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ABSTRACT

Climate change and increasing water scarcity present critical challenges for sustainable crop production, partic-
ularly affecting tomato (Solanum lycopersicum L.), a globally important horticultural crop. Beneficial soil fungi, such 
as Trichoderma spp. are widely known as plant growth promoters, particularly under abiotic stress such as drought. 
However, short-term physiological responses to specific strains remain unclear, as Trichoderma-plant interactions are 
strain-genotype dependent. This study presents the results on the influence of T. brevicompactum on the physiolog-
ical and biochemical parameters of tomato, under optimal watering and cessation of watering conditions, aiming to 
evaluate its potential to mitigate drought induced stress. The results demonstrated that T. brevicompactum induced a 
rapid reduction in stomatal conductance in well-watered plants, accompanied by changes in abscisic acid (ABA) dy-
namics and water status. Cessation of watering caused the expected increase in ABA levels in both leaves and roots, 
while in combination with T. brevicompactum this accumulation was reduced. Multivariate PCA analysis confirmed 
that ABA, stomatal conductance, leaf water potential and epidermal flavonols are the most sensitive early indicators 
of stress and fungal modulation of plant responses. These findings emphasize the potential of T. brevicompactum as a 
biostimulant to mitigate drought effects and support eco-sustainable tomato production, while highlighting the need 
for further studies under field conditions and at the molecular level to elucidate the underlying regulatory networks.
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SAŽETAK

Klimatske promene i sve izraženije smanjene količine padavina predstavljaju ključne izazove za održivu poljop-
rivrednu proizvodnju, posebno utičući na paradajz (Solanum lycopersicum L.), jednu od najznačajnijih hortikulturnih 
kultura u svetu. Gljive roda Trichoderma poznate su kao promotori rasta biljaka, naročito u uslovima abiotičkog stresa 
suše. Ipak, rane fiziološke reakcije biljaka na interakciju sa gljivama roda Trichoderma ostaju nedovoljno razjašnjene, 
budući da ta interakcija zavisi od kombinacije soja gljive i genotipa biljke. Ovo istraživanje prikazuje rezultate o uticaju 
T. brevicompactum na fiziološke i biohemijske parametre paradajza, pod uslovima optimalnog zalivanja i prestanka 
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snabdevanja vodom, sa ciljem procene potencijala gljiva u ublažavanju stresa izazvanog sušom. Rezultati su pokazali 
da T. brevicompactum izaziva brzo smanjenje provodljivosti stoma kod dobro zalivenih biljaka, praćeno promenama u 
dinamici apscisinske kiseline (ABA) i vodnom statusu biljke. Prestanak zalivanja doveo je do očekivanog porasta nivoa 
ABA u listovima i korenu, dok je u kombinaciji sa T. brevicompactum ovo nakupljanje bilo smanjeno. Analiza glavnih 
komponenti (PCA) potvrdila je da su ABA, provodljivost stoma, vodni potencijal listova i epidermalni flavonoli najosetl-
jiviji rani indikatori stresa i modulacije izazvane gljivom. Dobijeni rezultati naglašavaju potencijal T. brevicompactum kao 
biostimulatora u ublažavanju efekata suše i unapređenju ekološki održive proizvodnje paradajza. U cilju razjašnjavanja 
regulatornih mehanizama koji stoje u osnovi ovih procesa buduća istraživanja je potrebno sprovesti u poljskim uslovi-
ma sa fokusom istraživanja na molekularnom nivou.

Ključne reči: simbiotske endofite, Solanum lycopersicum L., vodni deficit, ABA, provodljivost stoma, hlorofil

INTRODUCTION 

Climate change, together with intensive agricultural 
practices, has contributed to biodiversity loss, redistri-
bution of pests and diseases, and accumulation of ag-
rochemical pollutants in air, water, and soil, all of which 
negatively impact agroecosystems and human health 
(DeClerck et al., 2023). Frequent policy shifts in agricul-
ture further promote the reduction of synthetic chemi-
cals while promoting the use of beneficial soil microor-
ganisms as sustainable alternatives. 

Tomato (Solanum lycopersicum L.) is one of the most 
economically significant vegetable crops worldwide. It 
has become an essential crop in open and covered pro-
duction systems of the Mediterranean region (Tüzel et 
al., 2025). It ranks globally as a major crop after sweet 
potato (Quinet et al., 2019). Globally, tomato cultivation 
covers approximately 5 million hectares, yielding around 
180 million tons annually, with a total production value 
exceeding 90 billion USD (FAO, 2022). With its wide cul-
tivation range, short developmental cycle, nutritional 
value, and relatively small genome suitable for genetic 
manipulation and transformation, the tomato also serves 
as a valuable model species for biotic and abiotic stress 
research. 

Drought is one of the major abiotic stresses, exert-
ing adverse effects on plant development, productivi-
ty, and ultimately crop yield (Muhammad et al., 2024). 
By 2050, drought conditions are expected to adverse-
ly affect plant development and lead to decreased crop 
yields across more than half of the world's cultivable land 
(Lin et al., 2020). Stress caused by drought triggers a se-

ries of biochemical and physiological responses, among 
which stomatal closure is one of the most important 
mechanisms, controlling the loss of transpiration and 
the intake of carbon dioxide (Nguyen et al., 2023). The 
stomatal closure during drought is primarily regulated by 
the phytohormone ABA. Higher levels of ABA are the 
signals for the control of transpiration, photosynthesis, 
stomatal reactions, and expression of adaptive response 
genes (Vishwakarma et al., 2017). Generally, tomato is 
highly susceptible to drought stress, which severely af-
fects its yield. In this context, the cosmopolitan soil-in-
habiting fungi Trichoderma spp. have demonstrated no-
table potential in improving tomato tolerance to drought 
(Woo et al., 2025). Over the past few years, Trichoderma 
has become one of the most promising microorganisms 
known for its diverse functions as a plant biostimulant, 
bioprotectant, biodegrader, biofertilizer and bioremedi-
ator (Nawaz et al., 2025; Racić et al., 2023; Vukelić et 
al., 2020). Trichoderma spp., by synthesizing ABA precur-
sors such as ABA aldehyde and by reprogramming and 
activating molecular mechanisms which are involved in 
ABA biosynthesis, signal transduction, and cross-talk 
with other hormones, are able to manage the level of 
ABA and its involvement in plant stress responses (Guz-
mán-Guzmán et al., 2019). Moreover, beyond its role in 
ABA regulation, Trichoderma spp. influences addition-
al endogenous phytohormones, such as auxin, salicyl-
ic acid, jasmonic acid and ethylene (Racić et al., 2018). 
Trichoderma spp. also play a significant role in enhancing 
plant tolerance to drought via several other mechanisms. 
One of the most efficient strategies is the stimulation of 
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root growth, allowing the plant to better exploit avail-
able water. Root interaction with fungal hyphae also 
permits higher uptake of capillary moisture strongly held 
in fine soil pores. Early research also shows that Tricho-
derma spp. can induce the synthesis of plant metabolites 
associated with drought resistance (Zhang et al., 2025) 
and enhance the antioxidant defensive system (Gulzar 
et al., 2023). One more important reaction of plants to 
drought is the production of reactive oxygen species 
(ROS). Plants interacting with Trichoderma spp. exhibited 
higher activity of chitinases, lipoxygenases, glucanases, 
peroxidases and hydroperoxidases (Zhang et al., 2022). 
These enzymes are involved in phenolics and phytoalex-
in production and result in ROS detoxification, thereby 
promoting plant resistance against water deficit stress 
(Contreras-Cornejo et al., 2016).

This study aimed to identify physiological and bio-
chemical markers of tomato responses to T. brevicom-
pactum under different watering regimes. For this pur-
pose, we investigated key physiological parameters such 
as stomatal conductance, chlorophyll content, epidermal 
flavonols and leaf water potential, together with bio-
chemical indicators including abscisic acid concentration 
in leaves and roots. The results provide insight into the 
role of T. brevicompactum in enhancing tomato adapta-
tion to water deficit and highlight its potential as a bio-
stimulant for sustainable tomato production under cli-
mate variability.

MATERIALS AND METHODS

Plant material and growth conditions

Tomato plants (Solanum lycopersicum Mill. cv. Ailsa 
Craig) were germinated in pots containing commercial 
substrate (Klasman Potgrond H.). Seedlings were grown 
under controlled conditions in a phytotron chamber (250 
µmol photons m-2 s-1, photoperiod 14 h, day/night tem-
perature 23 °C/17 °C, relative humidity 60%). Young 
plants were optimally watered daily and maintained at 
75% soil water content (37% Volumetric Water Content) 
until the 4th leaf development phase, after which two 
factors were applied: cessation of watering and addition 

of T. brevicompactum. The following treatments were 
applied: optimally watered plants (C), optimally watered 
plants treated with T. brevicompactum (C_T), cessation of 
watering (D), and cessation of watering with the addition 
of T. brevicompactum (D_T) (Figure 1). Each treatment 
consisted of 16 plants.

Figure 1. Schematic overview of the experimental design show-
ing the two watering regimes (optimal watering and water ces-
sation), with or without T. brevicompactum, and the measure-
ment time points at 2 h, 6 h, 24 h and 48 h after treatment 
application

Fungal strain, preparation and application

T. brevicompactum SZMC 22661 was isolated from 
the A horizon (5–30 cm) of agricultural soil, and species 
identification was based on ITS and TEF1-α sequences 
(Racić et al., 2017). Before preparing the suspension, the 
fungal isolate was incubated for four days on potato dex-
trose agar (PDA) medium in the dark at 25 °C. Colonies 
of pure cultures were scraped off the Petri dish and sus-
pended in 100 mL of water. The reagent bottles contain-
ing the fungal spore suspension were placed in a shaker 
(TalBoys, Kingwood, Houston, TX, USA) and mixed for 2 
h at a speed of 50 rpm. The fungal spores were counted 
using a hemocytometer. The density of the suspension 
was set to 8 × 106 CFU mL-1 and applied to the root zone 
of the plants. The volume of the inoculum used to treat 
the plants was 5 mL.

Original scientific paper DOI: /10.5513/JCEA01/27.3.5126
VUKELIĆ et al.: Short-term physiological responses of tomato plants to Trichoderma brevicompactum...

719

https://doi.org/10.5513/JCEA01/27.3.5126


Determination of Volumetric Water Content

The Volumetric Water Content (VWC) was measured 
at a depth of 6 cm using a Theta probe (Delta-T, Cam-
bridge, UK) (Racić et al., 2017). VWC was monitored in 
the time interval from 2 h to 48 h (2 h, 6 h, 24 h, 48 h) 
after the application of T. brevicompactum. The Volumet-
ric Water Content was measured in all pots during the 
experiment and expressed as the mean value for each 
treatment ± SD.

In vivo measurement of chlorophyll content, epidermal 
flavonols and nitrogen balance index

Indices of chlorophyll (Chl), epidermal flavonols (Flav), 
and the nitrogen balance index (NBI) were measured 
non-destructively using a Dualex sensor (Force-A, Or-
say, France) (Racić et al., 2018). Measurements were 
performed on uniform and fully developed young to-
mato leaves 2, 6, 24, and 48 h after inoculation with T. 
brevicompactum. The obtained results are expressed as 
the mean values of four biological and three technical 
replicates for each treatment ± SD.

Measurement of stomatal conductance 

Stomatal conductance (Gs) was measured in fully de-
veloped young leaves using a porometer (AP4, Delta-T, 
Cambridge, UK). Stomatal conductance was measured at 
2, 6, 24, and 48 h after the application of T. brevicompac-
tum. Measurements were performed on three uniform, 
fully developed young leaves per plant. The obtained re-
sults are expressed as the mean value of three biological 
and three technical replicates for each treatment ± SD.

Measurement of leaf water potential

Leaf water potential (ψH2O) was determined using 
a chamber under nitrogen gas pressure (Soil Moisture 
Equipment Corp., Santa Barbara, CA, USA) as described 
by Scholander et al. (1965). The ψH2O of leaves was 
measured at 2, 6, 24, and 48 h after T. brevicompactum 
inoculation. Measurements were performed on three 
uniform, fully developed young leaves per plant. The ob-
tained results are expressed as the mean values of three 
biological replicates for each treatment ± SD.

Determination of abscisic acid concentration in leaves 
and roots

The abscisic acid (ABA) content in the leaves and 
roots was determined using an indirect enzyme-linked 
immunosorbent assay (ELISA) (Asch, 2000; Quarrie et 
al., 1988). Briefly, the assay was performed using the 
MAC 252 monoclonal antibody for ABA (John Innes 
Centre, Colney, Norwich, UK). After the enzymatic re-
action, the absorbance was measured at 405 nm using 
a microplate reader (Sunrise, Tecan, Switzerland). ABA 
concentration was monitored at 2, 6, 24, and 48 h after 
T. brevicompactum inoculation. At each time interval, for 
the determination of ABA, samples were collected from 
three plants for one biological replicate from each treat-
ment. The obtained results are expressed as the mean 
value of three biological and three technical replicates 
for each treatment ± SD.

Statistical Analysis

To determine statistically significant differences 
(P < 0.05), one-way analysis of variance (ANOVA) with 
Tukey's Post Hoc test was used. The results were sub-
jected to the Shapiro-Wilk test, which determined that 
they had a normal distribution. The analysis was per-
formed using GraphPad Prism (version 6.01; GraphPad 
Software, San Diego, USA). Pearson correlations and 
heat maps were generated using Microsoft Excel 2024 
(Microsoft Corporation, Redmond, USA), while principal 
component analysis (PCA) was performed using Python 
(Python Software Foundation, Wilmington, USA) in Goo-
gle Colab (Google LLC).

RESULTS

The experiment included four treatments differing 
in watering regime and fungal inoculation. Under opti-
mal watering, the volumetric water content (VWC) was 
maintained at approximately 37% (C), whereas after 48 h 
of water cessation (D) it decreased to about 12%. During 
the first 6 h following T. brevicompactum application, no 
significant changes in VWC were observed among treat-
ments. After 24 h, VWC in C_T was 9% higher than in 
C. After 48 h, statistically significant differences were 
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recorded between all treatments. VWC was 24% higher 
in C than in D. In addition, T. brevicompactum treatment 
resulted in a 3% higher VWC in C_T compared to C, and 
an 8.5% higher VWC in D_T compared to D (Figure 2A). 
The results indicated that after 48 h from the cessation 
of watering, the plants were subjected to soil drought 
conditions, and that the presence of T. brevicompactum 
contributed to maintaining higher soil moisture.

ψH₂O did not differ significantly 2 h after inoculation 
with T. brevicompactum. After 6 h, ψH₂O decreased by 
61% in both C_T and D_T compared to the respective 
controls (C and D). At 24 h, ψH2O in C was approximately 
twice as high as in D. After 48 h, there were no signifi-
cant differences between the treatments (Figure 2B).

Figure 2. Water status parameters: volumetric water content 
(VWC) (A) and leaf water potential (ψH₂O) (B) in tomato plants 
subjected to four treatments: optimally watered (C), optimally 
watered with T. brevicompactum (C_T), cessation of watering (D), 
and cessation of watering with T. brevicompactum (D_T). Values 
marked with the same letter, measured within the same time 
period, are not significantly different according to Tukey’s test 
(P < 0.05)

The Chl content did not change significantly between 
the treatments compared to the C (Figure 3A). In con-
trast to Chl content, a significant increase in Flav was 
observed as early as 2 h in C_T, showing a 47% increase 
compared to the C. After 6 h, D treatment resulted in an 
11% reduction in Flav in comparison to C. Maximum Flav 
levels across all treatments were recorded at 24 h, al-
though T. brevicompactum exhibited an inhibitory effect 
under both watering regimes. Specifically, Flav content 
decreased by 42% in C_T and by 48% in D_T compared 
to their respective controls. After 48 h, Flav content in 
D was significantly reduced by 17% relative to C, while 
inoculation with T. brevicompactum exerted a stimula-
tory effect under both watering regimes, resulting in a 
significant 28% increase in C_T and an 11% increase in 
D_T compared to their respective controls (Figure 3B). 
Regarding NBI, as early as 2 h after T. brevicompactum 
inoculation, C_T and D_T plants showed 32% and 17% 
inhibition compared to their respective controls (Figure 
3C).

Regarding Gs, a significant reduction was detected as 
early as 2 h in C_T (41%) and D_T (44%) treatments com-
pared to the respective controls. After 6 h, the inhibition 
was 55% in C_T and 38% in D_T relative to their respec-
tive controls. At 24 h, Gs values in C, C_T and D_T were 
comparable, while a pronounced decrease was recorded 
in D. This indicates that inoculation with T. brevicompac-
tum mitigated the negative effect of drought, resulting 
in about 70% higher Gs in D_T compared to D. After 48 
h, significant differences were evident across all treat-
ments, with Gs reduced relative to C by 21% in C_T, 61% 
in D_T, and 84% in D (Figure 3D).

The dynamics of ABA content in leaves (ABA_L) and 
roots (ABA_R) during the experimental period followed 
an identical trend across all treatments, with maximum 
values reached 6 h after treatment application. 

At 2 h after inoculation, T. brevicompactum had no sig-
nificant effect on ABA_L in C_T, whereas in D_T it caused 
a 39% reduction compared to the D. Treatment D result-
ed in a two-fold increase in ABA_L relative to C. After 6 
h, ABA_L was stimulated in C_T by 47% compared to C.
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Figure 3. Photosynthetic and metabolic traits: chlorophyll content (Chl) (A), epidermal flavonols content (Flav) (B), nitrogen balance 
index (NBI) (C), and stomatal conductance (Gs) (D) subjected to four treatments: optimally watered (C), optimally watered with T. 
brevicompactum (C_T), cessation of watering (D), and cessation of watering with T. brevicompactum (D_T). Values marked with the 
same letter, measured within the same time period, are not significantly different according to Tukey’s test (P < 0.05)

In the same period, D plants exhibited an 85% higher 
ABA_L content than C. At 24 h, no significant effects of 
T. brevicompactum were detected, while treatment D in-
duced a two-fold increase in ABA_L relative to C. After 
48 h, cessation of watering again resulted in a two-fold 
increase in ABA_L relative to C (Figure 4A).

The ABA_R content differed significantly among 
all treatments 2 h after T. brevicompactum inoculation. 
Treatment D induced a 400% increase in ABA_R levels 
compared to C. In C_T, T. brevicompactum led to a 74% 
increase in ABA_R relative to C, whereas in D_T, it had 
the opposite effect, resulting in a 20% reduction com-
pared to D. After 6 h, ABA_R levels in C_T increased by 
50%. During the same period, plants under treatment D 
showed a 200% increase in ABA_R compared to C. Al-
though the effects of T. brevicompactum were not statis-
tically significant after 24 h, ABA_R levels in D remained 
elevated by 72% compared to C. After 48 h, plants in D 
exhibited a 400% higher ABA_R content relative to C, 
while D_T showed a 20% lower ABA_R level compared 
to D (Figure 4B).

Pearson correlation analysis shows a very close depen-
dence between ABA_L and ABA_R (r = 0.95; P < 0.001), 
confirming the coordinated regulation of ABA accumula-
tion in leaves and roots. VWC was positively correlated 
with Gs (r = 0.61; p < 0.01), while Chl was moderately 
correlated with ψH₂O (r = 0.41; P < 0.05). In contrast, 
Flav showed a strong negative correlation with NBI 
(r = –0.87; P < 0.001). Other relationships among the 
measured parameters were less correlated (Figure 5).

Principal component analysis (PCA) revealed separa-
tion of treatments and traits along the first two princi-
pal components (PC). These two components explained 
59.1% of the total variance, with PC1 accounting for 
32.7% and PC2 for 26.4%. (Figure 6). PC1 separated the 
cessation of watering treatments (D and D_T) from con-
trols (C and C_T), being positively associated with ABA_L 
and ABA_R, while it is negatively associated with Gs and 
VWC.

Original scientific paper DOI: /10.5513/JCEA01/27.3.5126
VUKELIĆ et al.: Short-term physiological responses of tomato plants to Trichoderma brevicompactum...

722

https://doi.org/10.5513/JCEA01/27.3.5126


PC2 was mainly influenced by Flav and ψH₂O, con-
tributing to the separation of Trichoderma-treated plants 
(C_T and D_T) from their respective controls. The analy-
sis identified ABA and Gs as the main markers of drought 
stress, with T. brevicompactum modulating some of these 
responses in the early phase. 

Figure 4. Hormonal responses: abscisic acid concentration in leaves (A) and roots (B) in tomato plants subjected to four treatments: 
optimally watered (C), optimally watered with T. brevicompactum (C_T), cessation of watering (D), and cessation of watering with T. 
brevicompactum (D_T). Values marked with the same letter, measured within the same time period, are not significantly different 
according to Tukey’s test (P < 0.05)

Figure 5. Heatmap of Pearson correlation coefficient (r) among 
measured physiological and biochemical parameters: stomatal 
conductance (Gs), leaf water potential (ψH₂O), volumetric water 
content (VWC), chlorophyll content (Chl), epidermal flavonols 
content (Flav), nitrogen balance index (NBI), abscisic acid con-
centration in leaves (ABA_L) and roots (ABA_R)

Figure 6. Principal component analysis (PCA) of physiological 
and biochemical traits under four treatments: optimally watered 
(C), optimally watered with T. brevicompactum (C_T), cessation 
of watering (D), and cessation of watering with T. brevicompac-
tum (D_T)

DISCUSSION 

The beneficial effects of certain strains of the genus 
Trichoderma in agriculture are well known. These strains 
can promote plant growth, modulate local and system-
ic defense responses against abiotic and biotic stresses 
and influence future stress responses through the acti-
vation of transcriptional memory (Woo et al., 2023). In 
this work, the physiological and biochemical responses 
of tomato plants (Solanum lycopersicum L. cv. Ailsa Craig) 
to T. brevicompactum were investigated under short-term 
water deficit (Figure 7). 
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The observed significant decrease in VWC and a de-
creasing trend in ψH₂O under drought conditions con-
firmed that tomato plants were exposed to a mild to 
moderate soil water deficit after 48 h of water cessation. 
VWC was higher in treatments with T. brevicompactum 
under both optimal watering and drought conditions. 
This may suggest that fungal inoculation either reduced 
water uptake or improved water use efficiency by mod-
ulating root hydraulic properties and plant transpiration 
rates. Previous studies have shown that Trichoderma 
colonization can alter root architecture and increase 
aquaporin expression, thereby improving water trans-
port efficiency and maintaining better hydration under 

Figure 7. Schematic representation of the early response of 
tomato plants to T. brevicompactum under different treatments 
after 48h: optimal watering (C), optimal watering in the pres-
ence of T. brevicompactum (C_T), water withholding (D), and 
water withholding in the presence of T. brevicompactum (D_T). 
The following parameters were measured: chlorophyll content 
(CHL), epidermal flavonols content (FLAV), stomatal conduc-
tance (Gs), abscisic acid content in the leaf (ABA_L), leaf water 
potential (ψH₂O), abscisic acid content in the root (ABA_R) and 
volumetric water content (VWC). The intensity of stimulation 
is indicated by the size of the red arrows, while the intensity of 
inhibition is indicated by the size of the blue arrows, relative to 
the control conditio.

drought conditions (Battaglia et al., 2024; Rawal et al., 
2022). Interestingly, in our research, plants treated with 
T. brevicompactum had lower ψH₂O values during the 
early phase (2-6 h) compared to their respective con-
trols. This transient decline likely reflects the initial stage 
of stomatal and hydraulic adaptation rather than a loss 
of leaf hydration. To our knowledge, no data are avail-
able in the literature on ψH₂O in such short intervals (2, 
6, 24 and 48 hours) after Trichoderma inoculation. Most 
published research has focused on long-term respons-
es. Khoshmanzar et al. (2020) showed that Trichoder-
ma isolates, in the long term, increase ψH₂O in tomato 
plants under water deficit conditions. Vieira et al. (2017) 
demonstrated that improvements in ψH₂O became evi-
dent only after several days of water deficit in transgenic 
Nicotiana tabacum plants overexpressing an aquaglyc-
eroporin gene from Trichoderma harzianum. However, 
other studies have reported no effect of Trichoderma on 
ψH₂O depending on the combination of the fungal strain 
and water deficit (Mesquita et al., 2025). Taken togeth-
er, our results suggest that T. brevicompactum induces an 
early, transient modulation of ψH₂O that precedes the 
longer-term improvements in plant water status report-
ed in previous studies. This early modulation may reflect 
a controlled decrease in ψH₂O to trigger stomatal regu-
lation and osmotic adjustment, contributing to plant ac-
climation to the onset of drought.

ABA plays a central role in plant adaptation to drought 
stress. In our study, its accumulation in both leaves and 
roots exhibited a rapid increase under drought conditions 
as early as 2 h after treatment, while T. brevicompactum 
contributed to reducing this accumulation in plants ex-
posed to water cessation. ABA levels showed a transient 
increase, reaching a maximum after 6 h, whereas after 48 
h T. brevicompactum reduced ABA levels in plants sub-
jected to drought. Plants treated with T. brevicompactum 
showed an attenuated ABA response, suggesting that 
the fungus mitigated stress-induced ABA accumulation. 
This modulation likely reflects an adaptive regulation of 
hormonal signalling that allows plants to maintain sto-
matal responsiveness without triggering a full drought 
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stress response. The inhibitory effect of T. brevicompac-
tum on ABA accumulation in drought-stressed plants 
aligns with previous findings showing that Trichoderma 
spp. induce ethylene production in tomato (Leonetti et 
al., 2017), and that ethylene can inhibit ABA biosynthe-
sis (She and Song, 2012). Such hormonal cross-talk can 
modify the plant’s perception of stress, contributing to 
enhanced tolerance rather than avoidance responses 
(Guzmán-Guzmán et al., 2019).

Moreover, Trichoderma-induced changes in ABA may 
contribute to stress adaptation by mediating signal per-
ception, transduction, and protection of photosynthetic 
pigments, thereby reducing water loss under drought 
(Akbari et al., 2024). In our previous study, T. brevicom-
pactum treatment induced the upregulation of the ABA 
biosynthesis-related gene NCED1 in tomato roots un-
der drought, while ABA accumulation was lower than in 
non-inoculated plants (Racić et al., 2018). This indicates 
that the T. brevicompactum modulates ABA metabolism 
through regulatory feedback or hormonal cross-talk 
mechanisms, rather than directly suppressing its synthe-
sis.

Stomatal conductance exhibited a rapid reduction af-
ter 2 h in both Trichoderma-treated groups, reflecting a 
fast physiological adjustment, indicating that plants rec-
ognized the fungal signal. This transient reduction in Gs 
may represent a mechanism regulated by ABA and other 
stress-related signals. Similar findings were reported by 
Contreras-Cornejo et al. (2015), who demonstrated that 
Trichoderma species induce stomatal limitation. Howev-
er, by 24–48 h, stomatal conductance in plants treated 
with T. brevicompactum under drought increased, indicat-
ing that the fungus enabled faster stomatal reopening 
and improved regulation of gas exchange. This adjust-
ment appears to stabilize as part of a controlled homeo-
static response, contributing to improved water-use ef-
ficiency. Comparable patterns were reported by Akbari 
et al. (2024), who observed similar stomatal dynamics in 
Arabidopsis exposed to Trichoderma under water deficit. 
It should be noted that Gs is not only regulated by ABA. 

Other chemical signals, including salicylic acid, ethylene, 
proline, polyamines, H₂S, Ca²⁺ ions, and nitric oxide, also 
participate in regulating stomatal aperture (Agurla et al., 
2018). The observed recovery of Gs coincided with low-
er ABA levels and higher ψH₂O, suggesting that fungal 
inoculation mitigated drought-induced stomatal dys-
function and preserved photosynthetic capacity.

Flavonols act as antioxidants, UV protectants, and 
signalling molecules, playing key roles in stress percep-
tion and redox regulation (Laoué et al., 2024). In this 
study, the content of flavonols increased already 2 h 
after the application of T. brevicompactum, indicating a 
rapid activation of secondary metabolism. The tempo-
rary decline in flavonol content observed after 24 h may 
correspond to the metabolic reprogramming required 
for successful root colonization. Brotman et al. (2013) 
reported that genes involved in secondary metabolite 
synthesis are transiently downregulated 24 h after Trich-
oderma inoculation, facilitating symbiotic establishment. 
This observation may explain the decrease in flavonols 
at 24 h, which was followed by a significant increase af-
ter 48 h in plants treated with T. brevicompactum. The 
inverse trend observed between the nitrogen balance 
index (NBI) and flavonols was expected, as chlorophyll 
content remained stable and NBI reflects the Chl/Flav 
ratio. These findings are consistent with previously re-
ported correlations between chlorophyll and flavonol in-
dices measured by Dualex sensor and their correspond-
ing biochemical quantifications, confirming the reliability 
of these non-destructive indicators for evaluating pig-
ment dynamics (Cerovic et al., 2012).

Principal component analysis (PCA) revealed that 
ABA_L, ABA_R, Gs, ψH₂O and Flav were the primary 
contributors to treatment separation, suggesting that T. 
brevicompactum modulated both hormonal and physio-
logical networks. These findings agree with earlier me-
tabolomic analyses showing that Trichoderma can repro-
gram host metabolism and water relations within 48 h, 
promoting faster recovery from transient stress (Wen et 
al., 2025; Senizza et al., 2025).
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Overall, our results indicate that T. brevicompactum 
acts as an early modulator of drought responses by regu-
lating ABA signaling, promoting balanced control of sto-
matal conductance, and enhancing secondary metabolite 
accumulation. These coordinated adjustments confer an 
adaptive advantage to tomato plants under short-term 
water deficit. The dual modulation of hormonal and met-
abolic pathways underscores the strategic potential of T. 
brevicompactum as a biostimulant for enhancing drought 
resilience and supporting sustainable tomato cultivation 
under variable climate conditions.

CONCLUSION

In summary, our research highlights how T. brevi-
compactum enhances the resistance of tomato plants 
to short-term water deficit by modulating physiological 
and hormonal responses. Among the early responses, 
the most sensitive parameters were epidermal flavo-
nol content, stomatal conductance, leaf water potential 
and ABA concentration in roots. The observed coordi-
nation between flavonol accumulation and ABA regula-
tion indicates their joint involvement in stress signalling. 
Plants inoculated with T. brevicompactum under drought 
showed improved adaptive responses, including lower 
ABA levels in roots and more stable stomatal conduc-
tance, suggesting enhanced physiological resilience and 
sustained gas exchange. Although our study elucidates 
early responses to the combined effects of drought and 
T. brevicompactum, further research is needed to clarify 
the underlying molecular mechanisms and validate these 
findings under field conditions. A deeper understanding 
of the regulatory networks linking Trichoderma-induced 
hormonal and metabolic changes will be essential for op-
timizing its use as a biostimulant to mitigate drought ef-
fects and promote sustainable tomato cultivation under 
variable climate conditions.
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