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Abstract

In perennial plants, abiotic and biotic stresses may occur in combination and/or in sequence over many years, making understanding and
predicting the combined effects of drought and pathogens on plant health and productivity a considerable challenge. In this study, we
investigated the susceptibility of esca-symptomatic grapevines (Vitis vinifera L.) to drought. Esca is a grapevine vascular disease
leading to decreased vineyard longevity worldwide. Using transplanted, naturally infected 20-yr-old “Sauvignon blanc” vines with
known esca histories, we subjected esca-symptomatic and asymptomatic control vines to different drought periods. Whole-plant and
leaf physiology, radial growth, anatomical traits, and long-term recovery were compared among treatments. Esca leaf symptoms were
associated with stem xylem vessel occlusion, leaf drop, and decreased symptomatic leaf gas exchange, resulting in reduced canopy
area and thus, lower whole canopy transpiration. When esca-symptomatic plants were subjected to drought, declines in water
potential, CO, assimilation and stomatal conductance measured on green leaves, as well as canopy maximum transpiration, were
delayed. Water stress did not cause a significant increase in stem xylem occlusion. The esca-symptomatic stems showed greater
radial stem diameter recovery that coincided with faster regrowth of healthy new shoots at the top of the plant associated with a
recovery of whole plant gas exchange. Esca mitigates the effects of drought through reduced canopy area, confirming an antagonistic
interaction between these stresses. These results demonstrate the importance of combining abiotic and biotic stresses and
understanding their interactions when studying dieback in the climate change context.

Introduction Drought is a peculiar abiotic stress in the context of wine pro-
duction because it is both sought-after and feared. A moderate
drought is often targeted because it encourages the production
of quality red wine (Le Menn et al. 2019; Triolo et al. 2019). On
the contrary, a severe drought can decrease growth and produc-
tivity (Gambetta et al. 2020). The physiological impact of intense
drought is a phenomenon that has been studied extensively in
plants (Brodribb and Cochard 2009; Gupta et al. 2020) and more
specifically in grapevine (Gambetta et al. 2020; Hochberg et al.

Pathogen infection and drought are two major stresses affecting
both natural and agricultural ecosystems (Wilcox et al. 2015)
and are expected to increase under climate change (Trumbore
et al. 2015; Chaloner et al. 2021; Singh et al. 2023). In this con-
text, it has become increasingly important to evaluate the sus-
ceptibility of plants, especially perennials, to multiple
environmental stresses in which the interaction between host,
pathogens, and abiotic environment plays a crucial role over

many years (Niinemets 2010; Ramegowda and Senthil-Kumar
2015).

Perennial fruit crops have been domesticated since the fourth
millennium BC. Their cultivation is complicated since growers
seek to simultaneously maximize yields, obtain high fruit quality,
and maintain plant health and survival across many decades
(Spiegel-Roy 1986). Grapevine (Vitis vinifera L.) was one of the first
perennial fruit crops to be domesticated thanks to its ease of veg-
etative propagation (Spiegel-Roy 1986). Today it is one of the
world’s most valuable fruit crops and this value relies heavily on
fruit quality especially with regard to the production of wine.
Grape fruit quality is greatly impacted by the environment, in-
cluding both abiotic and biotic stresses.

2023).

Biotic stresses such as pathogens interact with abiotic stresses
such as drought and modify the plant’s physiological responses
(Desprez-Loustau et al. 2006; Hossain et al. 2019). A specific
example of these biotic-abiotic interactions is vascular disease
and drought, as both stresses affect xylem water transport
(McDowell et al. 2008; Torres-Ruiz et al. 2024). In grapevine, the
vascular disease esca has been causing increasing concerns since
the beginning of the XXI century, as one of the most damaging
grapevine trunk diseases globally (Gramaje and Armengol 2011;
Mondello et al. 2018). Esca is associated with symptoms including
(i) different types of necrosis in the trunk (Mugnai et al. 1999), and
(i) a longitudinal brown band under the bark in the outer xylem
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Figure 1. Schematic illustration of the experimental design. When at least two plants presented typical leaf scorch symptoms, irrigation was stopped
for these plants and for at least two asymptomatic control plants. The same method was applied in three successive rounds for three groups of plants
on three dates. The “Drought round 1” started on June 21 2022 and consisted of two symptomatic and two control plants. The “Drought round 2” started
on July 4 2022 with three symptomatic and three control plants. The “Drought round 3” started on July 8 2022 with two symptomatic and two control
plants. Four control plants were also well-watered (irrigated at field capacity) over the whole experiment. All plants were re-watered starting July 27
2022, corresponding to 35 d (round 1), 22 d (round 2), and 18 d (round 3) after the start of the dry-down. The points show the dates of the predawn and
mid-day water potential and gas exchange measurements. The triangles show the dates of leaf area measurements.

tissue associated with (iii) typical leaf scorch symptoms, both ap-
pearing in the summer season (Lecomte et al. 2024).

Past attempts have been made to study the interaction be-
tween esca and drought using inoculations of pathogenic fungi
causing trunk necroses. By inoculating with Phaeomoniella chlamy-
dospora, it was observed that this pathogen induced distinct alter-
ations in the physiological responses of grapevines to water stress
across different cultivars. Specifically, “Cabernet Sauvignon” and
“Zinfandel” exhibited lower leaf water potential (Edwards et al.
20073, 2007b), whereas “Chardonnay” displayed higher leaf water
potential (Edwards et al. 2007b), compared to noninoculated
water-stressed vines. In order to study the interaction between
water stress and esca leaf symptom formation in a more realistic
system, a recent approach using naturally infected mature plants
transplanted from the vineyard into pots has been developed.
This experimental design enables the monitoring of leaf symptom
development and whole-plant physiology under controlled condi-
tions (Dell’Acqua et al. 2024, 2025) and has been used to compare
drought and esca’s underlying mechanisms (Bortolami et al.
2021b).

Drought and esca can have similar impacts on plant function
through different mechanisms, and these effects can occur simul-
taneously or in succession within the same season. For example,
both esca and drought reduce gas exchange and photosynthesis
(Bortolami et al. 2021b), stem hydraulic conductivity (Choat
et al. 2012; Bortolami et al. 2021a), alter stem radial growth rates
(Zweifel et al. 2001; Dell’Acqua et al. 2024), and induce leaf shed-
ding (Mugnai et al. 1999; Gambetta et al. 2020). However, stomatal
conductance is reduced by declining water potentials during
drought but not during the formation of esca leaf symptoms
(Bortolami et al. 2021a; Dell’Acqua et al. 2024). Furthermore, hy-
draulic failure is caused by xylem embolism spread during
drought (Dayer et al. 2020; Lamarque et al. 2023) and the forma-
tion of tyloses and gums in xylem in the case of esca (Bortolami
et al. 20214, 2023). The combined physiological effects of these
stresses, whether positive, negative, or neutral, remain largely
unknown.

Recent research has shown that grapevines experiencing long,
intense drought do not express esca leaf symptoms, highlighting
an antagonistic interaction (Bortolami et al. 2021b). However, in
order to identify the importance of the sequence of these two
stresses on thisinteraction, a question remains: Are grapevines al-
ready expressing esca leaf symptoms more susceptible to a
drought event than asymptomatic vines? One of the hypotheses
made in the literature is that vascular pathogens could accelerate
drought-induced mortality by damaging the xylem vascular
system, reducing water transport capacity, and causing phloem
impairment and leaf shedding (Oliva et al. 2014). Vascular patho-
genesis would increase the tension in the xylem during drought,
increasing the likelihood of xylem embolism (Fischer and
Peighami Ashnaei 2019). Another hypothesis postulates that the
development of foliar symptoms, by leading to a physiological
and molecular plant alteration (respectively through the reduc-
tion of whole-plant transpiration and the activation of secondary
metabolism), mitigates the impact of drought.

The aim of this study was to test these two hypotheses and thus
to determine the susceptibility of symptomatic plants showing
typical esca leaf scorch symptoms to drought stress and recovery.
To study esca pathogenesis under drought conditions, we used
the experimental design introduced above of naturally infected
20-yr-old “Sauvignon blanc” vines transplanted into pots.
Multiple traits were monitored during the whole experimentation:
quantification of whole-plant and leaf gas exchange, predawn and
midday water potentials, continuous stem radial growth, tylosis
formation, and esca leaf symptom expression.

Results

Esca leaf symptom incidence

During the experiment (Fig. 1), eight plants out of 19 expressed
esca leaf symptoms, with first symptoms expressed between
June 8 and July 5 2022 (Fig. 2). One plant was of the apoplectic phe-
notype, with rapid and total defoliation, and was therefore not
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Figure 2. Evolution of whole plant leaf area (A;) in control and esca symptomatic V. vinifera cv. “Sauvignon blanc” over time. The onset of esca leaf
symptoms is indicated as a blue vertical line and the dry-downs begin at the red vertical line for water stressed plants. Each plant (n=19) is represented
by a single plot. Each horizontal grouping is a treatment: control water-stressed plants (“Control WS”, n=7), esca-symptomatic water-stressed plants
(“Esca WS”, n=7), control well-watered plants (“Control WW”, n=4), and one esca-symptomatic well-watered plant (“Esca WW”, n=1).

subjected to water stress. None of the asymptomatic plants sub-
jected to drought expressed symptoms later in the season. At
the beginning of the drought experiment, symptomatic plants ex-
hibited on average 56% of symptomatic leaves out of the total
number of leaves remaining on the vine. Only 10% of the stems
did not exhibit leaf symptoms.

Water status and gas exchange
Whole-plant transpiration

To assess whole-plant gas exchange, the 19 plants were placed
on scales, and their mass was constantly monitored over the sea-
son. At the start of the experiment, the canopy area of future
symptomatic and control plants were similar (i.e. 1.11+0.08
(xse) m? (n=8) and 1.10+0.04 m? (n=11), respectively; Fig. 2).
The canopy area of symptomatic plants decreased at the onset
of leaf symptoms, the canopy area of asymptomatic plants under
drought decreased approximately at the onset of the dry-down,
while the canopy area of control well-watered plants remained
stable (Fig. 2).

Before esca symptom expression, whole plant (canopy) maxi-
mum transpiration (Emax) did not significantly differ between
control and future symptomatic plants (P>0.05, Wilcoxon test,
Fig. 3). Between the onset of esca leaf symptoms and beginning
of drought stress, Emax of symptomatic plants decreased while
that of control plants remained constant (Fig. 3). At the start of
the dry-down week, Emax of control plants was more than 1.5
times higher than Emax of symptomatic plants (Supplementary
Table S1). During the dry-down, the transpiration of control plants
decreased drastically and more rapidly than symptomatic plants
with Emax being significantly lower during the first and second
week after the dry-down started (P<0.05, Wilcoxon test).
Pictures of the plants and examples of weight differences 2 wk
after irrigation was stopped are provided in Supplementary Fig.
S1. We observed the same pattern for maximum canopy stomatal
conductance (Supplementary Fig. 52).
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Figure 3. Whole-plant maximum transpiration in control and esca
symptomatic V. vinifera cv. “Sauvignon blanc” during dry-downs.
Evolution of the mean (+SE) whole-plant (canopy) maximum
transpiration (Emax, mmol m™2 s’l) relative to the beginning of the
drought stress period in weeks (where 0 corresponds to the week when
irrigation was stopped). Colors represent the different plant symptoms:
dark gray for control water-stressed plants (n=7) and dark pink for
esca-symptomatic water-stressed plants (n=7). The vertical gray band
represents the period of esca symptom onset. The black vertical line
indicates the beginning of the dry-down. The stars represent significant
differences between control and symptomatic plants (P <0.05,
Wilcoxon test, see Supplementary Table S1 for detailed statistics).

Water potential and gas exchange

The water potential (y) was measured only on green leaves in con-
trol and symptomatic plants. Before the beginning of drought
stress, predawn water potential (ypp) ranged from O and
—0.3 mPa and did not significantly differ between control and esca-
symptomatic plants (Fig. 4A, Supplementary Table S2). After irri-
gation was stopped, ypp decreased for both treatments, but much
more rapidly for control plants than for symptomatic plants
(Fig. 4A). One week after the beginning of the dry-down, wpp Was
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Figure 4. Water relations and leaf gas exchange before and after drought in V. vinifera cv. “Sauvignon blanc”. A) Evolution of the mean (+SE) predawn
water potential (ypp) relative to the beginning of drought stress in weeks (where 0 corresponds to the week when irrigation was stopped). B) Evolution of
the mean (+SE) leaf stomatal conductance (gs, in mmol m~2 s™') measured with a porometer relative to the beginning of drought stress in weeks.

-2 -1

C) Evolution of the mean (+SE) maximum net CO, leaf assimilation (Amqx, in gmol m™ s™*) measured with a gas analyzer relative to the beginning of
drought stress in weeks. ypp, gs and Aq.x Were measured on green leaves (“AS”) and symptomatic (“S”) leaves on esca-symptomatic plants and control
(“C") ones. Colors represent the different plant symptoms: dark gray for control water-stressed plants and dark pink for esca-symptomatic
water-stressed plants. The black vertical line indicates the beginning of the dry-down. The stars represent significant differences between control and
symptomatic plants (P <0.05, Wilcoxon test). Sample sizes and statistics are detailed in Supplementary Tables S2 and S3.

significantly higher (less stressed) in esca-symptomatic plants
than controls (Fig. 4A, Supplementary Table S2).

Prior to measuring minimum water potential at midday (y;), we
measured the stomatal conductance (gs) and maximum leaf assim-
ilation (Ayax) on the same leaves. gs and A, Were not significantly
different between green leaves from symptomatic and asympto-
matic plants before the dry-down (Fig. 4B and C, Supplementary
Table S3). During the dry-down gs and A,,.x dropped in green leaves
from both symptomatic and control plants, but much more rapidly
for control plants than for symptomatic plants (Fig. 4B and C).
Symptomatic leaves demonstrated a significantly lower stomatal
conductance compared to green leaves from symptomatic and
control plants before drought (Fig. 4B, Supplementary Table S3)
and remain low and stable during dry-down.

Regulation of water potential and stomatal
conductance

The hydroscape delimits different periods during the dry-down
(Fig. 5). During well-watered periods, the ypp was always above
—0.3 mPa and the y; was above —1.5 mPa (Fig. 5). First, the reduction
of the y; was associated with a slight reduction of ypp. Second, the
w1 stabilized while the ypp dropped until the ypp and y; reached
the same values. Third, y; and ypp continued to decrease linearly.
We observed this same pattern between control and esca-
symptomatic plants (Fig. 5).

Furthermore, the gsmeasured on green leaves between 10and 12 h
decreased with wpp in the same way regardless of esca symptom ex-
pression (Fig. 6). In both control and symptomatic plants, we observed
a decrease of stomatal conductance until the ypp reached —1 mPa,
after which stomatal conductance stabilized close to 0 mmol m=2s ™.

Using detached leaves installed in a drought box device, esca-
symptomatic leaves presented a significantly lower leaf minimum
conductance (gmin) than controls (P <0.05, ANOVA, Supplementary
Fig. S3).

Xylem occlusion by tyloses

We counted empty and occluded xylem vessels in entire stem
cross-sections. The percentage of vessels occluded by tyloses in

0.0
® Control WW
® Control WS
05 Esca WW
. ® Esca WS

N
o

Midday water potential (MPa)
o

25 20 -15 -0 05 00
Predawn water potential (MPa)

Figure 5. Hydroscape relationships between predawn water potential
(wep) and mid-day water potential (y) during the drought experimentation.
The hydroscape only includes ypp and y; that were measured on the same
date. Colors represent the different plant symptoms: blue for control
well-watered plants (“Control WW”, n=60 measurements of each y), gray
for control water-stressed plants (“Control WS”, n=22), yellow for
asymptomatic leaves from esca-symptomatic well-watered plants (“Esca
WW”, n=34), and pink for asymptomatic leaves from esca-symptomatic
water-stressed plants (‘Esca WS”, n=28). All measurements were made on
green healthy leaves. The hydroscape delimits different periods during the
dry-down. The 1:1 relationship is indicated by a black line. First the
reduction of the y; was associated with a slight reduction of wpp (1). Second,
the y; stabilized while the wpp dropped (2) until the ypp and y; reached the
same values and continued to decrease linearly (3).

stems was significantly different between the four treatments
combining water stress and esca leaf symptoms (P<0.01,
ANOVA,; Fig. 7). We did not observe a significant difference
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Figure 6. Relationship between predawn leaf water potential and
stomatal conductance in V. vinifera cv. “Sauvignon blanc”. The plot only
includes ypp and gs measurements that were measured on the same
date. All measurements were made on green healthy leaves. Colors
represent the different plant symptoms: blue for control well-watered
plants (“Control WW”", n=59 measurements), gray for control
water-stressed plants (“Control WS”, n=24), yellow for
esca-symptomatic well-watered plants (“Esca WW”, n=37), and pink for
esca-symptomatic water-stressed plants (‘Esca WS”, n=31).

between well-watered (WW) and water-stressed (WS) (P>0.05,
ANOVA). However, control stems presented a significantly lower
percentage of occluded vessels than stems with esca leaf symp-
toms (Fig. 71, P<0.05, ANOVA). Interestingly, we observed a grada-
tion in the percentage of occlusion between treatments (i.e. 4 +3%
in “Control WW”, 9+4% in “Control WS”, 19+5% in “Esca WW”,
and 27 +5% in “Esca WS").

Change in radial growth and water potentials
recovery

Using continuous stem radial growth measurements, we found
that the percentage loss in diameter (PLD, Supplementary Fig.
S4) during the dry-down experiment was 2-fold higher in sympto-
matic plants but did not significantly differ between the two treat-
ments (P>0.05, ANOVA, Fig. 8). The recovery capacity in diameter
1 d after re-watering (Rqqp,) was significantly 4-fold higher in esca-
symptomatic plants than controls (P < 0.05, ANOVA, Fig. 8). Water
potentials measured at the trunk level using microtensiometers
installed on one esca-symptomatic, one control vines subjected
to the dry-down on July 4 2022 and one well-watered control vines
demonstrated that trunk minimum water potential recovered
above —0.3 mPa within 4 d in both esca-symptomatic and control
plants (Supplementary Fig. S5).

Re-watering impacts on growth and pot water loss

Since irrigation resumed on the same date for all the drought
rounds (Fig. 1), the different rounds did not have the same dry-
down duration, and therefore were studied separately. After re-
watering we observed growth for a higher number of buds in
symptomatic plants than controls (Fig. 9A). This led to a larger
leaf area in symptomatic plants than controls, associated with a
higher mass loss (i.e. transpiration) during the day (Fig. 9B
and C). The plants subjected to the shorter dry-down periods
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Figure 7. Percentage of occluded vessels in stem cross sections from
plants under different treatment in V. vinifera cv. “Sauvignon blanc”.
Boxplots display the median and interquartile range, with whiskers
extending to the minimum and maximum values, excluding outliers,
which are shown as individual black points. Colors represent the
different plant symptoms: blue for control well-watered plants
(“Control WW”, n=9 stem cross-sections), gray for control
water-stressed plants (“Control WS”, n=9 stem cross-sections), yellow
for esca-symptomatic well-watered plants (“Esca WW” n=9 stem
cross-sections), and pink for esca-symptomatic water-stressed plants
(“Esca WS”, n=9 stem cross-sections). Letters indicate statistical
significance (P <0.05) using Tukey's post-hoc comparisons. The inset
graph (i) shows boxplots representing the percentage of occluded
vessels in stem cross-sections from all control plants (n=18 stems) and
all esca symptomatic plants (n= 18 stems).

exhibited more and faster regrowth while none of the plants
from the longest, 35-d dry-down, regrow (Fig. 9A and B).

Long-term impacts on esca leaf symptom
development, stomatal conductance, and osmotic
potential

The plants were also monitored in 2023 to assess their ability
to recover. All the plants that were well watered and had no
esca leaf symptoms during the 2022 season remained asymp-
tomatic in 2023. The vine that had apoplectic esca symptoms
in 2022 did not regrow and was scored as dead in 2023. Zero
per cent, 67%, and 100% of control and esca plants survived
from 2022 experimentation in the 35, 25, and 18 d dry-downs,
respectively. In 2023, all esca-symptomatic plants from the
25 and 18d dry-down remained symptomatic, and respec-
tively 100% and 50% of the control plants remained
asymptomatic.

The stomatal conductance (gs) and osmotic potential at full
hydration (mo) were measured in 2023 in green leaves of grape-
vines that remained asymptomatic in 2023. We compared
asymptomatic vines that were well-watered (‘2022 Control
WW”") or water-stressed (“2022 Control WS”) in 2022 and symp-
tomatic vines that were water-stressed in 2022 (“2022 Esca
WS"). “2022 Esca WS” vines demonstrated a gy significantly
higher in 2023 compared to “2022 Control WW” and “2022
Control WS” (P<0.05, Tukey test, Fig. 10). gs in two dates out
of four was significantly higher in the “2022 Esca WS” than
in “2022 Control WW” (P<0.05, Tukey test, Supplementary
Fig. S6). No difference in ny was found between treatments for
any of the two measurement dates (P>0.05, Tukey test,
Supplementary Fig. S7).
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Figure 8. Radial growth differences between control and esca-symptomatic stems in V.vinifera cv. “Sauvignon blanc”. A) Percentage loss in diameter
(PLD, %) of control (n=5) and symptomatic plants (n=>5) during the dry-down. The plants are those from the second and third rounds of drought (see
Fig. 1). B) Recovery capacity 1 d post-re-watering (Riapr, %) of control (n=5) and symptomatic plants (n=5). Boxplots display the median and

interquartile range, with whiskers extending to the minimum and maximum values, excluding outliers, which are shown as individual black points.

P values are derived from an ANOVA test.

Discussion

In this study we investigated the impact of a vascular disease on
the susceptibility of V. vinifera cv. “Sauvignon blanc” to drought
and on its capacity to recover. We demonstrated that prior to
the dry-down, esca pathogenesis resulted in reduced gas ex-
change at both symptomatic leaf and whole-plant scales.
Symptomatic plants experienced a delayed and less intense water
deficit due to the reduction in transpiring leaf area (reduced tran-
spiration of symptomatic leaves and leaf shedding). Although
esca causes stem xylem occlusions, this was not exacerbated by
water deficit. After re-watering the esca-symptomatic stems dem-
onstrated a higher recovery capacity that coincided with a faster
production of healthy new shoots at the top of the plant, associ-
ated with a resumption of gas exchange at the whole plant scale.
These results highlight that esca leaf symptoms delay and miti-
gate drought impacts in “Sauvignon blanc” through reduced can-
opy area. In the long term, the survival rate of plants was altered
by the drought duration rather than the vine’s health condition.

Symptom expression and drought impact

Impact of esca on leaf and whole-plant gas exchange
and water status

The development of esca is characterized by the formation of
leaf scorch symptoms and leaf abscission (Lecomte et al. 2012).
In symptomatic vines, over 50% of the remaining leaves on
symptomatic vines exhibited esca symptoms when irrigation
was stopped. These symptomatic leaves showed a drastic reduc-
tion in gas exchange compared with asymptomatic leaves from
symptomatic plants and from well-watered control plants.
Before irrigation was stopped, no change in gas exchange was
measured in asymptomatic leaves compared with control ones.
These results are confirmed by previous studies on “Sauvignon
blanc” vines (Bortolami et al. 2021b; Dell’Acqua et al. 2024) and
on other varieties (i.e. similar results in “Cabernet Sauvignon”,
“Sangiovese” and “Trebbiano” varieties; Petit et al. 2006;
Andreini et al. 2009). In this study, all symptomatic plants were
subjected to the dry-down treatment. However, based on
previous research, we can hypothesize that the decrease in
transpiration would have continued for about 2 wk as demon-
strated by Bortolami et al. (2021b) and Dell’Acqua et al. (2024).

This decrease would probably have stabilized at a higher level
than that of water stressed plants (Bortolamietal. 2021a, 2021b).

At the whole plant level, we demonstrated a reduction in tran-
spiration with esca symptom expression without any change in
water status. This reduction can be explained by reduced canopy
area, a high percentage of symptomatic leaves with reduced gas
exchange, and xylem occlusion, as previously demonstrated
(Bortolami et al. 2021b; Dell’Acqua et al. 2024). These mechanisms
could explain part or all of the differences in water stress response
in our study. Additional hypotheses may include plant metabo-
lism, regulatory, or signaling processes in responses to drought—
disease interactions (Torres-Ruiz et al. 2024).

Comparison of drought response between control and
symptomatic plants

During the dry-down, we demonstrated a delayed impact of
drought in symptomatic vines compared to control vines defined
by a delayed whole-plant transpiration reduction and a delayed
decreasein green leaf gas exchange and water status. In sympto-
matic plants, the high ratio of symptomatic leaves with closed
stomata (low and stable leaf gas exchange) has reduced the po-
tential transpiration of symptomatic plants, likely resulting in
the delayed impact of drought on symptomatic plants compared
to controls. In addition, we found a lower gpi, in symptomatic
leaves suggesting that even when stomata are completely closed
these leaves will lose water more slowly than control leaves
(Supplementary Fig. S2). This could be due to an alteration in
the structure of the cuticle or the guard cells of the stomata.

In numerous studies, emphasis is often placed on the possible
synergistic effect between drought and disease (Desprez-Loustau
et al. 2006; Oliva et al. 2014). However, other studies have high-
lighted the importance of stress severity, timing, and the type of
causative agent (Ramegowda and Senthil-Kumar 2015). We ap-
plied a range of stress levels, from those experienced regularly
in the field to those that would be considered extremely severe,
although not unseen in viticultural situations. This level of water
stress (characterized by intensive water potential measurements)
was very similar to that monitored in the field during recent peri-
ods of summer droughts (Charrier et al. 2018). Some evidence for
pathogen-induced mitigation of drought has been demonstrated.
For example, Nicotiana benthamiana plants infected with three
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Figure 9. Mass loss and the green leaf area after 1 mo of re-watering in V. vinifera cv. “Sauvignon blanc”. A) Number of bud growth August 22 2022. B)
Total green leaf area (in m?) during August 25 2022. C) Total water loss (in kg) during August 26 2022. Each bar represents one plant numbered from 1 to
13 on the x-axis and grouped according to dry-down duration (35, 22 or 18 d as detailed in Fig. 1).

different viruses showed delayed appearance of leaf wilting and
stem dehydration under combined virus and drought compared
to drought alone (Xu et al. 2008). Similar to our research, infected
plants exhibited lower transpiration rates due to partial stomatal
closure, resulting in better water retention in leaf tissues.
Moreover, infected plants showed increased accumulation of os-
moprotectants such as glucose, fructose, and sucrose (Xu et al.
2008). A modification in leaf composition was also noted in the
case of esca pathogenesis (Fontaine et al. 2016), with an increase
in fructose and glucose in symptomatic leaves but accompanied
by a loss of sucrose (Bortolami et al. 2021b). In addition, crosstalks
between abiotic and biotic stress responses had been documented
in the stress signaling networks (Fujita et al. 2006) and could be in-
volved in drought response in esca symptomatic plants. We can

hypothesize in particular that abscisic acid (ABA), which has a
well-known role in plant response to drought (Fujita et al. 2006)
and a putative role in plant-pathogen interactions (Cao et al.
2011), could play a key role in esca-drought interaction. Esca
symptomatic plants and/or pathogenic fungi could produce ABA
during pathogenesis (Chanclud and Morel 2016) contributing to
the observed decline in vine transpiration after symptom onset
and before we started the dry-down.

Interaction between physiological parameters

The hydroscape allows the study of plant responses to soil drying by
comparing the relationship between ypp and y; (Martinez-Vilalta
et al. 2014). The difference between the wpp and y; is linked to the
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Figure 10. Mean stomatal conductance per plant (gs) 1 yr post-recovery:
comparison between V. vinifera cv. “Sauvignon blanc” plants undergoing
different stresses during 2022. Colors represent the different plant
symptoms from 2022: light blue for plants that were well-watered
control in 2022 (“2022 Control WW”, three plants, 48 measurements),
light gray for plants that were water-stressed control in 2022 (“2022
Control WS”, four plants, 63 measurements), and light pink for plants
that were water-stressed esca-symptomatic in 2022 (“2022 Esca WS,
three plants, 49 measurements). Letters indicate statistical significance
(P<0.05) using Tukey’s post-hoc comparisons.

regulation of the plant’s water status in response to soil moisture
content (Charrier 2020). In our study, we did not identify any differ-
ences in the behavior of symptomatic and control plants during the
dry-down. We observed the same three typical phases in the rela-
tionship between ypp and yi: first, y; decreased much more rapidly
than ypp indicating a very loose regulation of y; under well-watered
conditions; then y; plateaued corresponding to stomatal closure; fi-
nally, wpp and y; decreased and converged, indicating a loss of reg-
ulation (Charrier 2020; Knipfer et al. 2020) in symptomatic and
control plants during dry-downs. Furthermore, the effect of water
potential on stomatal conductance was the same in both control
and symptomatic plants. Thus, the stomata of symptomatic plants
(measured on green leaves) were not more or less sensitive than
those of control plants in response to the water potential at which
they operate. This suggests that the mitigation of drought in symp-
tomatic plants is almost entirely due to reduced whole-plant
transpiration.

Plant defense response to multiple stresses

The production of occlusion in the xylem vessels is a defense re-
sponse of the plant. Vessel occlusion can be due to the formation
of tyloses or gum deposition (De Micco et al. 2016) and occurs dur-
ing xylem aging and in response to various abiotic stresses (frost,
Cochard and Tyree 1990; flooding, Davison and Tay 1985) and bi-
otic stresses (pathogen infection, Fanton androdersen 2021;
Bortolami et al. 2021a). Recent research has shown that occlu-
sions during esca result from tyloses, which are induced during
other processes by ethylene (Sun et al. 2007, not yet established
during esca), and not air embolism (Bortolami et al. 2021a). We
confirmed here that symptomatic plants exhibited a significantly
higher level of occlusions than controls confirming previous stud-
ies (Bortolami et al. 2021a; Dell’Acqua et al. 2024). However,
drought does not exacerbate this phenomenon: no difference in

percentage of occlusion between well-watered and water-
stressed stems was found. Considering both stresses, we ob-
served a gradient of vessel occlusion percentage with esca-
symptomatic water stressed plants having the most occluded
stems. This research studied this trait under multistress condi-
tions in grapevines. Further research focusing on the role of eth-
ylene during multistress tylose formation would open
perspectives to understand the underlying mechanisms of tylose
formation.

The recovery process

Short-term recovery

We re-watered (gradually until 90% of field capacity) all the plants
on the same dates resulting in different dry-down durations of 35,
22, and 18 d finding significant differences between control and
symptomatic plants in their short-term recovery capacity.
Trunk minimum water potential returned to nonstress levels
within 4 d for both control and symptomatic plants following re-
watering. Interestingly, the trunk minimum water potential was
twice lower (more negative) in the symptomatic plant than in
the control plant before re-watering. Trunks of symptomatic
plants are usually more necrotic than controls (Maher et al.
2012; Ouadi et al. 2019), likely leading to higher resistance to water
transport and thus lower water potentials. However, this result is
based on only one microtensiometer per treatment, hampering
our ability to make firm conclusions.

Stem radial diameter of symptomatic plants was able to recov-
er more quickly than control ones, despite not significantly differ-
ent PLD during the dry-down periods. The ability of the stem to
recover is not the only requirement for the stem to be able to pro-
duce new shoots. Taken together with the fact that the dropin leaf
water potential was delayed in esca-symptomatic plants (i.e. were
less stressed than control plants for a given dry down duration, in
contrast to trunk water potentials) it explains the faster recovery
and regrowth of the esca-symptomatic vines. Grapevine is charac-
terized by its hydraulic vulnerability segmentation between stems
and leaves which protects the perennial tissues from drought-
induced embolism (Tyree and Ewers 1991; Choat et al. 2005;
Charrier et al. 2018; Lamarque et al. 2023). Buds are strongly con-
nected to the cambium, and it is thought that maintenance of
these tissues ensures the ability of a plant to regrow, and thus sur-
vive (Barigah et al. 2013). We can therefore assume that the
cambium and buds will be equally protected by the vine’s seg-
mentation capacity. Moreover, recently it has been shown that de-
spite the significant production of occlusion in symptomatic
stems, the cambium remained functional and symptomatic
plants are able to produce new green shoots after esca pathogen-
esis through the production of new vessels (Dell’Acqua et al.
2024). Such resilience mechanisms were associated with an al-
tered timing and sequence of stem growth periods (Dell’Acqua
et al. 2024). We can hypothesize that the alteration of growth dy-
namics in esca-symptomatic stems, which is often associated
with a delayed lignification, would be involved in the higher recov-
ery of the symptomatic stems to drought through a prolonged
cambial activity in esca symptomatic plants in comparison to
controls.

Recent research showed the same ability of the plant to pro-
duce new xylem vessels after drought (Eucalyptus saligna,
Gauthey et al. 2022). Therefore, it appears that vines maintain a
strong regrowth capacity even if vines experiencing the multiple
stresses exhibited a higher level of tylose occluded vessels in
stems. This suggests that it is the intensity (i.e. minimum water
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potential) and duration of the drought stress that plays the critical
role in recovery and not necessarily hydraulic capacity per se.

We demonstrated that the longer the irrigation was stopped,
the less the vines were able to initiate growth from buds.
Moreover, the symptomatic plants presented a greater number
of bud regrowth than controls. The healthy green leaf area was
largely associated with these new shoots and therefore induced
higher healthy leaf area in symptomatic vines. This difference
in post-recovery vigor led to greater transpiration and photosyn-
thesis as evidenced by continuous weighing on the mini-
lysimeter platform. Moreover, the shorter the dry-down period,
the faster and greater the resumption of transpiration (Fig. 8).
We conclude thatin the short-term esca symptomatic plants re-
covered faster because they were subjected to lower levels of
stress or because esca is affecting the hormonal regulation of
growth.

Long-term recovery

Numerous articles evaluated the drought’s long-term impact by
assessing the plant’s response to a new drought and evaluating
the susceptibility of the plant to sequential droughts (Hochberg
etal. 2017; and Tombesi et al. 2018 in V. vinifera), but to our knowl-
edge there was no research performed to evaluate the impact of
coupled stresses on plant physiology during the following non-
stressed season.

In the long term, the rate of plant survival depended more on
the duration of the drought period than on the health condition
of the vine. Esca did not impair the grapevine's ability to survive
1yr after the experiment. This result could be explained by the
less negative water potential observed in esca symptomatic plants
compared to control water-stressed plants or by the less detri-
mental metabolic consequences of stress under esca than under
drought. Furthermore, the drought did not inhibit the appearance
of symptoms the following well-watered year. We also found that
plants that had experienced drought stress only presented similar
stomatal conductance 1 yr later than controls. This result is con-
sistent with the findings of Herrera et al. (2024) who showed that
2yr of short drought (i.e. 25d at —1.5mPa) did not cause any
changes in anatomy and gas exchange in the following well-
watered year. However, plants subjected to combined drought
and esca stresses presented higher stomatal conductance the
year after but similar leaf drought tolerance (estimated from the
leaf osmotic potential at full hydration; Bartlett et al. 2012). We
can hypothesize that plants subjected to the two stresses com-
pensated for resource depletion the year after through enhanced
gas exchanges. To test this hypothesis, further research should be
realized focusing, for example, on carbon storage, photosynthesis,
and anatomical measurements.

Conclusion

To conclude, we demonstrated that esca leaf symptom expres-
sion mitigated the response to drought. This antagonistic inter-
action between the two stresses was mainly due to the loss of
the transpired leaf area associated with esca development.
Esca-symptomatic vines suffered lower levels of stress com-
pared to controls, resulting in a faster physiological recovery.
Future studies should investigate the importance of the timing
between esca symptoms expression and drought, and thus
for different varieties. These results demonstrate the impor-
tance of studying the interaction between abiotic and biotic
stresses in the context of perennial plant dieback and climate
change.
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Materials and methods

Plant material

We used 19 vines of V. vinifera L. cv. “Sauvignon blanc” (316 clone)
grafted on the Fercal rootstock from a Pessac Leognan vineyard
planted in 2000. The plants were uprooted in 2022 (n=12) and
2021 (n=7). The presence of esca leaf symptoms have been moni-
tored in this vineyard at the plant level since 2012 following
Lecomte et al. (2012). Plants were uprooted during late winter
and transferred into 201 pots as described in Bortolami et al.
(2019). Transplantation is the only method allowing the study
of natural esca symptom development on mature plants outside
the field. Plants were pruned to retain six one-bud spurs. Before
the beginning of the experimentation, clusters were removed
and during the experimentation secondary shoots were removed
(except after re-watering). In the greenhouse, plants were irri-
gated with nutritive solution (0.1 mm NH4H,PO4, 0.187 mm
NH4NO;, 0.255mm KNOs3, 0.025 mm MgSO,, 0.002 mm Fe, and
oligo-elements [B, Zn, Mn, Cu, and Mo]). Environmental condi-
tions were monitored every 15 min using temperature and hu-
midity probes (S-THB-M002, Onset) and global radiation
sensors (S-LIx-M003, Onset) connected to a data logger
(U300-NRC, Onset). During the experiment period the vapor pres-
sure deficit (VPD) was on average 0.906 +0.003 kPa.

Lysimeter phenotyping platform experiment

The 19 plants were randomly installed in four rows in a mini-
lysimeter greenhouse phenotyping platform (Bord’O platform,
INRAE Bordeaux), on individual scales (CH15R11, OHAUS type
CHAMP) measuring their weight continuously over the 3 mo ex-
periment. Well-watered (control) plants were automatically
watered to field capacity twice a day. To determine field ca-
pacity, we immersed the plants into water for 15 min, let them
drain, and weighed the plants the day before beginning the
experiment. Pots were sealed into bags over the entire experi-
ment to measure evapotranspiration from only the plants. The
dry-down treatments are described below (‘water deficit
management”).

Symptom notation, plant phenology, and
leaf area

Leaf symptom expression was monitored weekly over a 2 mo peri-
od at the leaf, stem, and whole plant levels to start the dry-down
treatments just after symptom onset. The phenotypes scored at
the leaf or stem level were separated into three classes: “C”, leaf
or stem from control plants (asymptomatic during the whole sea-
son); “AS”, asymptomatic leaf or stem from symptomatic plants
(both before and after symptom appearance), and “S”, sympto-
matic leaf or stem (presenting leaf scorch symptoms) samples.
The percentage of symptomatic leaves per plant was assessed
within the first week of the start of the dry-down by counting
the number of healthy and symptomatic leaves per stem. Note
that esca already led to leaf abscission at that stage for some of
the plants. The development and phenology of new buds was
also monitored, by counting the number of new shoots produced
over time after re-watering.

To estimate total leaf area per plant (A;, m?), we measured the
leaf midrib length every 2 wk for all the leaves of each plant. A}
was estimated from the relationship obtained between leaf midrib
length and leaf area of ~150 leaves (measured with a leaf area me-
ter Model LI-3000, LI-COR, Lincoln, Nebraska, USA). After drought
stress, the presence of green regrowth was determined.
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Water deficit management

When at least two plants presented typical leaf scorch symptoms,
irrigation was stopped for these plants and two asymptomatic
(control) plants. This method was applied in three successive
rounds to three groups of plants on three dates (Fig. 1).

The first round of drought started on June 21 2022 and con-
sisted of two symptomatic and two control plants. The second
round started on July 4 2022 with three symptomatic and three
control plants (Fig. 1). The third round of drought started on July
82022 with two symptomatic and two control plants. In addition,
four control plants were irrigated at field capacity over the entire
experiment. A recovery period was started 35d (round 1), 22 d
(round 2), and 18 d (round 3) after the start of the dry-down by
gradually reinstating the water supply with daily irrigation at
75% of field capacity for 5 d, 80% for 9 d, and finally at 90% until
the end of the experimentation.

Whole-plant gas exchange

Vine transpiration per leaf area (E in mmol m~2s™%) was calcu-
lated as:

Ay 1
E= A_L X MW
where 4,, is the change in weight within a 3-d focal period (gs™),
Ay is the leaf area (m?) described above, and MW the molecular
weight of water (18 gmol™?). To avoid aberrant values, 4,, meas-
urements were filtered to range from 0 to -0.5 gs™, and during
drought 4,, values > —-0.02 were set to 0. When A; =0, the value
of 0.0001 was assigned to allow calculations.

The whole plant (canopy) conductance (G, in mmol m=2s7)
was then calculated as:

E
GC=KG(T>XB,

where Kg(T) is the conductance coefficient (115.8+0.4236T,
kPam®kg™?), E is transpiration (E in mmol m=2s~%), and D is the
VPD (kPa) calculated from recorded relative humidity (in %) and
T (in °C). The G. values were filtered to exclude values where
mean daily G. was <800 mmol m~2s~*, and values measured
under less than saturating radiation (photosynthetic photon flux

density (PPDF) < 500 gmol m~2 s™%) and excessive D (>0.6 kPa).

Leaf water potential

Mid-day (13 to 15h) and predawn (before sunrise from 5 to 6 h)
leaf water potentials (y; and ypp) were measured with a pressure
chamber (Scholander). Mature, sun-exposed leaves from the mid-
dle of the stem were measured on 14 dates from June 21 2022 to
July 22 2022. Leaf water potentials are not measurable in sympto-
matic leaves due to occlusions (tyloses), as discussed in Bortolami
et al. (2019), thus all measurements were made on green leaves.
We measured a total of 151 ypp and 211 y;. We used a hydroscape
analysis to compare the relationship between wpp and y; in each
treatment and study plant responses to soil drying.

Trunk water potential

To measure the plant water status after re-watering, microtensi-
ometers (FloraPulse, Davis, California, USA) were embedded into
the grapevine trunk of three potted grapevines, one control well-
watered, one symptomatic dry-down plants, and one control
water-stressed grapevines. The sensors were positioned on a non-
necrotic part of the trunk and protected from the sunlight. Trunk
measurements with microtensiometer were recorded every 5 min

using Campbell 1000x data logger. The minimum and predawn
water potential were recorded as the minimum and maximum
water potential measurements of the day, respectively.

Osmotic potential

In 2023, we measured the leaf osmotic potential (o) for control
plants that survived the 2022 drought experiment (n=10) to test
for carry-over effects on leaf drought tolerance via the water po-
tential at the turgor loss point (Bartlett et al. 2012). Two leaves
per plant were excised, re-cut under water, and rehydrated over-
night by submerging the petiole of each leaf in Eppendorf tubes
filled with DI water. Individual Whirl-Pak plastic bags were placed
over each leaf to prevent transpiration. o was measured using an
osmometer (Vapro 5600—EliTechGroup) on leaf discs 0.5 cm in di-
ameter that had been flash-frozen in liquid nitrogen. The osmom-
eter was set to “auto-repeat” mode and measurements were
recorded until the device stabilized and the difference between
two measurements was less than or equal to 5 mmol kg™".

From fully hydrated leaves we calculated the TLP mean per
plant and date from the osmotic potential following methods pre-
viously described by Bartlett et al. (2012). Two measurement cam-
paigns were carried out at the beginning of the season at the end of
leafing (May 22 2023) and a second 2 wk later (June 7 2023) to test
for osmotic adjustment. We compared asymptomatic vines that
were well-watered (“2022 Control WW”, three plants, six samples)
or water-stressed (“2022 Control WS”, four plants, eight samples)
in 2022 and symptomatic vines that were water-stressed in 2022
(“2022 Esca WS”, three plants, six samples).

Leaf gas exchange

Photosynthesis was measured from 9 to 12h on mature
well-exposed leaves from the middle of the stem using the
TARGAS-1 portable photosynthesis system (PP Systems).
Cuvette Photosynthetic Active Radiation was set to optimize pho-
tosynthesis (1,500 umol m~2s~%). The light-saturated photosyn-
thetic rate, Apgx (umol m™2s™%) was recorded on one mature leaf
(or two for symptomatic plant: “AS” and “S”). In total, we measured
227 leaves from 19 plants between June 7 and July 22, across 15 dif-
ferent dates.

Stomatal conductance (gs, mol m~2s™%) was measured on the
same green leaves and sampling dates as photosynthesis from
10 to 12 h with a Li-600 (Licor). In total, we measured 300 leaves
from 19 plants between June 7 and July 22, across 15 different
dates. When possible, these measurements were taken on the
same leaves used for photosynthesis assessments. We also meas-
ured stomatal conductance in 2023, for the same leaves as os-
motic potential. We measured the stomatal conductance on two
leaves per plant (n = 10), including each leaf prior to being sampled
for osmometry, on three dates between June 6 and July 18 2023.

Leaf minimum conductance

Water loss in 24 detached leaves was measured with a custom set-
up adapted from the drought box device (Billon et al. 2020). Two
types of leaves were sampled: “C”, leaves from control plants
(asymptomatic between June and October 2022, n=8) and “S”,
esca symptomatic leaves (presenting scorch symptoms, n=16).
To monitor weight loss continuous logging of micro load cells by
a Wheastone bridge board was performed (1046_OB, Phidgets
Inc., Canada). Our setup consisted of 24 load cells, with a range
of 0 to 100 g (3139_0, Phidgets Inc., Canada) enclosed in a 1,2001
growth chamber (Fitoclima 1200, Aralab, Portugal). Temperature
and relative humidity (RH) in the chamber were set to 25 °C and
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60% respectively, resulting in an air VPD of ca. 1.26 kPa. During
measurement, samples were illuminated from the top and from
the bottom with a Photon Flux Density at 400 yumol m=2 s~*. In or-
der to prevent direct desiccation from the petiole cut end they
have been immersed in paraffin wax prior to the experiment.
Samples were automatically weighed every 5 min. Data acquisi-
tion, calibration, and metadata management were conducted
with a custom software from the University of Bordeaux
(Cuticular v1, University of Bordeaux).

Turgid weight (TW) and area (Aj.y) of each individual leaf were
measured before the water loss measurements in the climatic
chamber. Weight measurements were performed with a four-digit
balance (Pioneer, Ohaus, USA). Leaf area was obtained from im-
ages taken with a calibrated flatbed scanner (v850 pro, Epson,
Japan) and analyzed with a dedicated software (Winfolia, Regent
Inst., Canada). At the end of the measurement, leaves were put
in an oven at 65 °C for 72 h and dry weight (DW) was measured.
The relative water content (RWC) was then computed for each
mass value (fresh mass; FW) during the dehydration process using
the following equation:

FW -DW

RWC=Tw—pw.

Leaf minimum conductance was computed for each leaf as:

o diw « Patm
Imin =Gt * Mgz X Ajegs X VPD,

where dw/dt is the slope of the curve of the weight (in g) in func-
tion of time (in s), Mo is the molecular weight of water (18.01 g
mol™), Aleqris the projected leaf area of the sample, Py, is the at-
mospheric pressure in the chamber (ca 101.9 kPa) and VPD is the
measured water pressure deficit of the air in the chamber (in kPa).

Apython program has been used to compute minimum conduc-
tance in a reproducible and efficient manner (gminComputation,
University of Bordeaux). It enables computation within a set of giv-
en ranges of RWC.

Stem anatomy

On July 8 2022, we sampled a middle internode from 12 stems
from three different plants per treatment and made three 40 ym
cross sections at least 1cm apart using a GSL-1 microtome
(Gértner et al. 2014). The sections were then placedin a 0.5% safra-
nin/astrablue solution for about 2 min, rinsed twice with absolute
ethanol, impregnated with xylene, and then mounted between
slide and coverslip with Histolaque (Histolaque LMR) to obtain
permanent slides. The section was then photographed using a
binocular magnifier, Nikon SMZ1270 camera and NIS-ElementsD
software. For each sample, we selected the clearest, best stained,
and most complete cross-section for analysis, and calculated the
percentage of occluded vessels by counting all occluded and non-
occluded vessels in each of the 36 cross-sections.

Stem growth measurements

The stem diameter dynamics of the 19 grapevines was continu-
ously monitored using stem dendrometers (DD-S2 Dendrometer,
Ecomatik), asin (Dell’Acqua et al. 2024). One dendrometer was in-
stalled on one randomly selected shoot per vine among the eight
stems, on the first basal internode that was long and strong
enough to support it. All dendrometers were connected to data-
loggers (DL-18, Dendrometer data logger, Ecomatik) and the data
were recorded hourly and retrieved weekly from June to October
2022 with HOBOware software. The raw dendrometer data for
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each vine were checked and cleaned using the “treenetproc” pack-
age in R software. Since the dendrometers were placed at the be-
ginning of the season, without knowing the future disease
incidence, the analysis ultimately included four well-watered
and seven water-stressed control stems, and one well-watered
and eight water-stressed stems presenting leaf symptoms.

The stem diameter evolution was estimated using (i) the
Percentage Loss in Diameter (PLD, in ym) during the dry-down ex-
periment (Lamacque et al. 2020):

D

pLD = 2mex = Dmin 0.
max

and (i) the diameter recovery the night after re-watering (Rigpr,
in ym) (Lamacque et al. 2020):

Dr — Dmin

max

Rugpr = x 100

where D, and Dy, are the maximum and minimum diameters
(D) immediately before the dry-down treatment starts and at the
peak of drought stress during the dry-down event and Dris the di-
ameter the day after re-watering (see Supplementary Fig. S4).

Statistical analysis

First, we compared Epax, Gemaxs 9s» Amax, a01d y between the control
and esca vines for each week before and after the start of the dry-
down with Wilcoxon tests (Supplementary Table S1). Second, we
compared occlusion percentages between all four treatments
(“Control WW”, “Control WS”, “Esca WW”, “Esca WS”) and the
watering and disease treatments separately with ANOVAs and
post-hoc Tukey HSD tests, adjusted for multiple comparisons
(Fig. 6). We also used ANOVAs to compare Rigp, PLD, and gmin
measurements between control and symptomatic plants (Fig. 8,
Supplementary Fig. S3). We used a linear mixed-effect model to
compare mean gs per plant, measured in 2023, between watering
treatments for control leaves and between disease categories for
water-stressed leaves. The models included the date variable set
as a random effect and the treatment as fixed effect, and was fol-
lowed by a Tukey HSD test adjusted for multiple comparisons.
Finally, for each date of gs and zp measurements in 2023, we
used a ANOVAs and post-hoc Tukey HSD tests, adjusted to com-
pare between treatments. Before each ANOVA analysis, normality
was verified through the Levene test. All statistical analyses were
performed using R (version 4.2.2).
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