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ABSTRACT

Drought reduces host resistance and allows the emergence of pathogens that benefit from changes in plant physiology under
water stress. However, for pathogens that penetrate only via the stomata, like Aculeastrum americanum, stomatal closure due
to water stress can prevent infection. Here, we test the hypothesis that raspberry (Rubus idaeus) late leaf rust severity is intensi-
fied when water deficit is imposed after penetration of A. americanum in leaves. We perform epidemiological and quantitative
analyses of A. americanum colonisation, as well as measurements of leaf gas exchange, on healthy and inoculated leaves of R.
idaeus ‘Heritage’. Plants were either grown under well-watered conditions throughout the experimental period (control) or sub-
mitted to water withholding 2 days after inoculation (water deficit). Our results revealed that the incubation and latent periods,
urediniospore production and lesion density did not differ between the two water regimes. However, water deficit significantly
reduced rust severity, A. americanum colonisation and leaf gas exchange in both healthy and inoculated plants. Comparing the
biotic and abiotic stresses, late leaf rust has a greater impact on leaf CO, assimilation than water deficit. In addition, there was a
synergism between leaf rust and water deficit, causing further decreases in leaf gas exchange of raspberry plants. Based on these
findings, we conclude that the occurrence of water deficit after the onset of pathogen infection reduces rust severity by limiting
its colonisation capacity, a consequence of low photoassimilate supply to the pathogen due to impaired photosynthetic activity.

1 | Introduction (Zhao et al. 2017) and reductions in crop quality (Hysek

et al. 2017). In addition to these impacts, climate change is
Climate change, characterised by shifts in rainfall patterns expected to affect pathogen virulence and disease develop-
and rising global temperatures, has significant implications ment (Nnadi and Carter 2021; Velasquez et al. 2018). Thus,
for agriculture (Ortiz-Bobea et al. 2021). It is associated with as environmental conditions change, plant diseases may be-
crop yield losses exceeding 50% in various agricultural regions have differently, increasing the risk of epidemic outbreaks
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driven either by changes in plant resistance or in the evolu-
tion of pathogens (Choudhary and Senthil-Kumar 2024; Singh
et al. 2023).

As a specific climatic phenomenon, drought can either aggra-
vate or attenuate the occurrence and severity of plant diseases
(Choudhary and Senthil-Kumar 2024; Lahlali et al. 2024),
which can lead to substantial consequences for agriculture
(Lahlali et al. 2024). Low water availability allows the emer-
gence of pathogens because of changes in the plant physiology
under water stress (Singh et al. 2023). Physiological changes
include stomatal closure, restricted CO, diffusion in the me-
sophyll and reduced photosynthetic rate (Abid et al. 2018;
Anjum et al. 2011, 2016; Khalvandi et al. 2021; Li et al. 2020;
Percival et al. 1998; Ribeiro and Sposito 2022). Reduced stoma-
tal conductance limits water loss but could also restrict patho-
gen entry (Lim et al. 2015; Ribeiro and Spoésito 2022). Lower
CO, diffusion and photochemical activity reduce carbon as-
similation, which may constrain the synthesis of metabolites
essential for plant defence (Werner et al. 2020). Furthermore,
drought-induced hormonal shifts and defence signalling re-
configuration can suppress plant resistance (Choudhary and
Senthil-Kumar 2022). Normally, the association between abi-
otic and biotic stresses elicits a distinct plant response com-
pared to that induced by a single stress factor (Rasmussen
et al. 2013).

Decreased host resistance caused by drought was observed
in the pathosystems Oryza sativa-Magnaporthe oryzae
(Bidzinski et al. 2016) and Picea abies-Endoconidiophora
polonica (Krokene et al. 2023). For diseases caused by patho-
gens that penetrate only via the stomata, such as many rusts
(Grimmer et al. 2012) caused by obligate biotrophic fungi
(Duplessis et al. 2021), a direct connection to stomatal clo-
sure has been demonstrated in the pathosystems Apocynum
venetum-Melampsora apocyni (Gao et al. 2018) and Rubus
idaeus (raspberry)-Aculeastrum americanum (Ribeiro and
Sposito 2022). In these studies, the pathogens were inoculated
when the hosts were already under water deficit, which made
it difficult for the pathogens to penetrate through the stomata,
leading to a reduction in rust severity. If the water deficit had
occurred after the pathogen had already penetrated, the com-
bined stresses have the potential to cause severe damage, as
reported for brown rust (Puccinia recondita) and stripe rust
(Puccinia striiformis) in Triticum aestivum (Choudhary and
Senthil-Kumar 2024).

Based on these observations, our hypothesis is that if the onset of
water deficit occurs after A. americanum infection in raspberry
leaves, the disease will be intensified. A. americanum is native to
North America (Luffman and Buszard 1989), widespread across
several countries and was recently reported in New Zealand
(Hofer et al. 2025) and Slovenia (Schroers et al. 2025). In Brazil,
late leaf rust is considered the most important raspberry disease
(Figueiredo et al. 2003). Climate change is expected to increase
the frequency of droughts (Lahlali et al. 2024), which may im-
pact plant-pathogen relationships at different stages, requiring
a thorough understanding of its effects. Here, we evaluated the
late rust monocyclic components and the primary metabolism
of raspberry plants under water deficit initiated after pathogen
infection.

2 | Materials and Methods
2.1 | Plant Material

Raspberry seedlings of R. idaeus ‘Heritage’ were transplanted to
7L pots, containing 6 L of sterilised substrate (clay soil and sand,
1:2) with granulometry of 10% clay and 70% sand, and kept in a
greenhouse where air temperature was 25°C+ 5°C and air rela-
tive humidity ranged from 60% to 90%. The pots were watered
daily with approximately 300mL of water and fertilised weekly
with 50 mL of liquid fertiliser containing NPK (8:3:8) and micro-
nutrients (Forth Jardim).

2.2 | Inoculum and Inoculation of A. americanum

The A. americanum monopustular isolate used in the ex-
periments was genetically characterised (Ribeiro and
Spoésito 2022) and the inoculum was maintained in Heritage
raspberry plants under greenhouse conditions described in
Section 2.1. Ten days after inoculating raspberry leaves for in-
oculum maintenance, the urediniospores were removed from
the abaxial surface of the leaves by brushing with 50mL of
sterile distilled water (SDW). Inoculations were performed
by spraying a suspension of 5x 10* urediniospores/mL with
0.05% Tween 20 on both leaf surfaces with a spray nozzle (NS
19/26; Lenz) coupled to a portable electric atomising sprayer
at 1bar (MA 2057; Marconi) until dew point. Control plants
were sprayed only with SDW containing 0.05% Tween 20.
After inoculation, all the plants were kept in a dark room for
24h under >90% relative humidity and 23°C £2°C. After this
period, the plants were moved back to the greenhouse. The
viability of inoculum was measured in vitro by assessing the
percentage of urediniospore germination. Three Petri dishes,
each containing three droplets of the urediniospore suspen-
sion, were kept under the same conditions as the plants after
inoculation. After 24 h, percentage germination was assessed
by counting 100 urediniospores per droplet; urediniospores
with germ tubes equal to or longer than their diameter were
considered germinated. The mean germination percentage of
the three droplets per dish was used as the replicate value.

2.3 | Combination of Biotic and Abiotic Stress

Water conditions for the raspberry plants were managed based
on substrate water holding capacity (available water capacity,
AWC), as done by Ribeiro and Spésito (2022). AWC was calcu-
lated as the difference between the pot mass when the substrate
is water-saturated and when it is fully dry (Pereira et al. 2010).
For treatments without water limitation, 60% AWC was used,
while for the treatment with water limitation, 30% AWC was
applied.

The experiments consisted of four treatments, combining
water regimes (60% and 30% AWC) and disease conditions
(healthy and inoculated). Here, healthy plants maintained at
60% AWC served as the control treatment. Each treatment in-
cluded five raspberry plants. The experimental design was ran-
domised, and the experiment was performed twice (referred to
as Experiment 1 and 2 throughout). All plants were maintained
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at 60% AWC for 1week. After this period, half of the plants
(10 plants in total; five per water regime) were inoculated
with A. americanum suspension as described in Section 2.2.
For water deficit treatments, 48h after inoculation, inocu-
lated and healthy plants were kept without watering until the
pots reached 30% AWC, which took about 5-6days. Irrigation
was carried out to maintain plants under 60% and 30% AWC
by weighing the pots daily throughout the 22 and 23days of
Experiments 1 and 2, respectively.

2.4 | Monocyclic Components of Raspberry
Late Rust

The monocyclic components were evaluated on raspberry
plants inoculated with A. americanum: (i) incubation pe-
riod—the time interval from inoculation to the appearance of
50% of the total number of lesions; (ii) latent period—the time
interval from inoculation to the appearance of 50% of the total
number of sporulating lesions; (iii) lesion density—number of
lesions per cm?; (iv) disease severity—the proportion of dis-
eased tissue on the leaf blade; and (v) urediniospore produc-
tion per lesion.

For the lesion density, three 1cm? squares were randomly
marked on the central leaflet of two leaves from the middle third
of the stem per plant and the lesions within these areas were
counted using a hand-held magnifying glass. Disease severity
was estimated on all inoculated leaves of each plant using the
diagrammatic scale developed for late rust in raspberry plants
(Dias, Ribeiro, et al. 2023). Both components were assessed
3days per week, with the first assessment conducted on the day
symptoms appeared, and subsequent evaluations typically per-
formed on alternate days. The monomolecular model (1) was
fitted to the lesion density (number of lesions per cm?/100) and
disease severity (proportion of diseased tissue) curves over time
(Bergamin Filho 2018):

Y =Vmax = (Vmax = 1) exp(-1t) 6))
where y represents the rust intensity, y,_ represents the asymp-
tote, b, is a parameter related to the initial amount of disease, r
represents the rate of disease increase (per day) and ¢ is the time
(days after inoculation). The model was fitted to the data using
Statistica v. 7 software (StatSoft Inc.). Regression parameters
were compared by Student's ¢ test (p <0.05).

At the end of the experiments and to analyse urediniospore pro-
duction, three 1cm? samples from each inoculated plant were
collected and transferred to a Falcon tube (15mL) containing
2mL distilled water and 0.2mL lactoglycerol. The suspension
containing the samples was homogenised in a tube shaker (AP-
59; Phoenix) for 1 min to remove the urediniospores, after which
the discs were removed from the suspension. The spore concen-
tration was determined using a Neubauer chamber, and ure-
diniospore production was calculated as the ratio between the
concentration of urediniospores in the suspension and the num-
ber of lesions on the samples. Results were compared by Student'’s
t test (p<0.05).

2.5 | Effect of Water Stress on the Colonisation
of A. americanum in Raspberry Plants

To investigate the effect of water deficit on pathogen colonisa-
tion, an additional experiment was carried out with three plants
per inoculated treatment from both water regimes (60% and 30%
AWC). At 7 and 14days after inoculation (DAI), five leaf sam-
ples (0.8cm?) were collected per plant and fixed in 0.15% (wt/
vol) trichloroacetic acid in ethanol/chloroform 4:1 (vol/vol). The
fixation/destaining solution was renewed regularly over a pe-
riod of 1week until the samples were completely cleared. Then,
the fixation/destaining solution was replaced with a sterile 25%
glycerol solution in distilled water. The leaf tissue fragments
were transferred to phosphate-buffered saline (PBS) pH7.4.
Samples were treated in 1M KOH solution at 37°C for 1h, fol-
lowed by washing in PBS pH 7.4 containing 0.1% Triton X-100.
Afterwards, the samples were vacuum-infiltrated in a staining
solution (20 pg/mL WGA-Alexa Fluor 488, 50 ug/mL propidium
iodide, 20 ug/mL bovine serum albumen [BSA] and 0.1% Triton
X-100in PBS pH 7.4) and incubated overnight at 4°C. The stained
samples were washed in fresh PBS pH 7.4 containing 0.1% Triton
X-100 and finally placed in PBS pH 7.4 containing 25% glycerol.
Confocal laser scanning microscopy was performed using an
LSM 980 system (Zeiss). Image acquisition settings for the two
fluorophores were as follows: excitation 488 nm, emission 499-
542nm for Alexa Fluor, excitation 561 nm, emission 605-649 nm
for propidium iodide.

The following two characteristics were analysed: total area of
colonised mesophyll tissues (%) and lesion area per colonisa-
tion (mm?). For each variable, five samples were analysed per
plant of each inoculated treatment (n =15). Measurements were
performed using the Fiji software (Schindelin et al. 2012). The
results of the colonisation analyses were statistically evaluated
using a generalised linear model (GLM) and treatments were
compared by Tukey's test using the SAS software (Statistical
Analysis System, v. 9.4, SAS Institute).

2.6 | Leaf Gas Exchange and Photochemical
Activity

Leaf CO, assimilation (A), stomatal conductance (g,), transpi-
ration (E), intercellular CO, concentration (C;), instantaneous
carboxylation efficiency (CE, A/C,) and effective quantum ef-
ficiency of photosystem II (®,g,;) were measured on the cen-
tral leaflet of a leaf from the middle third of the stem per plant
of each treatment. For these analyses, the evaluations were
taken with a portable infrared gas analyser (model Li-6400XT;
LI-COR) equipped with a multiphase flash fluorometer (LI-
6800-01A; LI-COR). The first measurement was performed
48h after inoculation and at 7, 14 and 21days after inocula-
tion. Measurements were performed between 08:30 and 11:00
under air CO, concentration of 400 umol/mol, photosynthetic
active radiation of 1000 umolm~2s~! and natural fluctuation
of air temperature and relative humidity. The results were
subjected to analysis of variance (ANOVA) and treatments
were compared by Tukey's test (p <0.05), using the R program
(R Core Team 2021).
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2.7 | Estimates of Virtual Lesions on
Raspberry Leaves

Disease severity was quantified in the same areas where leaf
gas exchange was measured through digital images processed
in Imagel software (Schneider et al. 2012). Rust severity was
correlated with the relative leaf CO, assimilation of raspberry
leaves using the model Bastiaans (1991):

P /P, =(1—-x) (@)

60% AWC

where P, refers to the leaf CO, assimilation (A) of the leaf with
rust severity x, P is the average A of healthy leaves, and S is a pa-
rameter of the equation. Estimated 8 values > 1 indicate that the
pathogen reduces A on asymptomatic areas of diseased leaves.
The higher the 8 values, the higher the effect of disease severity
on the green leaf area adjacent to the lesion; that is, the higher
the size of the virtual lesion (Nogueira Junior et al. 2017). The
model was fitted to the data with nonlinear regression using
Statistica v. 7 software (StatSoft Inc.). Regressions obtained
from each AWC were compared by Student's ¢ test (p <0.05).
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FIGURE 1 | Progress curves of raspberry late rust (Aculeastrum americanum) kept under well-watered (60% available water capacity [AWC])

and water deficit (30% AWC) conditions. Lesion density (number of lesions per cm?/100) in Experiment 1 (a) and 2 (b). Rust severity (proportion) in
Experiment 1 (c) and 2 (d). Vertical lines represent the mean standard error (n=5). Fitting lines represent the monomolecular modely=y, .. — (¥,..

— b)) exp(-rt), where y represents the lesion density or rust severity, represents the asymptote, b, is a parameter related to the initial amount

ymax
of disease, r represents the rate of disease increase (per day) and ¢ is the time (days after inoculation). Leaf discs (2cm?) above the figure illustrate
disease progress on the abaxial leaf surface at 60% (above a) and 30% (above b) AWC from the first experiment at 7, 14 and 21 days after inoculation

(DAI from left to right).
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TABLE 1 | Estimated parameters (+SE, n=>5) and coefficients of determination (R?) of a monomolecular model fitted to the proportion of lesion
density and rust severity of Aculeastrum americanum in raspberry leaves under two water regimes: well-watered (60% available water capacity

[AWC]) and water deficit (30% AWC) conditions.

Experiment Variable AWC (%) Yinax b, r R?
1 Lesion density 60 1.06+£0.02 a 6.56+1.17a 0.31+0.03 a 0.99
Lesion density 30 1.01+0.02a 5.87+1.20a 0.30+0.03a 0.99
Rust severity 60 0.45+0.04a 2.03+0.27a 0.11+0.02b 0.99
Rust severity 30 0.27+0.01 b 3.01+0.53a 0.18+0.02a 0.99
2 Lesion density 60 0.41£0.03a 4.56t1.63a 0.21+0.05a 0.97
Lesion density 30 0.38+0.02a 9.30+4.00a 0.32+0.06 a 0.98
Rust severity 60 0.23+0.02a 2.69+0.74a 0.14+0.03 a 0.98
Rust severity 30 0.14+0.01b 3.65+0.65a 0.18+0.02a 0.99

Note: Different letters in columns represent significant differences between plant-available water capacities (AWC) by Student's ¢ test (p < 0.05), for a given variable.

Estimated parameters obtained with the monomolecular modely=y, . - (y,... — b)) exp(-rt), where y represents the lesion density or rust severity, y_ .. represents the
asymptote, b, is a parameter related to the initial amount of disease, r represents the rate of disease increase (day™) and t is the time (days after inoculation).

3 | Results

3.1 | Monocyclic Components of Raspberry Late
Rust as Affected by Water Deficit

The viability of A. americanum inoculum varied between 60%
and 49% in vitro in Experiments 1 and 2, respectively. The in-
cubation and latent periods coincided, as lesion appearance and
sporulation occurred simultaneously, exclusively on the abaxial
leaf surface. The latent period was 8days in Experiment 1, re-
gardless of the water regime. In Experiment 2, it was 10days at
60% AWC and 9days at 30% AWC.

The lesion densities of A. americanum (minimum, mean and
maximum, respectively) were 70.8, 104.9 and 129.3 lesions per
cm? at 60% AWC and 70.0, 100.5 and 116.8 lesions per cm? at
30% AWC by 22days after inoculation (DAI) in Experiment 1. In
the second experiment, the lesion densities were 25.3, 37.8 and
57.8 lesions per cm? at 60% AWC and 18.7, 36.1 and 51.5 lesions
per cm? at 30% AWC (Figure 1a,b). In both conditions, the mono-
molecular model showed a good fit to the lesion density curves
of A. americanum, and no differences were observed in fitting
parameters (Figure 1a,b; Table 1).

Rust severity differed between water regimes at the end of both
experiments (Figure 1c,d). In the first experiment, the mini-
mum, mean and maximum severity values were 35%, 37% and
40% in plants under 60% AWC, respectively. In plants under 30%
AWC, the rust severity was lower, varying between 17% (mini-
mum) and 30% (maximum). In the second experiment, the rust
severity varied between 17% and 21% at 60% AWC and between
8% and 17% at 30% AWC (Figure 1d). In both water conditions,
the monomolecular model showed a good fit to the progress
of disease severity, and the estimated values for the asymptote
(Yimay) Were approximately 65% higher in well-watered plants
than in water-stressed plants (Figure 1c,d; Table 1). The produc-
tion of A. americanum urediniospores per lesion in raspberry
leaves did not differ significantly between water regimes at the
end of the experiments (Table 2).

TABLE 2 | Urediniospore production (+SE, n=5) per lesion of
Aculeastrum americanum in raspberry leaves under water regimes:
well-watered (60% available water capacity [AWC]) and water deficit
(30% AWC) conditions.

Experiment
AWC (%) 1 2
60 3160+280a 2670+610 a
30 2640+200a 1680+360 a

Note: Same letters in columns represent not significant differences between
plant-available water capacities (AWC) by Student's ¢ test (p <0.05).

3.2 | Effect of Water Stress on the Colonisation
of A. americanum in Raspberry Plants

The colonisation of A. americanum on raspberry leaves differed
between water regimes at 7 and 14 DAI (Figure 2). The total
area of colonised mesophyll tissues by A. americanum was sig-
nificantly higher in plants at 60% AWC compared to plants at
30% AWC. However, no significant differences were observed
in the total area of colonisation between 7 and 14 DAI within
each AWC condition (Figure 2e). The area per colonisation point
was also higher in well-watered plants, around two times larger
than the one found in plants under water deficit. The area per
colonisation point also increased over the experimental period,
with higher values noticed at 14 DAI in both watering condi-
tions (Figure 2f).

3.3 | Leaf Gas Exchange and Photochemical
Activity as Affected by Late Rust and Water Deficit

On average, the highest leaf CO, assimilation rate (A)
was found in well-watered and healthy plants throughout
Experiment 1 (Figure 3). Under water deficit, A values de-
creased over time in healthy plants, while a drastic decline was
observed in infected plants starting from 7 DAI (Figure 3a).
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FIGURE 2 | Progress of Aculeastrum americanum colonisation in mesophyll tissue of raspberry leaves from well-watered (60% available water
capacity [AWC], a, ¢) and water deficit (30% AWC, b, d) plants. Area of colonised mesophyll tissue at 7 (a, b) and 14 (c, d) days after inoculation (DATI).
Area of a lesion is delimited (outlined) in (a), and a neighbouring colonisation point separated by a vein can also be observed. False colours in chan-

nel overlay images (a—-d) represent WGA Alexa Fluor 488 signal (green) and propidium iodide signal (red). Quantification of colonisation, showing

total area of colonised mesophyll tissues (e) and area per colonisation point (f). Significant differences (ANOVA followed by Tukey's post hoc test,

p<0.05) are indicated by letters in (e, f). Uppercase letters compare the parameters between AWC in the same DAI and lowercase letters compare

the parameters between DAI of each AWC.

The well-watered and healthy plants had A values 32% higher
than those of healthy plants under water deficit. Infection
with A. americanum significantly reduced A values in similar
ways under both water conditions (Figure 3a). Although the
results were similar between Experiments 1 and 2, a signifi-
cant impact of infection and water condition on A was noticed
only from 14 DATI in Experiment 2. Again, the highest A val-
ues were noticed in well-watered and healthy plants, while the
lowest ones were measured in infected plants, regardless of
the water condition (Figure 3b).

Regarding the stomatal conductance (g ), the pattern of re-
sponse was similar in plants under water deficit and infection,
with the highest g, found in healthy and well-watered plants
(Figure 3c,d). In Experiment 2, differences among treatments
became more apparent towards the end of the experimental pe-
riod. In general, the transpiration (E) followed the same trend
as g, and again, there was a clear difference between the two
groups of healthy and well-watered plants versus water-stressed
and infected plants (Figure 3e,f).

Infection with A. americanum and water conditions affected
the effective quantum efficiency of photosystem II (¢,g;,)
only in Experiment 1 (Figure 4a,b), when late rust severity
was higher than 30% (Figure 1; Table 1). The highest ¢, was
measured in healthy and well-watered plants throughout the
experimental period (Figure 4a). After 21 DAI, infected plants
showed the lowest ¢y, while healthy and water-stressed
plants presented intermediate values (Figure 4a). The in-
stantaneous carboxylation efficiency (CE) was significantly
reduced by infection throughout the experimental periods
(Figure 4c,d). At the end of Experiment 1, infected plants
showed lower CE values than healthy plants in both water re-
gimes and water deficit did not impact CE in healthy plants
(Figure 4c). Such responses were also found in Experiment 2,
but with lower intensity as compared to the first experiment
(Figure 4c,d).

3.4 | Estimates of Virtual Lesions on
Raspberry Leaves

The f values estimated by the Bastiaans model did not
change due to water regime and varied between 5.14 and 5.64
(Figure 5). According to the model and regardless of the water
regime, leaves with rust severities varying between 5% and 50%
showed reductions in A of 23%-25% and 97%-98%, respectively
(Figure 5). P,/P_ values close to zero were observed with rust
severities between 61% (well-watered plants) and 64% (water
deficit plants).

4 | Discussion

It has been demonstrated that water deficit in plants hinders in-
fection by rusts that only penetrate through the stomata (Gao
et al. 2018; Ribeiro and Spoésito 2022), as plants close their sto-
mata to reduce water loss. This study focused on understanding
the effect of water deficit initiated after A. americanum infection
on the late rust monocyclic components and primary metabo-
lism of raspberry plants. As differences in infection efficiency,
driven by factors such as the number of spores deposited on the
leaf surface, host status and abiotic conditions, can lead to dif-
ferent lesion densities (Pariaud et al. 2009), our study revealed
that the incubation period, latent period, lesion density, and
urediniospore production per pustule did not differ between the
water conditions. Thus, our data suggest that penetration of the
pathogen into the leaves was similar in well-watered and water-
stressed plants, with water deficit initiated 48 h after inoculation.

In fact, water deficit resulted in reduced disease severity, which
is in accordance with Ribeiro and Sposito (2022). In both sce-
narios when water deficit occurred either before (Ribeiro and
Sposito 2022) or after inoculation (our study), there was low late
rust severity in raspberry plants, suggesting that climate change
would directly influence pathogen aggressiveness and disease
progression (Afzal et al. 2022; Gautam et al. 2013; McElrone
et al. 2005; Singh et al. 2023). The monomolecular model fit-
ted to the progress of disease severity revealed that the as-
ymptote (y,,..) was approximately 65% higher in well-watered
than in water-stressed plants. Such lower y_ under water
deficit is related to the impaired colonisation of A. america-
num. Accordingly, the area of colonised mesophyll tissues by A.
americanum and area per colonisation point were significantly
lower in plants under water deficit as compared to well-watered
ones. This difference is probably due to A. americanum being a
biotrophic fungus, which needs the plant photosynthetic perfor-
mance for success in colonisation (Singh et al. 2023).

Water deficit is known to reduce leaf gas exchange (Percival
et al. 1998; Ribeiro and Sposito 2022), photochemical activity
(Yan et al. 2023) and immunity mechanisms (Choudhary and
Senthil-Kumar 2022), changing the susceptibility or resistance
to pathogen attack (Choudhary and Senthil-Kumar 2024; Pandey
etal. 2024). Notably, significant changes in leaf gas exchange and
photochemistry were observed throughout the two experiments.
Specifically, decreases in A, g, and E in healthy plants under
water deficit corroborate previous studies in R. idaeus (Morales
et al. 2013; Percival et al. 1998; Ribeiro and Spdsito 2022). As the
lowest A values were found in infected plants grown either in
well-watered or water-stressed conditions, one may argue that
late rust infection in raspberries has a greater impact on A than
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water deficit. As there was no significant change in C,, which is
regulated by g, such drastic reduction in photosynthesis of inoc-
ulated plants was caused by decreases in ¢,;; and CE. Reduced
photochemical activity in photosynthesis is a common response

to rust diseases, such as found in grapevine leaves infected by
Neophysopella tropicalis (Rasera et al. 2023) and guava leaves in-
fected by Austropuccinia psidii (Gongalves et al. 2022). Here, we
cannot rule out a potential diffusive limitation of photosynthesis
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induced by pathogen infection. While CO, diffusion from atmo-
sphere to substomatal chambers is regulated by g, the diffusion
from this point until the carboxylation sites inside chloroplasts
is modulated by mesophyll conductance—a variable not ex-
plored in this study.

In inoculated plants, the obstruction of the intercellular spaces
of the mesophyll by hyphae of A. americanum, especially in
the substomatal chambers where uredinial primordia are
formed (Dias, Sposito, et al. 2023), compromises the meso-
phyll CO, diffusion, as observed in wheat leaf rust (Carretero
et al. 2011), grapevine leaf rust (Navarro et al. 2019; Nogueira
Junior et al. 2017; Rasera et al. 2023), poplar leaf rust (Gortari
et al. 2018) and guava leaf rust (Gongalves et al. 2022, 2023).
Such reduced diffusion would decrease the CO, inside chloro-
plasts without any change in C,, as noticed here. Alternatively,
maintenance of C, levels even with reduced g, could be a conse-
quence of increased leaf respiration induced by the pathogen or
even by pathogen respiration itself (Ray 2024). In poplar leaves,
rust disease caused a significant increase in respiration (Gortari
et al. 2018), and such an increase was related to the positive
regulation of the host's metabolic response to the pathogenic
challenge.

The infection significantly reduced the instantaneous carboxyl-
ation efficiency (CE) throughout the experimental period. An ex-
ponential reduction in CE with increasing rust severity has been
previously reported in grapevine leaves infected by Phakopsora
euvitis (Navarro et al. 2019) and guava leaves infected by A. psi-
dii (Goncalves et al. 2022), suggesting biochemical constraints
on photosynthesis. Low RuBisCO activity and abundance were
reported in Arabidopsis thaliana leaves infected by Albugo can-
dida, white rust of Brassicaceae (Tang et al. 1996). The reduction
in the RuBisCO abundance may be due to the lower availability
of nitrogen (N) for its synthesis, because N can be allocated to
the plant defence responses (Schultz et al. 2013; Sun et al. 2020;
Wang et al. 2019). Moreover, RuBisCO fragmentation can also
occur, as reported in the pathosystem T. aestivum-—P. striiformis
f. sp. tritici (Li et al. 2011).

In addition to reducing photosynthesis of the diseased leaf area,
the pathogen can also affect the green leaf area surrounding
the lesion (Bastiaans 1991). Some studies with abiotic stresses
initiated before rust infection revealed a reduction in virtual
lesions, with decreases in § values of raspberry plants under
water deficit (Ribeiro and Spoésito 2022) and grapevine plants
under warmer conditions (Rasera et al. 2023). Here, 3 values
were similar in both water regimes, probably because the water
deficit only started 48h after inoculation. The values in this
study are higher in comparison to bean rust (2.1; Bassanezi
et al. 2001), wheat leaf rust (0.8-1.0; Robert et al. 2005), Asian
soybean leaf rust (2.1-2.5; Kumudini et al. 2010) and guava leaf
rust (2.13; Gongalves et al. 2022), being similar only to grape-
vine leaf rust (4.99-5.78; Navarro et al. 2019; Nogueira Junior
et al. 2017; Rasera et al. 2023). The combination of biotic (in-
fection) and abiotic (water deficit) stresses resulted in a severe
reduction of A and led to a distinct plant response compared to
that induced by a single stress factor (Choudhary and Senthil-
Kumar 2024; Rasmussen et al. 2013). However, this was not
the case for biotic stress alone. When comparing infected and
well-watered plants with those infected and water-stressed,

the physiological responses were similar in both experiments.
The lack of difference between the combined stress conditions
and the biotic stress alone was due to the lower disease severity
in plants under water deficit. Similar findings were reported
for another pathosystem: in Asian grapevine leaf rust (N. trop-
icalis), the combination of abiotic and biotic stresses on the
leaf gas exchange and photochemistry of Vitis labrusca was
mitigated by low disease severity under warmer environments
(Rasera et al. 2023).

We conclude that the occurrence of abiotic stress after the onset
of infection reduced disease severity by reducing the coloni-
sation capacity of A. americanum. Such loss of the pathogen's
ability to colonise the leaf tissues of plants under water deficit
was associated with decreases in leaf gas exchange and photo-
chemical activity, which impact the nutrient availability for the
fungus. We have shown that the onset of abiotic stress in rela-
tion to the onset of infection is decisive in reducing the rust se-
verity, not only through stomatal closure, but also in mitigating
the effects of the stress combination on photosynthesis in the
green areas surrounding the lesions. Water deficit is an abiotic
stress linked to climate change and further studies dealing with
how other stressful environmental conditions affect the mono-
cyclic components and primary metabolism of infected plants
are needed to understand the consequences of climatic events
after plant disease infection.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Intercellular CO, concen-
tration (C;; a, b) in Experiments 1 (a) and 2 (b) of leaves of well-watered
(60% available water capacity [AWC]) and water deficit (30% AWC)
plants, non-inoculated (NI) and inoculated (I) with Aculeastrum amer-
icanum. Full circles represent data from 60% AWC non-inoculated,
empty circles represent data from 60% AWC inoculated, full triangle
represents data 30% AWC non-inoculated and empty triangle represent
data from 30% AWC inoculated. Data points represent the mean values
at each time and bars represent the mean standard error (n=5). No sig-
nificant differences were observed between treatments at 5% probabil-
ity by the Tukey test.
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