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Short Running Head: Dynamic stomatal and whole-plant responses
Plant dynamic responses from stomata to whole plant
Abstract
Key physiological traits of plants, such as transpiration and stomatal conductance, are
usually studied under steady-state conditions or modeled using only a few measured
data points. Those measurements do not reflect the dynamic behavior of the plant in
response to field conditions. To overcome this bottleneck, we used a gravimetric
functional-phenotyping platform and a reverse-phenotyping method to examine the
dynamic whole-plant water-regulation responses of tomato introgression lines and
compared those responses with several years of yield performance in commercial fields.
Ideotype lines had highly plastic stomatal conductance and high abaxial-adaxial
stomatal density ratios and the size of their stomatal apertures peaked early in the day

under water-deficit conditions. These traits resulted in dynamic daily water-use
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efficiency, which allowed for the rapid recovery of transpiration when irrigation was
resumed after a period of imposed drought. We found that stomatal density, the abaxial—
adaxial stomatal density ratio and the time of maximum stomatal apertures are crucial
for plant adaptation and productivity under drought-stress conditions. Abaxial stomatal
density was also found to be strongly correlated with the expression of the stomatal-
development genes SPCH and ZEP. This study demonstrates how a reverse functional
phenotyping approach based on field yield data, continuous and simultaneous whole-
plant water-balance measurements and anatomical examination of individual leaves can
help us to understand and identify dynamic and complex yield-related physiological
traits.

Keywords: functional phenotyping, crops yield, dynamic response, drought stress,

stomatal conductance, reverse phenomics
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Introduction

Agricultural crop productivity must increase significantly to meet the food needs of the
world’s growing population (FAO, 2017). The need to increase yields, in general, and
under stressful conditions, in particular, while reducing damage to the environment
continues to be a very important challenge (Tian et al., 2021). The most promising
strategy for meeting this challenge is to improve crop genetics through breeding, based
on an understanding of genomics and the ability to correctly phenotype plants and their
environmental interactions (i.e., genotype—environment interactions or GxXE) [Furbank
and Tester (2011), as reviewed in (Gao, 2021)]. The less accurate quantification of plant
traits related to stress has hindered the translation of genomic data into valued
phenotypes (Mir et al., 2019). Therefore, the bottleneck in exploiting crop traits for high
productivity under stress is shifting from high-throughput genomics to high-throughput

phenomics capable of predicting yield and resilience in the field.

The first decade of the phenomic era has seen remarkable advances in phenotyping
platforms. Nonetheless, the impacts are still far from satisfactory, mainly due to plants'
extremely plastic phenotypic responses to their environments (Duursma et al., 2019).
In fact, due to their sessile lifestyle (Claeys and Inzé, 2013), plants are the most plastic
macro-organisms on earth (Schlichting, 1986), exhibiting dramatic phenotypic and
physiological plasticity in response to environmental conditions (Moshelion, 2020).
Even under controlled laboratory conditions, significant variations have been observed
in leaf growth and other traits of Arabidopsis WT col 0 across 10 laboratories, due to

differences in the environmental conditions (Massonnet et al., 2010).

In response to complex and uncertain environmental conditions, plants exhibit plastic

behavior to optimize their water-use efficiency (WUE) at any given moment
Gosa et al ., 2022
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(Hetherington and Woodward, 2003). This plastic behavior poses some challenges to a
classical gene-to-trait research approach, as the relationship between the genotype and
the observed traits will vary with the prevailing environmental conditions (Wardle,
2013). In fact, it is rather challenging to establish a gene or QTL that contributes to
yield, in general, and drought responses, in particular, due to the complexity and
quantitative nature of yield-related traits. This process takes a very long time (Sandhu
et al., 2021), which limits the number of promising candidates that reach the field-
experiment stage (Moshelion and Altman, 2015). To deal with these challenges, pre-
field functional screening of candidate genotypes is expected to dramatically reduce the
amount of effort required for breeding for resistance to abiotic stress (Negin and
Moshelion, 2017). These screening processes should be relatively short, simulate field

conditions, consider the spatial and temporal GXE and be replicable.

Determining yield-related traits, particularly at an early growth stage, is one of the
biggest challenges in pre-breeding programs (Voss-Fels et al., 2019). The rate of
photosynthesis directly reflects plant productivity. Therefore, the rate of photosynthesis
would be a good parameter to use to predict yield-related traits, in order to select the
best candidates at an early growth stage (Sallam et al., 2019). Nevertheless, to date, no
reliable high-throughput tool exists for measuring the whole-plant photosynthetic rate
continuously and simultaneously across numerous plants and under dynamic ambient
conditions. As plant water-balance regulation mechanisms optimize productivity—
vulnerability trade-offs through the regulation of stomatal aperture (Shahinnia et al.,
2016), the measurement of stomatal conductance (gs) and transpiration could serve as
another good screening strategy. These key traits are frequently studied using steady-
state measurements that do not reflect plant behavior under dynamic field conditions

(Chazdon and Pearcy, 1986), 1986; (Matthews et al., 2017).
Gosa et al ., 2022


https://doi.org/10.1101/2022.01.06.475121
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.06.475121; this version posted January 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

5

94  Levels of gs and transpiration are determined by several anatomical-morphological
95 traits such as stomatal density, size, aperture and distribution, as well as leaf shape and
96  boundary layers (Ohsumi et al., 2007; Shahinnia et al., 2016), which are challenging to
97  phenotype. A recent work by (Vialet-Chabrand et al., 2013, (Durand et al., 2019)
98  demonstrated that dynamic models predict gs more accurately than steady-state models.
99 In addition, continuous measurement of these traits in whole young tomato plants
100  revealed that they are closely related to yield performance in the field (Gosa et al.,

101 2022).

102  The actual dynamics of whole-canopy conductance (Gsc) and its interactions with the
103  environment are still poorly understood. This underscores the importance of accurate
104  physiological phenotyping for improved crop breeding (Ghanem et al., 2015). Whole-
105  plant GXE functional phenotyping platforms are an important tool for meeting the
106  challenges of the phenomic era (Dalal et al., 2020). These platforms provide valid and
107  reliable data regarding the stomatal behavior of the whole plant (Roman et al., 2021).
108  The stomatal-aperture response is affected by both external ambient conditions and the
109  plant's internal biochemical-physiological state. We hypothesized that the speed of the
110  stomatal response to momentary changes in ambient conditions plays a key role in the
111 optimization of the whole-plant momentary WUE, to maximize plant yield under the

112 dynamic and uncertain conditions present throughout the growing season.

113 In this study, we used reverse phenotyping for a multiple-year field experiment, in
114  which the yields and plant weights of tomato introgression lines (IL) were monitored
115 under both wet and dry conditions. This allowed us to identify 29 IL lines with a
116  spectrum of key traits varying from high yield, high resilience and high tolerance

117  (idiotype) to low-yield, low-tolerance and low-resilience lines. The key physiological
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118 traits of the superior-performing and poor-performing lines at a very early growth stage
119  were phenotyped using manual measurements of leaf gas exchange, stomatal imprinting
120  and an automated functional-phenotyping platform. We demonstrated the benefits of
121 continuous and simultaneous tracking of whole-plant water-balance regulation traits in
122 response to fluctuating environmental conditions, as opposed to single time-point
123 measurements. In this manner, were able to link the leaf-level data with whole-plant
124  physiological data measured in a greenhouse and open-field yield data, to study the

125  traits of high-yielding genotypes under well-irrigated and drought stress conditions.

126  Materials and Methods

127  Field experiments

128 In this study, we used a total of 30 tomato genotypes: 29 ILs derived from crossings of
129  Solanum pennellii and the cultivar M82 (Solanum lycopersicum cv. M82; Table 1).
130 Each of the lines contained a single homozygous restriction fragment-length
131 polymorphism of Solanum pennellii chromosome segment (Eshed and Zamir, 1995).
132 For the genotype-performance screening of seven selected genotypes, we used
133 historical yield data from several field experiments performed in 1993, 2000, 2001,
134 2002, 2003, 2004 and 2010. In brief, the open-field experiments were performed at the
135  Western Galilee Experimental Station, in Akko, Israel, during the summer in a
136 randomized block design, as described in (Gur and Zamir, 2004). Those trials involved
137  a planting density of one plant per m?. Both wet and dry fields started during the
138  growing season at field water capacity. There was no rain during the experimental

139  period, so the irrigation system alone was used to manage the drought scenarios. Details
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140 of the agricultural practices and measurements have been published previously

141 (Fridman et al., 2000; Gur and Zamir, 2004)

142 Leaf gas-exchange measurements

143 Plants were grown in the ground (sandy-loam soil) in a semi-controlled greenhouse at
144  the Hebrew University of Jerusalem, Faculty of Agriculture in Rehovot, Israel. The
145  genotypes were planted and measured in random order. We measured leaf gas-exchange
146  on the youngest, fully extended leaf. Measurement data were collected from mature,
147  fully expanded leaflets at the top of the canopy of ~8-week-old plants between 10:00
148  am and 12:00 am. A portable infra-red gas analyzer (LI1-6800XT; Li-Cor Inc., Lincoln,
149  NE, USA) was used to obtain the carbon assimilation rate (An). Stomatal conductance
150  (gs) was measured in a 6-cm? chamber, at midday, with the CO reference set at 400
151 mmol m2s~, PAR at 400 mmol m2 s, VPD at 1.4 kPa and temperature set at 25°C.
152  Those levels were chosen to mimic the environmental conditions in the greenhouse at

153  the time of the initial measurements.

154  Reverse phenomics using the physiological-phenotyping platform in a greenhouse

155  Using the functional telemetric platform comprised of weighing lysimeters, soil and
156  atmosphere sensors (Plantarray, PA 3.0, PlantDitech Ltd., Yavne, Israel), we
157  continuously monitored plant growth and water balance through controlled tracking and
158  measurement of the transpiration and biomass gain of each plant throughout the
159  growing period. At the same time, we also monitored the soil and atmospheric
160  conditions around the plants (see Fig. 1), as described in (Dalal et al., 2020).

161  Experimental setup

162  Five-week-old seedlings of eight selected ILs and M82 tomato plants were transplanted

163  into pots and grown in a greenhouse belonging to the Israeli Center of Research
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164  Excellence (ICORE) for Plant Adaptation to the Changing Environment, at The Hebrew
165  University of Jerusalem, Faculty of Agriculture in Rehovot, Israel, during September
166  2019. An overview of the nutrients supplied to the plants via the irrigation system
167  (fertigation) is presented in (Dalal et al., 2020). Before the start of the experiment, all
168  load-cell units were calibrated for accuracy and drift level under constant load weights
169 (1 kg and 5 kg) using the Plantarray auto-calibration application.

170  The set-up was comprised of highly sensitive, temperature-compensated load cells,
171 which were used as weighing lysimeters. Each controller was connected to its own
172 control unit, which collected data and controlled irrigation. A 4-L pot containing a
173 single plant in 20/30 sand (Negev Industrial Minerals Ltd., Israel) as growth medium
174  was placed on each load cell. The numbers 20/30 refer to the upper and lower size of
175  the mesh screen through which the sand was passed (20 = 20 squares across one linear
176  inch of screen), resulting in a sand particle size of between 0.595- and 0.841-mm.
177  Fertilizer (poly feed 17:10:27, Haifa Chemicals, Haifa, Israel) was supplied to the plants
178  through the irrigation system (fertigation). The containers fit the pots tightly, to prevent
179  evaporation, and had orifices at different heights on their side walls, to enable different
180  water levels after drainage of excess water following irrigation. Evaporation from the
181  pot surface was prevented by a cover with a circle cut out at its center through which
182  the plant could grow. All pots were fertigated by four drippers, which were pushed into
183  the upper part of the sand to ensure that the medium was wet evenly by each irrigation
184  event. Fertigation was applied during the night in multi-pulses (i.e., the fertigation in
185  the control treatment consisted of four irrigation pulses for 15 min, every 2 h to ensure
186  proper leaching and the reaching of full pot water capacity).

187  Drought treatment
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188  As each individual plant had a unique transpiration rate based on its size and location
189  in the greenhouse, stopping the irrigation to all the plants at once would lead to a non-
190  homogeneous drought treatment. To enable a standard drought treatment (i.e., similar
191 drying rate for all pots), drought scenarios were automatically controlled via the
192  system’s feedback-irrigation controller. For the drought treatment, the system was set
193  to irrigate each plant to 80% of its own previous day’s transpiration, so that all plants
194  would be subjected to the same gradual water stress [see Figure 3B in (Dalal et al.,
195  2020)].

196  Measurement of quantitative physiological traits

197  The plant water-relations kinetics (recorded by the system every 3 min) and quantitative
198  physiological traits of the plants were determined simultaneously for all plants (Figure
199 1), following (Halperin etal., 2017) with minor modifications. The examined traits were
200 as follows: daily transpiration, transpiration rate (TR), whole-canopy stomatal
201 conductance (Gsc) and biomass water-use efficiency (WUEp). Cumulative transpiration
202 (CT) was calculated as the sum of daily transpiration for all the days of the experiment
203  for each plant.

204  Biomass water-use efficiency (WUEy) was calculated by dividing the dry biomass
205  weight of each plant by its CT at the end of the experiment, as defined in (Leakey et al.,
206 2019). Daily weight gain was calculated by subtracting each day’s pot weight from the
207  pot weight measured on the previous day, both after reaching field capacity and full
208  drainage at 04:00 [as described in detail in (Halperin et al., 2017)]. The plant's recovery
209  from drought was described by the recovery of daily transpiration to its pre-drought
210 level following the resumption of irrigation. The recovery rate was determined by

211 comparing the amount of daily transpiration for 5 days after recovery.
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212 Calculated volumetric water content (Cal. VWC) was derived from the mass balance
213 difference of reserve water, soil wet weight, soil dry weight and soil volume (see Dalal
214  etal., 2020).

215  Theta crit. (0) is the point at which transpiration begins to be affected by limited soil
216  water availability. 1t was determined by the piecewise linear fit of the transpiration rate
217  and calculated VWC of the plants subjected to the drought treatment.

218  Stomatal density and aperture

219 A rapid imprinting method (Geisler and Sack, 2002) was used to determine stomatal
220  apertures and density (Figures 8 and 9). Briefly, light-bodied vinyl polysiloxane dental
221 resin (Heraeus-Kulzer; Hanau, Germany) was attached to the abaxial and adaxial sides
222 of leaves and then removed after it had dried for 1 min. Mirror images of the resin
223 imprints were made using nail polish. Once dried, the nail polish was removed from the
224 resin epidermal imprints. The nail-polish imprints were mounted on microscope slides.
225 A Leica DM500 microscope equipped with a 40x objective and a Leica ICC50W
226 camera was used to observe and photograph the imprints at 20x and 60x magnification
227  for stomatal density and apertures, respectively. The stomata in a field of view were
228  counted at 20x magnification. Using the ImageJ software (http://rsb.info.nih.gov/ij/),
229  stomatal images were analyzed to determine aperture size. A microscopic ruler

230  (Olympus; Tokyo, Japan) was used for size calibration.

231  Statistical analysis

232 Continuous data were filtered and summarized using the SPAC analytic software
233 embedded in the Plantarray system (PlantDitech, Yavne, Israel). All analyses were

234  performed using the IMP® 15.0 Pro statistical package (SAS Institute, Cary, NC, USA)
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235  unless otherwise specified. Box plots and continuous line graphs were generated using

236  OriginPro, Version 2021 (OriginLab Corporation, Northampton, MA, USA).

237  Results

238  Field performance of the IL population

239  We started by analyzing two field experiments (from 2000, and 2004, see Table 1),
240  which included 29 IL lines and M82. These plants were characterized for yield and
241  biomass parameters, compared to the control M82 under optimal irrigation and water-
242 limiting conditions (Figure 2). Under optimal irrigation, the lines were classified into
243 high-yielder (HY), medium-yielder (MY) and low-yielder (LY groups according to a
244 comparison of their yields with that of M82: HY = >20% of M82 yield, MY = similar
245  to M82yield and LY =<20% of M82 yield. Based on the biomass of the different lines
246  collected from the field at the end of the experiment relative to that of M82, the
247  genotypes were also classified as having a high shoot biomass (HB, >20%), medium

248  shoot biomass (MB, 20%) or low shoot biomass (LB, <20%; Table 1).

249  Based on the above classification and the terminology suggested by (Moshelion,
250  2020a), plant drought-response behavior was defined as follows: Plant resilience was
251  measured as the plant's biomass relative to that of M82 under similar drought conditions
252 and plant tolerance was measured as its TY under similar drought conditions. This
253  means that, under similar drought stress, a line exhibiting higher biomass and higher
254 yield would be classified as having a high-resilience (HR) and high-tolerance (HT)
255  phenotype (HrHt). Conversely, a line with lower biomass and lower yield under drought
256  conditions would be classified as have a low-resilience (LR) and low-tolerance (LT)
257  phenotype (LrLt). If a line's biomass under stress was >20% of the control, but its yield
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258  was lower than that of M82, it was defined as high-resilience—low-tolerance (HrLt;
259  Table 1). This categorization resulted in 20 different groups ranging the spectrum from

260  an ideotypic phenotype to a survival phenotype.

261  Six lines (marked with ‘*’ in Table 1) and the M82 line were selected for further
262  physiologic characterization using the functional telemetric platform. These seven
263 genotypes were selected to represent a wide range of plant-response characteristics
264  based on data from 4 to 5 years of well-irrigated field experiments and at least two years
265  of data regarding performance under stress conditions. The selected lines were 1L5-2,
266 1L2-6, IL11-4, IL10-1, IL8-1 and IL8-1-3. IL5-2 performed better than M82 in terms
267  of all parameters in both environments. It was an HY, HB, HT and HR (HyHbHtHTr)
268 line; it was ideotypic. 1L2-6 was a high yielder under optimal irrigation, but a low-
269  yielder under drought stress, while maintaining a high biomass under both conditions
270  (HyHbLtHr). IL11-4 exhibited high yields under optimal irrigation, yet medium-level
271 values for the rest of selection criteria (HyMbMtMr). IL10-1 showed good vegetative
272 growth but had low yields under both wet and dry conditions. It was a low yielder with
273 a high biomass, low tolerance and high resilience (LyHbLtHr). IL8-1 had low total
274  vyields and biomass under optimal irrigation and low yields under drought conditions,
275  but medium biomass under drought stress (LySbLtMr). 1L8-1-3 had low total yields
276 and biomass under optimal irrigation and low yields under both optimal irrigation and

277  drought conditions (LySbLtLr). We refer to its phenotype as a survival phenotype.

278  Physiological characterization of the selected genotypes

279  The midday An and gs of 8-week-old plants of selected genotypes grown in sandy-loam
280  soil in a semi-controlled greenhouse revealed no statistical differences between those

281  genotypes (Supplemental Figure 1). There was a great deal of variability among the
Gosa et al ., 2022
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282  results, which may have been caused by spatial and temporal differences in ambient
283  conditions and the plant’s physiological status between the measurements. Hence, we

284  decided to measure all genotypes' water relations simultaneously and continuously.

285  All lines with four to eight biological replications revealed linear increases in
286  transpiration over the period of optimal irrigation. On the first day of the experiment
287  (4-week-old seedlings), no significant differences were observed between the lines
288  (Figure 3 A, Day 1). However, differences between the lines soon developed. As the
289  plants grew, some lines exhibited greater whole-plant transpiration (IL11-4 and IL5-2),
290  while others exhibited medium to low levels of transpiration (IL8-1). After 18 days, all
291  of the plants were subjected to controlled drought stress (a differential-feedback-
292  irrigation drought treatment, see Materials and Methods), to expose them all to a similar
293  drought-stress treatment in which soil volumetric water content (VWC) decreased at a
294  similar rate (Figure 3 B), despite differences in their transpiration. Although all of the
295  plants were exposed to a similar declining VWC, high-transpiring lines reached their
296  VWC limitation point (6crit.) more quickly and so reduced their transpiration earlier
297  thanthe low-transpiring plants (Figure 4), revealing a transpiration-positional inversion
298  (e.g., Figure 3 A, the transpiration flip-flop of I1L11-4 and IL8-1).

299  Stress response and resilience evaluation

300 During the drought period, no differences in plant transpiration were observed between
301 the lines (Figure 3 A), due to stomatal closure. It is very likely that other drought-
302  defense mechanisms [e.g., reactive oxygen species (ROS) scavenging, embolism repair
303 and prevention, etc.], were also activated, yet the estimation of these mechanisms'
304  effectiveness across all of the plants and in real-time is very challenging in intact plants.
305  Therefore, we tested the recovery rates of the different lines, assuming that the more

306  effective these mechanisms, the faster the plants would recover. When the plants
Gosa et al ., 2022
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307 reduced their transpiration to 10% of their maximum transpiration (Day 29), full
308 irrigation was resumed and the plants’ transpiration was monitored for 5 days. Over
309 that period, IL5-2, IL11-4, 1L10-1 and M82 showed rapid recovery (Figures 3A, 5A).
310 The strong correlation between cumulative transpiration (CT) and the amount of dry
311  biomass at the end of the experiment (which is an integral of the whole-plant
312  transpiration Kinetics over the entire 33-day period) revealed that the higher-biomass
313 lines also transpired more than the smaller plants. We observed a linear relationship
314  Dbetween cumulative transpiration and total biomass production (Figure 5 B). Moreover,
315  the lines with the higher CT (IL5-2 and IL11-4) were also more efficient, in that they
316  had higher water-loss to biomass-gain ratios (biomass water use efficiency, WUEy) than
317  the other lines (Figure 5 C) .

318  Daily whole-plant—-environment kinetics

319  Despite the qualitative increases in daily transpiration, it was hard to discern a clear
320 statistical difference between the lines based on their daily transpiration parameters. We
321  assumed that differences in the momentary plasticity response to the ambient conditions
322 (which were similar for all lines) over the course of the day might explain the
323  differences in the performance of different lines. To understand the response of Gsc and
324 the transpiration rate to ambient conditions, we monitored all of the lines
325  simultaneously under optimal irrigation and drought conditions (50% of maximum
326  midday transpiration, after Ocrit., Day 23 of the experiment, Figures 6 and 7). Under
327  well-irrigated conditions (Day 16 of the experiment), the whole-canopy Gsc and TR
328 revealed a similar response pattern to light and VPD across the different lines. All lines
329  opened their stomata in accordance with PAR and VPD, increasing their Gsc and TR
330 from 06:00 to 10:00 (Figure 6). Daily maximum Gsc and RT were relatively stable at
331  midday (10:00 to 14:00) and until the late afternoon, as were the PAR and VPD. In the
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332 late afternoon, there were sharp declines in Gsc according to PAR, while TR increased
333  following the VPD pattern. With the drop in VPD, transpiration also decreased (Figure
334  6C). This shows that during the afternoon and evening hours, the WUE of the plants
335 was at its lowest level. The transpiration rate had a pattern similar to that of the daily
336  transpiration shown in Figure 3 A, but canopy conductance had a different pattern, as
337 it was normalized to plant weight. Unlike the situation under optimal-irrigation
338 conditions, the Gsc and TR kinetics of the plants exposed to soil water-limiting
339  conditions differed between the different lines and in response to PAR and VVPD (which
340  were very similar to the pre-stress conditions, see Supplemental Figure 2). All lines
341  experienced reductions in Gsc and TR from late morning-noon, regardless of the
342 ambient PAR and VPD conditions. However, the high-performing lines (i.e., IL5-2 and
343  IL11-4) presented a different response pattern, with relatively high Gsc (Figure 7 A and
344  B) in the morning (6:00 to 10:00) and a relatively low transpiration rate (Figures 7 a
345 and b) at the same time, followed by an immediate and linear reduction in those
346  parameters during the middle of the day and the afternoon (10:00 to the evening hours),
347  suggesting a possibly higher WUE for this period, as compared to other lines. On the
348  other hand, low-performing lines (i.e., IL10-1, IL8-1 and IL8-1-3) presented lower Gsc
349  during the early hours (when VPD is low) and reached their Gsc peaks later in the day
350 (Figure 7 E, Fand G, respectively) and those peaks persisted for longer periods, causing
351  those plants to lose more water to transpiration (Figure 7 e, f and g respectively). In
352  these high-resolution measurements of Gsc and Tr patterns, we detected differences
353  Dbetween lines that were not evident in the low-resolution measurements of daily
354  transpiration (i.e., no differences between lines were detected in the daily-transpiration

355  stress response unlike the pre-stress period; Figure 3 A). To better understand the
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356 different Gsc response patterns of the high-yielding lines, we examined their stomatal

357  densities and apertures.

358  Variation in stomatal morphology among the lines

359  Measurements of stomatal density and apertures revealed that lines 1L5-2, IL11-4, IL8-
360 1-3and IL10-1 had higher abaxial stomatal densities than adaxial stomatal densities. In
361  contrast, the other lines had similar stomatal densities on the two sides of their leaves.
362  Nodifferences were observed in the maximal stomatal aperture size between the abaxial
363 and adaxial leaf sides for each line, apart from M82 and IL8-1-3, which had larger
364  stomatal apertures on the abaxial and adaxial sides of their leaves, respectively (Figure
365 8 B). Nevertheless, each line had its own maximum aperture for both abaxial and
366 adaxial sides of its leaves at different times of day (Figure 9). Specifically, 1L5-2
367 reached its maximal abaxial peak aperture around 07:00 and its maximal adaxial peak
368  aperture around 10:00 (Figure 9 A, a). M82 reached both its maximal abaxial and
369  adaxial apertures around 10:00. Lines IL8-1, IL11-4 and IL10-1 revealed maximum
370 aperture on both their adaxial and abaxial sides around 13:00. However, while the
371  stomatal apertures of IL10-1 and IL11-4 became smaller after they peaked, 1L8-1
372 maintained its large apertures until 17:00. Line 8-1-3 maintained consistently small
373 apertures throughout the day, with slightly larger apertures in the afternoon on the

374  adaxial side of its leaves (Figure 9 G and g).

375  Abaxial, but not adaxial stomatal density is correlated with the transcription of

376  stomatal development candidate genes

377  We examined the relationship between transcriptome data generated by (Chitwood et

378 al., 2013) and the abaxial and adaxial stomatal densities that we measured. We found
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379  that the expression levels of the genes SPEECHLESS (SPCH) was strongly and
380  positively correlated with abaxial stomata density (Figure 10 B and C). Zeaxanthin
381 epoxidase gene (ZEP) was strongly negatively correlated with abaxial stomatal density

382  (Figure 10 E and F).

383  Discussion

384  Yield and biomass data are single, endpoint traits usually used to distinguish between
385 different genotypes grown in the field. These data are the cumulative result of multiple
386  GXE interactions over the course of the growing season and, therefore, may vary
387  between different locations and years (van Eeuwijk et al., 2019). This complexity poses
388  amajor challenge for crop-phenotype studies (Momen et al., 2019). To overcome some
389  of these challenges, we chose seven different genotypes and examined at least four
390 years of field data. The lines could be categorized as high-yielders (IL5-2, IL11-4 and
391 112-6), a medium-yielder (similar to M82) or low-yielders (IL8-1, IL10-1 and 8-1-3)
392  and were continuously and simultaneous compared with one another and with a control
393 (i.e., M82) under identical atmospheric conditions in optimal-irrigation, drought-stress
394  and recovery scenarios. To the best of our knowledge, this is the first physiological
395 phenotyping study to incorporate multiple years of field performance of many

396  genotypes.

397  Since leaf photosynthesis has been reported to be the most important trait for yield
398 improvement (Du et al., 2020; Tatsumi et al., 2020), we first used a manual gas-
399  exchange apparatus to measure the AN and gs of the selected lines (Supplemental Figure
400 1). Although we saw some trends, we did not see any significant differences that could
401  explain the differences in yield performance among these lines. This could be related

402  to the relatively low sample size we could measure within the 2-h period between
Gosa et al ., 2022
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403  10:00-12:00, namely, only three biological replications of each for the seven genotypes
404  with a time gap of ~40 min between the three replications due to the nature of the
405  measurement. Yet even within this short time, environmental conditions such as levels
406  of sunlight, temperature and VPD did not remain constant. Therefore, it is likely that
407  low frequency, manual measurements — even of a critical trait such as An — are less
408 likely to yield data that can be used to answer good selection criteria as the measured
409  values differ under natural, constantly fluctuating environment conditions (Sakoda et

410  al., 2020).

411  The primary challenge of GxE phenotyping is detecting the small behavioral
412  differences between different lines under similar environmental conditions, which, over
413  time, have a cumulative effect on crop yield (Moshelion, 2020; Gosa et al., 2022). The
414  sampling of longitudinal (or continuous) traits [i.e., traits that are measured repeatedly
415  over time (Yang et al., 2006)] is necessary to determine the mechanisms by which the
416  environment influences the plant's performance. As reviewed in (Moreira et al., 2020),
417  the ability to measure a crop's longitudinal traits holds promise for better describing its
418  dynamic nature. In agreement with this approach, performing continuous measurements
419  instead of traditional single-point measurements was shown to improve the accuracy of
420 the longitudinal trait prediction model for plant shoot growth and to aid the discovery
421  of loci associated with shoot growth trajectories. (Campbell et al., 2019). To understand
422  the dynamic trajectory responses of the different lines, continuous measurement of the
423  soil-plant-atmosphere continuum (SPAC) conditions may be more informative than
424  single time-point measurements. Here, we monitored the longitudinal traits of daily
425  transpiration and Gsc at a minute resolution, along with SPAC, throughout the growth
426  period. We noticed that even under optimal irrigation, single-point measurements of

427  daily transpiration could be misleading as differences started to emerge over the course
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428  of the growth period, suggesting that a single-point measurement during the early
429  growth phases might not provide very much useful information and underscoring the
430 importance of identifying the appropriate time axis for the evaluation of any

431  measurement data.

432 One additional challenge with the dynamic trajectory response is the need to compare
433 different lines at similar levels of drought stress, as different plants exhibit different
434  water-consumption behavior. The pursuit of a better understanding of trait dynamics
435  under water-deficit conditions is among the biggest challenges in breeding for higher
436  yields under drought conditions (Sinclair, 2011; Snowdon et al., 2020). Designing a
437  standard, repeatable and reliable drought experiment and screen is among the most
438  challenging tasks (Moshelion, 2020). In this study, we actively maintained similar
439  drought treatments for all lines simultaneously (Figure 3B) by defining the initial
440  drought-stress point in terms of each plant's Ocrit., as a standard drought evaluation
441  point (Figure 4). Unlike the high-transpiring plants (e.g., see, IL5-2, IL11-4; Figure
442  3A), the smaller, low-transpiring plants (e.g., IL8-1; Figure 3A) exhibited smaller
443  reductions in their daily transpiration in response to the same drought treatment.
444  Therefore, during the drought treatment, even though similar water content was
445  automatically maintained for all lines (Figure 3 B), we observed a transpiration-
446  positional inversion between the low- and high-transpiring plants (Figure 3 A,

447  “transpiration flip-flop”).

448  This result illustrates the true challenges of the commonly used method of closing
449  irrigation taps for a few days to study drought stress, especially when plants of different
450  sizes and sensitivities to environmental conditions are involved. This result clearly
451  shows the importance of taking caution when using the commonly used method

452  developed by (Michael D. Snow and David T. Tingey, 1985) to study water stress,
Gosa et al ., 2022
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453  particularly when the experiment involves a variety of plant behaviors. The use of Ocrit.
454  as a standard drought evaluation point (see Figure 4) could help to overcome this
455  challenge. Ocrit. is also important for showing the dynamics and sensitivity of a plant
456  to stress, by showing how quickly the high-transpiring plants can reduce their
457  transpiration, which could affect their stress tolerance. For example, as shown in Figure
458 4, IL5-2 and 1L11-4 reached the 6crit. point more quickly than the other lines. This
459 indicates that those lines are opportunistic as they transpire and produce more at
460  optimum levels under full irrigation and close their stomata as soon as they sense a

461  water deficit.

462  Under stress, plants generally switch from a productive mode to a survival mode. That
463  switch includes longitudinal physiological, anatomical and biochemical adaptations
464  (Kerchev and van Breusegem, 2021). Recovery from drought stress is the ability to
465  returnto initial pre-stress levels of growth and physiological functioning once soil water
466  content has been restored. Although resilience is just as important as stress response, it
467  has received less attention (Guo et al., 2020), possibly due to the difficulty of

468  characterizing it.

469  As shown in Figure 5 A, the examined lines exhibited differences in their ability to
470  return to their pre-stress levels of daily transpiration, as compared to their daily
471  transpiration over the first 5 days after irrigation was resumed. The lines with the
472 highest levels of transpiration before the stress treatment (IL5-2, 1L11-4) recovered
473  rapidly after the drought. This was contrary to our hypothesis that higher-transpiring
474  plants would be more susceptible to drought and recover relatively slowly. Similarly,
475  these lines were classified as highly resilient and medium resilient in the field (Table 1)

476  and showed faster stomatal closure, higher Ocrit. (Figure 4), higher WUE, (Figure 5c)
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477  and relatively high Gsc to TR under drought conditions (Figure 7 A, a and B, b,
478  respectively), indicating the importance of a quick and dynamic response to water

479 stress.

480 Based on these results, we conclude that stress-adaptation mechanisms that are
481  challenging to detect during the stress period may contribute to plant resilience. This
482  finding is consistent with a previous report concerning maize (Chen etal., 2016), which
483  showed that drought recovery is an important part of whole plant growth under water-
484  stress conditions. Using a method for detecting drought-stress resilience at an early
485  growth stage in conjunction with a field trial may allow the prediction of resilience at
486  earlier growth stages. This approach could also be a way to detect genetic variability in
487  novel mechanisms of tolerance. If combined with field testing (Chapuis et al., 2012),
488  data should be collected during both the vegetative and the reproductive phase of the
489  plants’ growth, since plants tend to respond differently to stress during those different

490  growth phases (Gosa et al., 2022) (Chen et al., 2016).

491  Dynamic water-use efficiency: The morning stomatal peak under water-deficit

492  conditions

493  Plants exhibit dynamic water-use regulation throughout the growing season in response
494  to VPD changes. The temporal dynamics of water-use traits substantially increases
495  productivity (Sinclair, 2018). Similar to seasonal variation, diurnal VPD is also
496  dynamic, which affects plant responses momentarily (Figure 6). Yet, in the absence of
497  SWC limitations, all lines demonstrated similar response patterns, differing only in their
498  absolute values. Under limiting SWC, different lines exhibited different responses to
499  VPD and PAR (Figure 7 and Supplemental Figure 2), suggesting that some dynamic

500  responses could be more beneficial than others in certain environments. An example of
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501  such beneficial dynamic responses can be seen in the early morning stomatal
502  conductance peaks of the high-yielding lines. Under drought conditions, IL5-2 and
503  IL11-4 (Figure 7 A and B) maintained relatively high stomatal conductance when PAR
504  was relatively high, but VPD was still low, which resulted in a relatively low rate of
505  water loss to transpiration (Figure 7 a and b). This kind of opportunistic stomatal
506  behavior has been reported in the most water stress-tolerant forest plants such as Acacia
507 and hemiparasitic mistletoes (Loranthus europaeus (LE)) (Ullmann et al., 1985; Resco
508 de Dios et al., 2016), a high-yielding wheat (Triticum durum cv) introgression line
509  (Bacher et al., 2021), soybean (Glycine max) (TEARE and KANEMASU, 1972) and
510 Arabidopsis thaliana (Hassidim et al., 2017). Although all of these studies documented
511 the existence of this stomatal morning-rise phenotype, it was an anticipative hypothesis
512  that the phenotype would increase productivity and fitness under drought using the
513  photosynthetically active radiation (PAR), which could lead to increased CO:
514  assimilation (Schoppach et al., 2020). In a recent study, we showed that this kind of
515  early morning Gsc peak, described as the “golden hour” (Gosa et al., 2019), is strongly
516  correlated with tomato yield in the field (Gosa et al., 2022).

517  Our current findings confirm the importance of this early morning stomatal peak and
518 also point to genetic variability leading to this important trait. Specifically, the two
519  high-yielding lines were IL5-2 and IL11-4, which are otherwise very different from one
520 another. Moreover, these lines also exhibited high WUEy, high shoot dry weights
521  (Figure 4) and medium to high drought tolerance in the field (Table 1). In contrast,
522  another high-yielding line, IL2-6, presented very different daily Gsc—Tr kinetics, which
523  were similar to those of the low-yielding 118-1 (Figure 7). 1L2-6 also had low WUE;

524 and low shoot dry weights (Figure 4), as well as low drought tolerance in the field
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525 (Table 1). That is, this different combination of various traits resulted in a similar
526  outcome.

527 In recent years, several studies have suggested stomatal functional anatomy
528  mechanisms as a promising target for improving productivity and resilience (Sakoda et
529 al., 2020b; Sultana et al., 2021). For instance, high stomatal density has been suggested
530 as a safety efficiency trade-off; as it shows greater sensitivity to closure during leaf
531  dehydration (Henry et al., 2019). An addition mechanism reported as a good proxy for
532  productivity and WUE is the ratio between the stomatal densities on the abaxial and
533  adaxial sides of a plant’s leaves (Muir et al., 2014).

534  In fact, our results revealed different combinations of both in the different IL lines. All
535 of the IL lines that we tested had similar total stomatal densities. However, higher
536  stomatal densities on the abaxial side were observed among both high-yielding lines
537  (L5-2and IL11-4) and low-yielding lines (IL10-1 and IL 8-1-3; Figure 8 A). In addition,
538 other high-yielding lines, M82 and IL2-6 had stomatal densities and stomatal ratios that
539  were similar to those of the low-yielding IL8-1 (Figure 8 A).

540 These findings raise more questions about the roles of stomatal ratio and stomatal
541  density in Gsc regulation. Although, the abaxial stomata seem to play important roles
542 in light sensitivity, photosynthesis, and WUE (TURNER, 1970; Driscoll et al., 2006;
543  Wang et al., 2008; Lei et al., 2018), the actual relative contribution of the abaxial and
544  adaxial leaf sides to crop productivity remains unclear as it depends on several factors
545  such as the position of light illumination in the greenhouse, wind movement in the field
546  and crop type (Zhang et al., 2016; Paradiso et al., 2020). We suggest that, in tomato,
547  the combination of stomatal ratio, stomatal density and the sensitivity of the
548  conductance of the stomata on each side of the leaves to the ambient conditions is the
549  key to understanding a genotype’s adaptation to a particular environment (GxE

Gosa et al ., 2022


https://doi.org/10.1101/2022.01.06.475121
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.06.475121; this version posted January 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

24

550  optimization), its resilience and its WUE. For example, both IL8-1 and 1L8-1-3 were
551  very low in all productive and resilient field-based parameters (Table 1). Indeed, their
552  daily transpiration levels were low and despite their shorter exposure to stress, they
553  were the last to recover (Figure 3). Both lines exhibited similar low shoot dry biomass
554 and low WUE,; (Figure 5). Moreover, under stress, both exhibited similar patterns of
555  daily Gsc (Figure 7 E and G) and Tr rates (Figure 7 e and g). However, these similar
556  response patterns result from different stomatal ratios and stomatal densities (Figure 8
557  A) and maximal stomatal apertures at different times of the day (Figures 8 B and 9 D,
558 G, d and g). Specifically, IL8-1 had a lower stomatal density, yet larger stomatal
559  apertures on the adaxial sides of its leaves, which have more exposure to the atmosphere
560  during the highest VPD hours. It maintained those large apertures for a longer time
561  (Figure 9 d), resulting in a transpiration rate that was similar to that of 1L8-1-3 (Figure
562 7 eandg), which had a higher stomatal density and stomatal ratio (Figure 8), yet lower
563  daily aperture kinetics on both the abaxial and adaxial sides of its leaves (Figure 9 G
564  and Q).

565  On the other hand, IL5-2, which we categorized as the idiotype (high levels of all
566  productivity and resilience parameters; Table 1), exhibited high levels of daily
567 transpiration, despite the fact that it was exposed to the drought stress for a longer period
568  of time (earlier Ocrit.; Figure 4). Plants of this line also recovered the most quickly
569  (Figure 3 A) and had high levels of dry biomass and WUEj (Figure 5 C). Accordingly,
570 under stress, this line exhibited a high Gsc, but low Tr rates (Figure 7 A and a) due to
571  an earlier aperture peak (Figure 9 A). Line IL11-4 was almost identical to IL5-2 in all
572  parameters, including a similar stomatal ratio and stomatal density (Figure 8 A), yet it
573  had a later aperture peak (Figure 9 B and b) at a higher VPD. This “risk-taking” may
574  reflect its medium shoot weight, tolerance and resistance in the field.
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575  The other lines (i.e., M82 and IL2-6) were similar in their daily transpiration, dry
576  biomass, WUEy, 6crit., daily Gsc and TR patterns and stomatal ratios (Figures 3, 4, 5,
577 7 and 8, respectively). However, 1L2-6 had a lower stomatal density (Figure 8) and
578 larger adaxial stomatal apertures late in the afternoon, which could explain why it was
579  slower to recover (Figure 3 A) and could be related to its medium level of tolerance
580 under field conditions. IL10-1 was also similar to M82 in its daily transpiration, dry
581  biomass, WUEy, Ocrit., stomatal density and adaxial-abaxial stomatal aperture ratio
582  (Figures 3, 4, 5, 8 and 9, respectively), yet IL10-1 had a higher stomatal ratio (Figures
583  8) and much higher daily Gsc and TR under drought conditions (Figure 7 F and f).
584  These patterns could be related to its low tolerance in the field (Table 1). IL8-1-3 had a
585  stomatal density and stomatal ratio that were similar to those of the high-yielding IL5-
586 2 (Figure 8 A), but it exhibited low transpiration (Figure 3 A) and low yield in the field
587  (Table 1). This could be explained by the fact that this line had relatively small stomatal
588  apertures on both sides of its leaves (Figures 8 B and 9 G and g). Together, these
589  findings indicate that the combination of stomatal density, stomatal ratio, daily
590 stomatal-aperture profile and maximal stomatal apertures is crucial for plant adaptation
591 and productivity under water-stress conditions.

592  To shade some light on the possible genetic basis of this stomatal trait variation as a
593  potential target for future study, we used transcriptome data for these tomato lines
594  generated by (Chitwood et al., 2013) and observed a correlation between two of the
595 stomatal development related genes and abaxial and adaxial stomatal density. These
596 genes are SPEECHLESS (SPCH Solyc03g007410.2.1) and a gene that encodes
597  zeaxanthin epoxidase (ZEP, Solyc029090890.2.1).

598  SPCH is a signal integrator, which combines intralineage signals and accepts hormones
599 and effects of the environment during development to regulate stomatal density and
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600 patterning (Chen et al., 2020). Zeaxanthin epoxidase (ZEP) is involved in the
601  biosynthesis of abscisic acid and the xanthophyll cycle and plays an important role in
602  regulating plant responses to various environmental stresses (Lou et al., 2017).
603 Interestingly, we could see a strong positive relationship between abaxial stomatal
604  density and the expression of the stomatal developmental gene, SPCH, whereas the
605  correlation between adaxial stomatal density and SPCH expression was less
606  pronounced (Figure 10 C and D). On the other hand, we also observed a strongly
607  negative correlation between abaxial stomatal density and ZEP expression. ZEP was
608  expressed at a very low level in IL5-2, the most plastic line in this study (Figure 10 D-
609  F). Although our current work did not involve the elucidation of genetic mechanisms,
610  we believe that these observed correlations will stimulate future study and help to spur
611  researchers to delve into this subject, to learn how stomatal ratios can be used to
612  improve crop plasticity in a constantly changing environment.

613  In conclusion, plants with high levels of transpiration can be more productive in the
614  absence of water limitations. However, the key to maximizing productivity under SWC
615  constraints is to maximize stomatal aperture when VPD is low, quickly close stomata
616  when VPD increases and/or SWC decreases and then rapidly open stomata when SWC
617  increases. Still, continuous measurement of stomatal apertures is not feasible as part of
618  a phenotypic scan. Similarly, it is also not feasible to measure stomatal conductance
619  with a manual, steady state, gas-exchange apparatus due to the limited areas these
620  machines measure (usually a leaf), which does not reflect the functional anatomy of the
621  whole plant (including the abaxial-adaxial stomatal density ratio, leaf structure and
622  canopy phyllotaxis, as well as other factors). On the other hand, whole-plant
623  measurement by the gravimetric method provides an absolute measurement of the

624  response of the whole plant to environmental changes, which can be useful in a high-
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625  throughput screening for either forward or reverse GXE phenotyping. This could
626  contribute immensely to breeding programs focused on improving crop performance in
627  different climates.
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648  Table 1. Reverse phenotypic classification of tomato introgression lines based on total

649  yield and plant weight under well-irrigated and dry field conditions (as presented in Fig.
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650  2). Relative to M82, lines were classified into three groups based on their fruit weights:
651  high-yielders (HY, >20%), low-yielders (LY, 20%) and medium-yielders (MY,
652  similar). Similarly, lines were classified as high biomass (HB), medium biomass (MB)
653 and small biomass (SB), relative to M82. Lines with all “highs” were considered
654  ideotypic. The drought stress-response phenotype was classified based on terminology
655  suggested by Moshelion (2020). Specifically, under drought conditions a line with a
656  fruit weight that was 20% higher fruit than that of M82 was classified as having a high
657 tolerance (HT), a line with a fruit weight that was 20% lower than that of M82 was
658  classified as having a low tolerance and lines with fruit weights similar to that of M82
659  were classified as having moderate tolerance (MT). Plants that maintained or increased
660  their biomass under stress were categorized as having a high resilience (HR). Plants
661  that maintained or reached medium levels of shoot biomass were classified as medium
662  resilience (MR). Small plants that maintained their size or larger plants that lost biomass
663  under stress were classified as having low resilience (LR); the former phenotype was
664  also referred to as a survival phenotype. We identified 20 classification groups; seven
665  of which (marked with *) were selected for further physiologic characterization using
666  the functional telemetric platform. All of these lines exhibited consistent behavior

667  across the years of study data.

668  Figure 1. Overview of the telemetric, gravimetric phenotyping platform and analysis
669  scheme. A, A partial view of multiple tomato introgression lines positioned on the
670 Plantarray screening platform [located at the Israeli Center of Research Excellence
671  (ICORE) for Plant Adaptation to the Changing Environment, at The Hebrew University
672  of Jerusalem]. B, Randomized experimental setup of all plants simultaneously
673  measured. Different colors represent different lines and treatments. C, An illustration

674  of the direct soil-plant-atmosphere measurements taken for a single plant. The
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675  continuous data from the Plantarray system is uploaded to the internet server in real
676  time. D, Graphic presentation of the absolute values of the continuous atmospheric data
677  of vapor pressure deficit (VPD, red line) and photosynthetically active radiation (PAR,
678  Dblue line) over time. E, Whole-plant daily transpiration kinetics. F, Plant weight gain
679  over time G, soil moisture content over time. Each line represents the continuous

680  measurement of individual plants throughout the experiment period.

681  Figure 2. Field performance of 29 tomato introgression lines (gray) and the M82
682  control (black). A, Two years of mean fruit weights (ranked from low to high) under
683  well-irrigated conditions. B, Two years of mean fruit weights (ranked from low to high)
684  under drought conditions. C, Two years of mean shoot weights at harvest (ranked from
685  low to high) under well-irrigated conditions. D, Two years of mean shoot weights at
686  harvest (ranked from low to high) under drought conditions. The square (0) in the box
687  plot represents the mean value. The box-splitting horizontal bands indicates the sample
688  median and bars show the interquartile range (25th to 75th percentile). Points below or

689  above the interquartile ranges are outliers respectively.

690 Figure 3. A, Daily transpiration of tomato seedlings over the entire experimental
691  period. Data points are means + SE of continuous daily whole-plant transpiration over
692  the entire experimental period (32 days). B, Mean = SE volumetric water content
693 (VWC) measured by a soil probe over the course of the experiment. The drought
694  treatment was followed by a recovery period followed during which the resumed
695 irrigation brought the pot back to full capacity. Groups were compared using Tukey's
696  Honest Significance test; different letters above points represent significant differences

697  Dbetween lines; p < 0.05. n = 5-8 plants per group.
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698  Figure 4. The physiological drought point (Ocrit.) was determined as the point at which
699  soil water is restricted from supplying mid-day transpiration needs, for all of the plants
700  presented in Fig. 3. This point was identified using piecewise correlations based on the
701 relationships between two segmented lines that intersected (following Halperin et al.,
702 2016). The yellow box in the middle represents the standard drought-evaluation zone,

703 in which the performance of all lines was evaluated under drought stress.

704  Figure 5. A, Transpiration recovery rate for five days after the resumption of irrigation
705 inseven different tomato lines. B, Correlation between shoot dry weight and cumulative
706  daily transpiration for 33 days during the screening period. Data points are the means
707  SE (n = 5-8). C, Means + SE of biomass WUE of the different lines (calculated by

708  dividing the dry biomass weight by the cumulative transpiration of each plant).

709  Figure 6. Daily patterns of A, PAR (black line) and VPD (red line), B, whole-canopy
710  conductance and C, whole-canopy transpiration rate, as continuously measured under

711 well-irrigated conditions. Data are means + SE; n = 5-8.

712 Figure 7. Daily variation in canopy conductance and transpiration rate under drought-
713 stress conditions. Whole-canopy conductance (A-G) and transpiration rate (a—g)
714  measured continuously. Representative days were shown for the stress after the Ocrit.
715  point (yellow block in Fig. 4). Data are shown as means + SE (n = 3-8).

716  Figure 8. Leaf stomatal traits of the different tomato lines. A, Total (gray), abaxial
717 (lower leaf side, light green) and adaxial (upper leaf side, dark green) stomatal densities
718  of six introgression lines of tomato and M82. Data are derived from three technical and
719  three biological replications imaged at their central lamina. The box-splitting horizontal
720  bands indicate sample medians, the square box in the middle indicates the mean, and

721  bars show the interquartile range (25th to 75th percentile), points below or above the
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722 interquartile ranges are outliers. B, Total stomatal apertures of the same lines (pore
723 width, pm). * Indicates a significant difference between the abaxial and adaxial sides
724  of an individual line, according to Student’s t-test. Different letters indicate
725  significantly different means (capital letters for total stomatal density, and light green
726  lower-case letters for the abaxial side of the leaves and dark green lower-case letters for
727  the adaxial side), according to Tukey’s Honest Significance test (p < 0.05).

728  Figure 9. Daily variation in, A—G, abaxial stomatal apertures and, a—g, adaxial stomatal
729  apertures. The broken lines indicate the maximum aperture during the daytime. The
730  square (O) in the box plot represents the mean value. The box-splitting horizontal bands
731 indicate sample medians and bars show the interquartile range (25th to 75th percentile).
732 Points below or above the interquartile ranges are outliers. The dashed lines in each

733 figure indicate the point in the day at which the apertures were largest.

734 Figure 10. Expression of genes related to stomatal development correlated to abaxial
735 and adaxial stomatal distribution. A, SPCH expression in the different lines. B,
736  Relationship between SPCH expression and abaxial stomata density. C, Relationship
737  between SPCH expression and adaxial stomatal density. D, ZEP expression in the
738  different lines. E, Relationship between ZEP expression and abaxial stomatal density.
739  F, Relationship between ZEP expression and adaxial stomatal density. The gene-

740  expression data are from Chitwood et al. (2013).

741  Supplementary Figure 1. Leaf gas exchange of different tomato introgression lines
742 under well-irrigated greenhouse conditions. A, Rate of carbon assimilation in young
743  leaves before flowering. B, Stomatal conductance of young leaves before flowering.
744  The square (O) in the box plot represents the mean value. The box-splitting horizontal

745  bands indicate sample medians and bars show the interquartile range (25th to 75th
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percentile), points below or above the interquartile ranges are outliers. Supplementary
Figure 2. Daily patterns PAR (black line) and VPD (red line) during the period of

water-deficit conditions.
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Table 1

Well irrigationtreatment  Drought treatment
Classification
line ID Number _ Fruit yield  Shoot weight  Fruit vield  Shoot weight Group classification Abbreviation Number

M82 30 CONTROL CONTROL CONTROL CONTROL Control

1L.12-1-1 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
1L.7-4-1 22 HIGH HIGH HIGH HIGH High yielder High biomass High tolerance High resilience - IDEOTYPE HyHbHtHr 1
1L.2-4 8 HIGH HIGH MEDIUM HIGH High yielder High biomass Medium tolerance High resilience HyHbMtHr 2
IL.2-6 9 HIGH HIGH LOW HIGH High yielder High biomass Low tolerance High resilience HyHbLtHr 3
1IL11-4 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 MyHDbLtHr 35
11.9-3 29 MEDIUM HIGH LOW HIGH Medium yielder High biomass Low tolerance High resilience MyHDbLtHr 5]
1L.9-1 26 MEDIUM HIGH LOW MEDIUM Medium yielder High biomass Low tolerance Medium resilience MyHbLtMr 6
1L.9-2-6 28 MEDIUM HIGH MEDIUM HIGH Medium yielder High biomass Medium tolerance High resilience MyHbMtHr 7
1L.2-6-5 10 MEDIUM MEDIUM HIGH HIGH Medium yielder Medium biomass High tolerance High resilience MyMbHtHr 8
1L5-3 17 MEDIUM MEDIUM MEDIUM HIGH Medium yielder Medium biomass Medium tolerance High resilience MyMbMtHr 9
1L.9-1-3 27 MEDIUM MEDIUM MEDIUM LOW Medium vyielder Medium biomass Medium tolerance Low resilience MyMbMiLr 10
11.10-2 2 MEDIUM MEDIUM MEDIUM MEDIUM Medium yielder Medium biomass Medium tolerance Medium resilience MyMbMtMr 1
1L5-5 18 MEDIUM SMALL HIGH HIGH Medium yielder Small biomass High tolerance High resilience MySbHtHr 12
1L.2-1-1 7 MEDIUM SMALL MEDIUM LOW Medium yielder Small biomass Medium tolerance Low resilience MySbMtLr 13
IL.12-2 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
1.10-1 1 LOW HIGH LOW HIGH Low yielder High biomass Low tolerance High resilience LyHbLtHr 15
11.3-3 11 LOW HIGH LOW HIGH Low yielder High biomass Low tolerance High resilience LyHbLtHr 15
11.3-4 12 LOW HIGH LOW HIGH Low yielder High biomass Low tolerance High resilience LyHbLtHr 15
1L.6-2 19 LOW MEDIUM LOW LOW Low yielder Medium hiomass 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 LySbhMtMr 18
11.8-1 23 LOW SMALL LOW MEDIUM Low yielder Small biomass Low tolerance Medium resilience LySbhLtMr 19
11.8-1-3 25 LOW SMALL LOW LOW Low yielder Small biomass Low tolerance Low resilience- SURVIVAL LySbLtLr 20
11.4-3-2 15 LOW SMALL LOW LOW Low yielder Small biomass Low tolerance Low resilience - SURVIVAL LySbLtLr 20
11.8-1-1 24 LOW SMALL LOW LOW Low yielder Small biomass Low tolerance Low resilience- SURVIVAL LySbLtLr 20
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Figure 3

800

600

400

Daily transpiration (g)

200

0.235

0.135

Soil VWC (cm3/cm?)

0.035

= |L11-4 (HyMbMtMr) :b a
mm 1L2-6 (HyHbLtHr) .2 abc:g
mm IL5-2(HyHbHtHr) ab abe’~ abc? | Transpiration
mm 1L8-1(LySbLtMr) :b abc . ¢ :2: flip-flop
a \
mm M82(Control) a ab abcbcdabcc ,_a
IL8-1-3(LySbLtLr) a ab
IL10-1 ( LyHbLtHr) a 2P abcabdc 4
ab
a a abc ¢
ab ab abc abc
bc
ab a
a a a abc abc pe €. A
a a3 a abc abc
a a a ab ,p bc bc
ab a ab ab ab .
ab ab abab ab ab
ab abab ab

ab ab

Well- irrigated

6 11 16 21 26 31
Gosa et al.,2022
Days after transplanting


https://doi.org/10.1101/2022.01.06.475121
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 4

Transpiration rate (g,,ate//mMin)

1.5+
N |L17-4 (HyMbMtMr)
B |L2-6 (HyHbLtHr)
B |L5-2(HyHbHtHr)
B |L8-1(LySbLtMr)
1.0 - mm M82(Control)
IL8-1-3(LySbLtLr)
IL10-1 ( LyHbLtHr)
0.5 -
O-O ] ! ] ! ] ! ] ]
0.30 0.25 0.20 0.15 0.10 0.05

Soil VWC (cm3/cm3)

Gosa et al.,2022


https://doi.org/10.1101/2022.01.06.475121
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 5
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Figure 10
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PAR (umolm)

1000 -
500 -
250 -
|/
0- v

NN
f/

“

6

10 12 14 16

Time of day

Gosa et al

H

N W
VPD (kPa)

1

0

.,2022


https://doi.org/10.1101/2022.01.06.475121
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 7
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