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ABSTRACT

Climate change poses an escalating challenge to agricultural systems worldwide, significantly
impacting both input availability and crop yields. As global temperatures rise and weather
patterns become more erratic, the spread of plant diseases is intensifying, thereby threatening
global food security. This study aimed to evaluate the effects of climate change on pathogen
emergence, severity, and tomato crop production. The experimental design included four
treatments: a control group, an increased temperature scenario (2-3°C above ambient),
elevated CO; concentration (300 ppm), and a combination of increased temperature and CO;
levels. These treatments were implemented in a controlled environment to regulate the
experimental conditions precisely. The collected results were entered and analyzed using the R
software. Descriptive statistics, ANOVA, and regression analysis were used to reach the results.
The increase in temperature increased the pathogens by 40% after 16 weeks, while under CO>
treatment, the pathogens increased by 30% compared to the control treatment. The mix
treatment of temperature and CO; increased the pathogens by 70% compared to the control
treatment. Disease severity increased to 2, 4, and 6 levels under the temperature, CO,, and mix
treatments. Regression analysis revealed significant correlations between elevated
temperature and CO, concentrations and the severity of tomato diseases. Tomato production
per plant dropped by 60%, 70%, and 30% under temperature, CO, and mix treatment. The
study recommended the need for innovative agricultural practices to face the increased risk of
plant production under climate change conditions.

Article History

Article # 24-765
Received: 20-Aug-24
Revised: 02-Sep-24
Accepted: 10-Sep-24
Online First: 16-Sep-24

Keywords: Climate change, Plant pathogens, Tomato, Carbon dioxide, Temperature

INTRODUCTION

Climate change (CC) presents a significant new
challenge to agricultural activities by impacting plant
production and global food security (Lidon, 2018;
Chapagai et al., 2023). The increase in global temperatures
highly affects the patterns of precipitation and increases
the CO, concentration which altered the environmental
conditions that highly affected the cropping patterns in
different areas of the world. Sbeiti et al. (2023) reported
that, in addition to its impact on climate, CC also
influences the dynamics of plant-pathogen interactions.
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The increase in temperature and CO, concentration leads
to aggressive strains of soil-borne pathogens. Kaur et al.
(2023) reported that the CC affected the host plant
resistance with less tolerability of the plants for the new
conditions. Sign et al. (2023) further noted that disease
incidence and severity increased as the dynamics of plant-
pathogen interactions complications increased due to CCs
producing new pathogen strains and changed the
pathogen distributions. Kaur et al. (2023, 2024) revealed
that the development of effective disease management
strategies is reliance on the deep understanding of the
complications resulted from the CC conditions.
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Tomato (Solanum lycopersicum) is an economic crop
planted in different parts of the world. This plant
production threatened by different types of fungi, bacterial
and virus diseases which leave high impact on its
productivity and quality (Zhou et al., 2019). The CC affect
the virulency and the distribution of plant diseases through
affecting the pathogen life cycles. Singh et al. (2019) and
(2023) reported that the capabilities of plant’s defense and
resistance is affected by the raise of CO, and temperatures.
The increase of temperatures as a direct result of climate
change affects the pathogen dynamics and diseases
distribution (Zafar et al., 2022). Both microbial and vector-
borne pathogens are affected pathogen dynamics across
the ecosystem resulted from the increase of atmosphere
temperatures. Realizing the mechanisms of the effect of
high temperatures will facilitate the control of pathogen
behavior and spread. Eliette et al. (2024) reported that
increasing soil temperatures affect soil microorganisms by
altering attack success and impacting microbial diversity
and resistance to invasion. The fluctuation of temperatures
impacts the pathogen's life cycles through its rushing
leading to more frequent and severe outbreaks. Delgado-
Baquerizo et al. (2020) discussed the increase of
temperatures will increase the soil-borne fungal pathogens
globally with prevalence increase under the CC scenarios.

Laine (2023) showed that tomato growth optimal
temperature ranges from 250C to 300C, so that any
deviations increase its susceptibility to diseases. Che et al.
(2023) reported that the prefoliation of pathogens is
encouraged under high temperatures and wet conditions
that diversly affect the productivity. Late blight that
produced by Phytophthora infestans leading to earlier and
severe disease growth is increased by elevated
temperatures (Laine, 2023). Du et al. (2020) explored that
temperature increase reduce the gene's effectiveness
leading to low plant disease resistance. The high
temperature results in decreasing the tomatoes' resistance
to root-knot nematodes. These findings highlight the
potential for increased temperature to exacerbate disease
pressures on tomato crops.

Elevated atmospheric CO, is a dominant feature of the
CC, producing multifaceted effects on plant health with
varied outcomes depending on the specific context. Wang
et al. (2023) revealed that enhanced CO, can mitigate the
adverse effects of heavy metals on vegetative growth by
increasing antioxidant enzyme activities and reducing the
accumulation of toxic metals in the upper parts of the
plant. Sun et al. (2023) reported that eCO, increase the
plant biomass, chlorophyll content, and antioxidants
responses that improve its drought tolerance and
decreasing oxidative stress. Plant physiology is affected by
high concentrations CO, producing plant higher resistivity
for diseases (Mourouzidou et al., 2023). In tomatoes, the
high CO; concentrations have a direct effect on the plant's
defense against pathogens which increase the incidence of
diseases including Tomato spotted wilt virus.

The interaction of temperature increase and elevated
CO, affect the pathogen dynamics which exposed to
synergistic effects. Sunkad et al. (2023) found that the
increase of temperatures to 30-35°C increase the
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pathogens producing dry root rot and severe diseases, but
it will be reduced if being exposed to elevated CO;
conditions (550+25ppm) and the temperature increase by
2°C. The combination of higher temperatures and elevated
CO,; can significantly increase the severity of different
diseases such as the early blight (Alternaria solani) in
tomatoes (Yang et al, 2020; Hu et al, 2023). Hu et al.
(2023) found that elevated CO, and temperature
significantly change the N-acylethanolamine (NAE)
pathway in tomatoes, which is crucial for defense against
pathogens like Botrytis cinerea and Pseudomonas syringae
pv. tomato.

The interaction between temperature, CO; levels, and
plant diseases is increasingly significant under different the
CC scenarios. Research found that incidence and severity
of palnt diseases will increase as the global temperatures
increased from 0.9 to 0.50C by 2100 (Sunkad et al. 2023)
reported that the rise of global temperatures by 0.9 to 3.5
°C by 2100, will increase the incidence and severity of
various plant diseases. Rice sheath blight which is caused
by Rhizoctonia solani, demonstrated increased lesion
lengths under elevated temperatures, although CO, alone
did not significantly impact disease severity (Shen et al.
2023). Furthermore, temperature increases enhance
virulence in soil-borne pathogens such as Verticillium spp.,
leading to greater susceptibility in host plants (Sbeiti et al.
2023). To control agricultural production and reach
sustainable production effective disease management
strategies needed (Kaur et al. 2023).

Different research in different regions investigated the
effect of the CC on plant production and pathogens. In the
Mediterranean region, the occurrence of bacterial diseases
was affected by the change patterns of precipitation and
temperatures such as Xanthomonas perforans (Cieschi et al.
2019). In USA, research approved the need of plant disease
management practices to control plant diseases under
different climatic changes. The high impact of the CC on
plant production, the distribution of plant disease and
immunity of plant diseases causes raised the need for deep
investigation to wunderstand the behavior of plant
pathogens (PP) in different conditions. The reachability of
high resilient crop varieties will facilitate the natural control
of plant diseases and encourage the reachability of
sustainable plant production that reserves environment
and human health.

This study investigates the tomato PP behavior under
different temperatures and CO; levels. It focuses on the
distribution of these pathogens and the severity of
infections across different environmental conditions. By
simulating changes in temperature and CO; concentration,
the study aims to elucidate the impacts of the CC on
pathogen spread, incidence, severity, and crop Yyield.
Understanding these dynamics is crucial for developing
effective strategies to mitigate the CC-related risks to food
security.

The findings of this research are expected to provide
valued understandings of the the CC effect on pathogen
dynamics and inform the development of adaptive
agricultural practices. Addressing the challenges will be
essential for ensuring the sustainability and productivity of



tomato crops and other essential agricultural systems
(Fischbach et al., 2022; Mills et al., 2023). This experiment
aims to study the effect of controlled climate conditions
related to temperature, humidity, and CO, levels on the
emergence of pathogens and crop production of tomatoes.

MATERIALS & METHODS

Objectives

This research investigates the effect of temperature
and CO, concentration on tomato crop pathogens and
production. The experiment was conducted in Al Karak
governorate in Jordan, about 150 km south of the capital
Amman. The experiment was conducted in the period Feb
2024 to May 2024. The recorded temperature through the
experiment ranged from the minimum temperature of
14°C to maximum temperatures reached 35°C.

Treatments and Design

To investigate the effect of the CC on tomato
production and diseases, four treatments were used in this
experiment to cover the parameters that attributed with
the CC. The control (C) which used the common climate
conditions without any interference was used to compare
with the other CC treatments. The second treatment is the
temperature (T) treatment, 2-3°C over the control
treatment was applied (Hassan & Hashim, 2020). The CO;
(CO) concentration which was fixed to 300ppm (Chen et al,,
2024), and the last treatment was the mix (TCO) between
the temperature and the CO. concentration to measure
the interaction effect on PP. The treatments were
distributed using a randomized complete block design
(RCBD) with three replicates. The chambers were used for
the treatments under temperature, CO; concentration, and
a mix of both treatments. Thermometer sensors were used
to ensure the temperature degrees within the chambers
and CO; sensors were used to control the concentrations
(Fig. 1).

Implementation

The climate-controlled chamber growth was used and
supplied with temperature and CO; control sets. The
temperature, humidity, and CO; levels were monitored
throughout the experiment. The tomato plants with PP
(Fusarium oxysporum) were used (Zhou et al., 2019). The
pathogens' addition was equal among the different
treatments.

Data collection

Two types of reading were recorded. The plant disease
records included the number of infected plants under each
treatment weekly, and the disease severity records based
on lesion size and wilting. The rate of pathogen spread was
measured under each treatment. Plant vegetative
characteristics were measured under each treatment
including the plant height and production.

Statistical analysis
Descriptive statistics describe the criteria of infection
and vegetative growth. Using R software, the RCBD
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ANOVA tested the statistical differences among the
treatments. The regression analysis evaluated the
relationship between the treatments and pathogen
virulence.

Fig. 1: Experiment design for the control (C), temperature (T), CO; (CO), and
mix treatment (TCO).

RESULTS

Under C treatment the disease incidence was minimal,
with only 10% of the tomato plants showing mild
symptoms of infection by the end of the experiment, while
under T treatment, the results showed that the incidence
of disease increased significantly, with 40% of the plants
exhibiting symptoms. The onset of symptoms occurred
earlier compared to the C treatment, indicating a potential
acceleration of pathogen activity due to higher
temperatures, while under CO treatment, the elevated CO,
group showed a moderate increase in disease incidence,
with 30% of the plants infected. Symptoms appeared
slightly later than in the increased temperature group but
were more severe, suggesting that elevated CO, levels
might enhance pathogen virulence (Fig. 1).

Under the TCO treatment, the highest incidence
occurred, with 70% of the plants showing severe
symptoms. Disease onset was rapid, and the pathogen
spread more aggressively, suggesting a synergistic effect
of increased temperature and CO, levels on pathogen
virulence. The statistical analysis showed that the results
were statistically significant (P<0.001) (Fig. 2).

Concerning the disease severity showed that under

the C treatment, the severity remained low throughout the
experiment, with small lesions and mild wilting observed in
the few infected plants. Under T treatment, the severity
increased significantly, with larger lesions, extensive
wilting, and stunted growth in the infected plants. The
average lesion size was 3-4 times larger than in the C
treatment. Under CO treatment, the severity was higher
than in the control group but lower than in the increased
temperature group. Lesions were more numerous but
smaller, and wilting was moderate (Fig. 3).
Under the TCO treatment, the highest severity was
observed, characterized by extensive tissue necrosis, severe
wilting, and substantial plant mortality. Both lesion size
and number were significantly elevated, leading to near-
total plant collapse in several instances. Statistical analysis
confirmed these findings with significant results (P<0.001)
(Fig. 3).
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Under the TCO treatment, the highest severity was
observed, characterized by extensive tissue necrosis, severe
wilting, and substantial plant mortality. Both lesion size
and number were significantly elevated, leading to near-
total plant collapse in several instances. Statistical analysis
confirmed these findings with significant results (P<0.001)
(Fig. 3).

Concerning the pathogen spread, under the C
treatment, the results showed that the pathogen spread
was limited, with infection localized to a small area of the
plant. There was minimal inter-plant spread. Under the T
treatment, the pathogen spread more rapidly both within
and between plants. The average rate of spread was 2-3
times higher than in the control group, with multiple plants
infected from a single inoculation point (Fig. 4).

Under CO treatment, the pathogen spread was
moderate, with noticeable movement within individual
plants and occasional spread to neighboring plants, while
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under TCO, the rate of pathogen spread was the highest,
with rapid colonization of entire plants and significant
cross-plant infection. The spread was 4-5 times faster than
in the control group. The results showed statistically
significant results (P<0.01) (Fig. 4).

Under the TCO treatment, plant mortality reached
50% by the end of the experiment. The lowest mortality
rate was observed under the C treatment. The TCO and CO
treatments exhibited intermediate levels of plant mortality
relative to the TCO treatment (Fig. 5). Statistical analysis
indicated that these results were significant (P<0.01).

Crop Yield

The crop yield results indicated that the highest yield
was recorded under the C treatment (100%), followed by
the CO treatment (70%) and the T treatment (60%). The
lowest yield was observed under the TCO treatment (30%)
(Table 1).

Fig. 2: The effect of control (C),
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Fig. 4: The effect of control (C),
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Regression Analysis for the Pathogen Virulence (PV)

The regression coefficient of T was 0.85 (p<0.001)
indicating that the increase of T by 1°C will increase the PV
by 85% reflecting the T as a strong predictor of disease
severity in tomato crops. The model regression coefficient
is 0.76 explaining that 76% of the variance in PV s
explained by T (equation 1).

PV = 0.85T (R2= 0.76)cccccuiiereiiienieieeneessenennnnns (1)

The regression coefficient of CO was 0.45 (p<0.001)
indicating that the increase of CO by 100ppm will increase
the PV by 45% reflecting the CO as a predictor of disease
severity in tomato crops with a less degree than T. The
model regression coefficient is 0.58 explaining that 58% of
the variance in PV is explained by CO (equation 2).

PV = 0.45 CO (R? = 0.58) weovevecreeeeeeeeeeeee (2)

The regression coefficient of T was 0.75 (p<0.01), the
regression coefficient of CO was 0.38 (p<0.05), and the
TCO regression coefficient was 0.22 (p<0.01) indicating
that both T, CO, and TCO contributed to PV in tomatoes.
The model regression coefficient is 0.82 explaining that
82% of the variance in PV is explained by T and CO
(equation 2).

PV = 0.75 T+0.38 CO+TCO (R?=0.82) ...coovverererrrirerene. (3)

Table 1: The effect of control (C), temperature (T), CO, (CO), and mix
treatment (TCO) on tomato crop yield (kg per plant) per week (wk)

Treatment Wk 4 Wk8 Wk12 Wk16  Final Yield (%)
Compared to
Control

C 0.5 1.2 2.0 3.0 100

T 0.4 0.9 15 1.8 60

co 0.3 0.8 13 1.5 70

TCO 0.2 0.6 1.0 0.9 30

P value: 0.001

DISCUSSION

The experiment's results highlight the significant
influence of the CC-related factors on the emergence and
virulence of PP in tomato crops. The T, CO, and TCO not
only heightened the incidence and severity of plant
diseases but also accelerated pathogen spread and
increased plant mortality, ultimately reducing crop yield.

The disease incidence data revealed a clear trend: as
environmental stressors intensified, the percentage of
infected plants rose sharply. In C, disease occurrence was
minimal, indicating that under current average climate
conditions, the tomato plants maintain a relatively robust
defense against the selected pathogen. However, under T
when exposed to temperature, the incidence rate
quadrupled, suggesting that higher temperatures may
weaken plant defenses or create conditions more favorable
for pathogen survival and reproduction. Similarly, CO also
led to a marked increase in disease incidence, though to a
lesser degree than temperature, pointing to the
multifaceted nature of pathogen emergence under the CC.
Zou et al. (2019) have shown that the elevated CO,
concentration leads to the increase of plant disease
incidence. Gilardi et al. (2016) have shown that CO;
increased both the incidence and severity of plant
diseases. Hu et al. (2023) justified the effect of T, CO, and
TCO on tomato disease through the effect on the N-
acylethanolamine pathway which is affected by the
temperature and CO; increase that decreases the tomato
defend against pathogens.

The disease severity results further underscore the
detrimental effects of the CC on plant health. The highest
severity was observed under the TCO (6) followed by T (4)
with less severity recorded under CO; (2) compared to the



C, demonstrating that not only does the CC promote the
spread of pathogens, but it also enhances their virulence.
Gilardi et al. (2016) reported that the increase in
temperature will increase the incidence and severity of
plant diseases. The TCO representing the combination of
temperature and CO, showed the highest severity, with
extensive tissue damage and rapid disease progression.
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This advocates a potential synergistic effect, where
multiple the CC factors interact to exacerbate the impact
on plant health. Jang et al. (2019) reported that the
elevated temperature increases the bacterial sport severity.
Kaur et al. (2023) reported that the interaction between
temperature and CO; concentration increases the tomato's
disease severity.
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Fig. 5: The effect of control (C), temperature (T), CO, (CO), and mix treatment (TCO) on plant mortality (% of Dead Plants) per week (wk).

Under stress conditions, pathogen spread rates were
higher mainly in the TCO treatment. The rapid colonization
of entire plants and the spread of infection to close plants
under this treatment highlight the potential for more
widespread outbreaks under future climate scenarios. The
high speed of infection among the plants decreases the
efficiency of the traditional disease control methods, which
call for more severe and frequent epidemics in crops like
tomatoes.

Tomato plants mortality and crop yield were used to
measure the CC effect on tomato plants. The experiment
final results showed that the TCO treatment experienced
the highest mortality rate (50%), with the highest
productivity reduction (30%) compared to C treatment.
Yang et al. (2023) reported that the elevated CO, and
temperature decreased the plant production. Under T and
CO treatments, the yield was reduced significantly
reflecting the economic impact of climate-induced
pathogen emergence on tomato production under the CC
conditions. The reduction of yield was directly correlated
with the increase of disease incidence and severity,
reflecting that the CC could leave severely compromise
food security by lowering the productivity of tomato.
Sunkad et al. (2023) and Jang et al. (2019) revealed that the
interaction between T and CO levels and the plant-
pathogens is very important to understanding and

managing tomato production under changing climatic
conditions.

Conclusions and recommendations

Results reflected evidence of the CC effect on PP and
so affecting tomato production. Higher disease incidence
and greater severity accompanied with faster pathogens
spread ad plant mortality were the causes of tomato
production under TCO. The effect on tomato plants for the
separate treatments of T and CO was less. The CC factors
resulted in a substantial reduction in tomato productivity
which reflects the implications for global food security.

The increased temperatures contributed to fasting
disease progression and severe symptoms in the affected
tomato plants, which reflects the impact of global
temperatures rise on more aggressive outbreaks of plant
diseases that overwhelm current agricultural practices and
disease management strategies. The elevated CO, levels
affect the tomato's disease prevalence although with fewer
results compared to temperature. However, the TCO
treatment created a synergistic effect producing severe
outcomes. This reflects that multiple the CC factors double
the challenges posed by PP in future agricultural systems.
In conclusion, the study reinforces the critical need for
innovation in agricultural practices to face the challenges
of the CC. As the global climate continues to change,



developed strategies can mitigate the increased risk of
plant diseases, safeguarding the sustainability and
productivity of crops.

Future research

The results suggest that future agricultural research
needs to investigate the scenarios that deal with these
changing conditions, to find out the proper strategies that
mitigate the enhanced virulence and spread of pathogens.
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