 
both the abaxial and adaxial sides of its leaves at different times of day 
(Fig. 9; all measurements were conducted on the same day under the 
same VPD and soil water content, ensuring consistency across experi
mental conditions). Specifically, IL5–2 reached its maximal abaxial peak 
aperture around 07:00 and its maximal adaxial peak aperture around 
10:00 (Fig. 9 A, a). M82 reached both its maximal abaxial and adaxial 
apertures around 10:00. Lines IL8–1, IL11–4, and IL10–1 revealed 
maximum aperture on both their adaxial and abaxial sides around 
13:00. However, while the stomatal apertures of IL10–1 and IL 11–4 
shrank after peaking, IL8–1 maintained its large apertures until 17:00. 
Line IL8–1–3 consistently maintained small apertures throughout the 
day (Fig. 9 G and g). The aperture for line IL8–1–3 did not align well 
with our observations of canopy-level conductance, which may be due 
to single-point leaf-level aperture measurements compared with inte
grated whole-plant conductance data. Thus, stomatal aperture patterns 
(Fig. 9) reveal relatively good correspondence between the abaxial and 
adaxial leaf sides. Generally, the stomatal aperture patterns align well 
with the canopy-level conductance trends. However, some discrepancies 
were evident, such as in line IL8–1–3, where stomatal aperture patterns 

did not fully correspond to canopy-level measurements. These discrep
ancies might arise from methodological limitations of single-point sto
matal aperture measurements compared with continuous measurements 
of whole-plant canopy conductance, or from other factors, such as 
boundary-layer effects. These aspects require further investigation.

To clarify trait associations, we quantified relationships between 
stomatal traits, water-use traits, and biomass using Pearson correlations 
across genotypes (n = 7, Supplementary Table S3). Cumulative tran
spiration (CT), an integrated whole-plant trait measured continuously 
across the stress and recovery period, showed strong associations with 
both biomass (R² = 0.85, p = 0.003) and post-drought recovery (CT vs. 
Drought_Recovery, R² = 0.85, p = 0.003). In contrast, agronomic WUEb 
and stomatal density traits showed weak, non-significant associations in 
this panel, including a weak association between the abaxial: adaxial 
stomatal density ratio and WUEb (R² = 0.035, p = 0.689; Supplemen
tary Table S3).

4. Discussion

Sampling longitudinal traits, traits measured repeatedly, is crucial to 
understanding how the environment impacts plant performance (Yang 
et al., 2006). Continuous measurements have been proven to enhance 
the accuracy of prediction models for plant growth and to identify loci 
related to growth trajectories (Campbell et al., 2019). Monitoring the 
soil-plant-atmosphere continuum provides more informative data than 
single-point measurements (Moshelion et al., 2024). Under stress, plants 
shift from productive to survival modes, adapting physiologically, 
anatomically, and biochemically (Kerchev and Van Breusegem, 2022). 
Understanding these dynamics under water-deficit conditions, particu
larly in breeding for higher yields, is critical (Sinclair, 2011; Snowdon 
et al., 2021). The challenges of using prolonged irrigation halts to study 
drought stress highlight the variability of plant transpiration and the 
need for careful management of soil water levels, as illustrated by the 
method developed by (Snow and Tingey, 1985). Nevertheless, it is 
challenging to accurately predict the extent of time savings in the 
pre-cultivation process that might be achieved through novel biological 
or technological developments. Nonetheless, a considerable portion of 
the current effort is spent identifying lines that ultimately prove un
suitable for specific environmental conditions. If these unsuitable lines 
can be screened out at an earlier stage, both time and financial resources 
can be conserved, allowing more suitable candidates to advance to field 
testing earlier, advancing physiological trait discovery for crop 
improvement. In our study, we automatically maintained similar 
drought treatments for all lines simultaneously (Fig. 3C) using each 
plant’s own transpiration as a feedback irrigation method to its own pot. 
In addition, we define the initial drought-stress point in terms of each 
plant's θcrit as a standard drought evaluation point (Fig. 4, Suppl. 
Figure 2). Thus, θcrit reveals the soil water content, which serves as a 
limiting factor to transpiration and how quickly plants can reduce their 
transpiration after reaching the θcrit point, potentially impacting their 
stress tolerance (Negin and Moshelion, 2016) (Gosa et al., 2019). For 
instance, as shown in Figs. 3B and 4 and Suppl. Figure 2, IL5–2 and IL 
11–4 reached the θcrit point more rapidly than other lines. This suggests 
that the lines transpiring more under full irrigation (high productive 
mode) will reach their limiting water content faster, thus quickly closing 
their stomata (switching to protective mode). Such kind of transpiration 
observed by IL 11–4 is similar to a 'riskier' water use strategy under stress 
conditions (Tardieu and Simonneau, 1998), (Attia et al., 2015b); (Gosa 
et al., 2019) as IL 8–1 showed more conservative water use behavior, 
which is less productive yet might contribute to better chances to sur
vive longer stress. While some of the differences between the lines in 
their soil moisture may be subtle, the patterns remain biologically 
meaningful and consistent with other traits. A “riskier” water-use 
strategy (higher transpiration under stress) generally supports higher 
short-term carbon assimilation, which can translate into greater early 
biomass accumulation and potentially higher yield if water remains 

Fig. 6. Daily patterns of A, PAR (black line) and VPD (red line), B, whole- 
canopy conductance, and C, whole-canopy transpiration rate, as continuously 
measured under well-irrigated conditions. The green solid line arrow shows a 
sharp decline of PAR; the blue solid arrow indicates an Increase of VPD. The 
green broken arrow suggests a sharp decrease in GSc, and the orange solid 
arrow indicates when transpiration remains higher relative to GSc. Data means 
± SE; n = 5–8.
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Fig. 7. Daily variation in canopy conductance and transpiration rate under drought-stress conditions. Whole-canopy conductance (A–G) and transpiration rate (a–g) 
were measured continuously. Representative days were shown for the stress after the θcrit point (yellow block in Fig. 4). Data was collected on the same day under a 
shared VPD trajectory. Additionally, the soil water content was similar across lines at the time of measurement. The broken-line box indicates the morning hours 
during which the stomatal peak is observed in some lines. Data are shown as means ± SE (n = 5–8). The light shadow area shows the standard error bar.
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available through critical developmental stages. However, because this 
strategy accelerates soil water depletion, it increases the probability of 
premature water limitation during reproductive phases, which can 
reduce final biomass partitioning to grains and depress yield under 
prolonged or terminal drought(Blum, 2009). Conversely, a conservative 
water-use strategy typically results in lower instantaneous biomass 
production due to reduced gas exchange, but it preserves soil moisture 
for longer periods, which can stabilize yield under extended stress by 
maintaining plant function during sensitive growth stages (Blum, 2009; 
Passioura, 2012).

Recovery from drought stress entails returning to pre-stress growth 
and physiological functioning levels once soil water content is restored. 
Although resilience is as vital as the stress response, it has garnered less 
attention, possibly due to challenges in its characterization (Guo et al., 
2020). In Fig. 5A, the lines exhibited varying abilities to revert to their 
pre-stress daily transpiration levels compared with their daily transpi
ration during the first five days after resuming irrigation following the 
drought treatment (Fig. 3B). Under the severe drought stress conditions 
(plants transpiring at less than 10% of their maximal transpiration), we 
expected that slow recovery due to drought-related damage (e.g. leaf 
and root desiccation, embolism, photorespiration, and reactive oxygen 
species - ROS) would more severely impact plants with higher transpi
ration rates and rapid growth compared to plants with lower transpi
ration rates and slower growth. Interestingly, lines with higher pre-stress 
transpiration levels (IL5–2, IL11–4) recovered swiftly after the drought, 
contradicting our hypothesis. Similarly, these lines were classified as 
highly resilient and medium resilient, respectively, under the field 
conditions (Table 1). They exhibited faster stomatal closure (Fig. 7A, B), 
high WUEb (Fig. 5C), and relatively high Gsc to TR under drought 
conditions (Fig. 7 A,b, and B, b, respectively). Based on these findings, 
we infer that stress-adaptation mechanisms, which might be elusive 
during the stress period, contribute to plant resilience. This aligns with a 
previous report on maize (Chen et al., 2016), which posited that drought 
recovery is integral to whole-plant growth under water-stress condi
tions. Employing a method to detect drought-stress resilience during 
early growth stages, combined with field trials, may enable predicting 
resilience at earlier stages. This approach could also help identify ge
netic variability in novel tolerance mechanisms.

4.1. Dynamic water-use efficiency: the morning stomatal peak under 
water-deficit conditions

Plants exhibit dynamic water-use regulation throughout the growing 
season in response to changes in VPD. The temporal dynamics of water- 
use traits can significantly enhance productivity (Sinclair, 2018). Under 
limiting SWC, different lines exhibited distinct responses to VPD and 
PAR (Fig. 7 and Supplemental Figure 1), suggesting that certain dynamic 
reactions may be more advantageous in specific environments. A 
notable example of such beneficial dynamic responses is the 
early-morning whole-canopy conductance peaks observed in 
high-yielding lines. Under drought conditions, IL5–2 and IL11–4 
(Figs. 7A and 7 B) maintained relatively high whole-canopy conduc
tance despite a still low VPD when PAR was high. This resulted in a 
relatively low rate of water loss via transpiration (Figs. 7a and 7b). A 
morning peak of this nature was reported in solanum penelli (Lupo and 
Moshelion, 2024).

Such opportunistic stomatal behavior has been documented in highly 
water stress-tolerant forest plants like Acacia and hemiparasitic mis
tletoes (Loranthus europaeus (LE)) (Ullmann et al., 1985; Resco de Dios 
et al., 2016), wheat (Triticum durum cv) introgression line (Bacher et al., 
2023), soybean (Glycine max) (Teare and Kanemasu, 1972), and Ara
bidopsis thaliana (Hassidim et al., 2017). While these studies acknowl
edged the existence of this stomatal morning-rise phenotype, it was 
hypothesized that this phenotype would enhance productivity and 
fitness under drought by using photosynthetically active radiation (PAR) 
to increase CO2 assimilation (Schoppach et al., 2020). In a recent study, 
we demonstrated that this type of early-morning Gsc peak, referred to as 
the “golden hour”(Gosa et al., 2019) , is strongly correlated with tomato 
yield in the field (Gosa et al., 2022b). Our current findings underscore 
the significance of this early-morning stomatal peak under 
water-limiting conditions and highlight genetic variability underlying 
this crucial trait. Specifically, the two high-yielding lines were IL5–2 and 
IL 11–4, which are otherwise distinct. Moreover, these lines exhibited 
high WUEb, high shoot dry weight (Fig. 5B; P < 0.05), and medium to 
high field drought tolerance (Table 1), confirming that lines that balance 
and optimize water use tend to maintain high productivity even under 
water-stress conditions. In contrast, IL2–6, which exhibited high yield 
under well-irrigated conditions but low yield under field drought con
ditions, displayed daily Gsc kinetics similar to those of the low-yielding 

Fig. 8. Leaf stomatal traits of the different tomato lines. A, Total (gray), abaxial (lower leaf side, light green) and adaxial (upper leaf side, dark green) stomatal 
densities of six introgression lines of tomato and M82. Data are derived from three technical and three biological replications imaged at their central lamina. The box- 
splitting horizontal bands indicate sample medians, the square box in the middle indicates the mean, and bars show the interquartile range (25th to 75th percentile), 
points below or above the interquartile ranges are outliers. B, Total stomatal apertures of the same lines (pore width, µm). * Indicates a significant difference between 
the abaxial and adaxial sides of an individual line, according to Student’s t-test. Different letters indicate significantly different means (capital letters for total 
stomatal density, and light green lower-case letters for the abaxial side of the leaves and dark green lower-case letters for the adaxial side), according to Tukey’s 
Honest Significance test (p < 0.05, n = 8).
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Fig. 9. Daily variation in A–G, abaxial stomatal apertures, and a–g, adaxial stomatal apertures. The broken lines indicate the morning time when the maximum 
aperture was observed for some of the lines. The square (□) in the box plot represents the mean value. The box-splitting horizontal bands indicate sample medians, 
and bars show the interquartile range (25th to 75th percentile). Points that fall below or above the interquartile ranges are considered outliers. The dashed lines in 
each figure indicate the point on the day at which the apertures were largest(n = 8).

S.C. Gosa et al.                                                                                                                                                                                                                                  Plant Science 370 (2026) 113170 

12 



IL8–1 (Fig. 7). This strengthens the evidence that the Gsc morning peak 
is an essential yield-related trait under stress. Furthermore, IL2–6 
demonstrated low WUEb and low shoot dry weights (Fig. 5B, P < 0.05) 
and poor drought tolerance in the field (Table 1), suggesting that high 
yield does not necessarily indicate drought tolerance. Thus, different 
combinations of traits yielded similar outcomes. Although midday 
depression was not directly observed, it is relevant to consider that many 
species exhibit a midday decline in photosynthesis and stomatal 
conductance under high light and vapor pressure deficit, driven by 
stomatal and non-stomatal limitations, including, biochemical, photo
chemical, anatomical, and hydraulic constraints which can restrict 
photosynthesis even when stomata relatively are open and CO₂ is 
available (Henry et al., 2019; Muir et al., 2014). This framework may 
help contextualize diurnal patterns discussed here.

Several recent studies have proposed stomatal functional anatomy 
mechanisms as promising targets for enhancing productivity and resil
ience (Sadok et al., 2021). For instance, high stomatal density has been 
suggested to represent a safety-efficiency trade-off, as it shows greater 
sensitivity to closure during leaf dehydration (Henry et al., 2019). 
Another mechanism proposed as a good proxy for productivity, and 
WUE, is the ratio between the stomatal densities on a plant's leaves' 
abaxial and adaxial sides (Muir et al., 2014). Notably, in our panel, the 
abaxial: adaxial stomatal density ratio showed only a weak, 
non-significant association with WUEb (Supplementary Table S3), 
highlighting the added value of integrating continuous whole-plant 
measurements when interpreting drought-response traits.

Indeed, our results support this, revealing that different combina
tions of densities across IL lines yield distinct water-balance regulation 
strategies, drought responses, and yields. Our results indicate that static 
stomatal density metrics are insufficient predictors of drought perfor
mance. Instead, drought response likely depends on dynamic stomatal 
regulation (e.g., sensitivity to VPD or ABA signaling), hydraulic 
conductance, and whole-plant water-use coordination rather than 
anatomical stomatal abundance per se

These findings prompt further questions about the roles of stomatal 
ratio and density in Gsc regulation. Although the abaxial stomata seem 
to play pivotal roles in light sensitivity, photosynthesis, and WUE 
(Driscoll et al., 2006), (Lei et al., 2018). The actual relative contribution 
of the abaxial and adaxial leaf sides to crop productivity remains 
ambiguous. Several factors, such as the position of light sources in the 
greenhouse, wind movement in the field, and crop type, influence it 
(Zhang et al., 2023) (Paradiso et al., 2020). We propose that, in to
matoes, the combination of stomatal ratio, stomatal density, and the 
sensitivity of stomata on each leaf side to ambient conditions is key to 
understanding a genotype’s adaptation to a specific environment (G×E 
optimization), its resilience, and its water-use efficiency (WUE). For 
instance, both IL8–1 and IL8–1–3 were very low in all productive and 
resilient field-based parameters (Table 1).

Stomatal ratio like the high-yielding IL5–2 (Fig. 8A), but it exhibited 
low transpiration (Fig. 3A, P < 0.05) and low yield in the field (Table 1). 
This could be explained by the relatively small stomatal apertures on 
both sides of its leaves (Figs. 8B, 9G, and 9g). The stomatal density data, 
coupled with whole-plant canopy conductance, suggests the potential 
for hydraulic coupling between stomatal distribution and xylem water 
transport.

These aspects should be addressed in future studies to understand 
how abaxial vs. adaxial stomata alter leaf boundary-layer resistance, 
transpiration fluxes, and hydraulic signaling across the canopy. While 
this study differentiates between abaxial and adaxial stomatal distri
butions, we acknowledge that future work should aim to incorporate 
these parameters into a quantitative model to better capture their 
combined influence on gas exchange and water-use efficiency.

Unlike continuous and simultaneous canopy scale measurements, 
single-leaf stomatal conductance or aperture provide high spatial reso
lution of guard cell behavior but remain sensitive to the local micro
environment of the sampled leaf and represent a snapshot in time. In our 

study, single-point measurements did not show a significant difference 
in leaf gas exchange. All plants were measured at a similar develop
mental stage. Yet, because a single IRGA was used across multiple ge
notypes, with up to 20 min required per steady-state measurement 
(across a diurnal window of approximately 10:00–2:00), variability 
likely arises from both biological differences and fluctuations in light, 
temperature, and VPD over the measurement period. Such measure
ments do not capture spatial heterogeneity across the canopy or the 
temporal integration of responses under fluctuating conditions and 
therefore may not fully represent whole-plant gas-exchange dynamics. 
Accordingly, partial mismatches between leaf-level aperture patterns 
and canopy-level conductance (e.g., IL8–1–3) may be expected when 
comparing snapshot measurements to continuous whole-plant integra
tion. Notably, an elegant solution to directly synchronize aperture dy
namics with operational gas exchange has recently been demonstrated 
by integrating live confocal microscopy with simultaneous leaf gas ex
change under controlled environmental conditions (Crawford et al., 
2025). While highly informative mechanistically, this approach is not 
readily scalable to high-throughput phenotyping across multiple geno
types; therefore, continuous whole-plant canopy conductance remains 
the most practical framework for breeding-oriented screening under 
realistic, fluctuating conditions.

Stomatal traits contributed mechanistically to these dynamics. High- 
performing lines combined early-morning stomatal opening under low 
VPD with an elevated abaxial–adaxial stomatal density ratio, a config
uration that likely favors efficient gas exchange, moderated water loss, 
and faster hydraulic recovery following stress release. These results 
support a framework in which stomatal distribution interacts with 
whole-plant hydraulic coordination to accelerate recovery, rather than 
acting as a static morphological predictor.

Integrating continuous whole-plant transpiration with stomatal 
morphology and aperture dynamics, therefore, enhances early pheno
typing resolution and improves identification of productive, drought- 
resilient ideotypes. Future studies applying diverse stress scenarios 
and genetic dissection will be required to validate the generality of these 
mechanisms.
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