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Abstract

Low temperature is one of the major environmental challenges for most crops, especially from
tropical and semitropical origin. The present work aimed to study low temperatures tolerance in
tomato plants when previously these were inoculated with Trichoderma asperellum strain. Here, it was
demonstrated that tomato plants inoculated with the bioinoculant exhibited an alleviation of the
injuries caused by low temperatures. The increasement of chilling tolerance was accompanied by a
strong reduction in oxidative stress, but also by an enhancement of proline and soluble sugar
accumulation. Additionally, leaf stomata features were also measured, and found that both
bioinoculant and low temperatures increased leaf stomatal densities and indexes but decreased the
stomatal area, suggesting leaf traits may also contribute to alleviating the damage caused by the low
temperatures in tomato plants. The results of the present study demonstrate that T. asperellum
provokes physiological and biochemical changes in tomato plants that together enhance tolerance to
low temperature, proposing the use of T. asperellum as an agroecological strategy confronting crop
damage to low temperatures.

Keywords: bioinoculants; chilling; cold; proline; soluble sugars; reactive oxygen species; stomatal
density; stomatal index; stomata size; tolerance

1. Introduction

Currently, global warming has intensified the frequency and severity exerted by both biotic and
abiotic stressors on crops, posing a significant threat to agricultural productivity and food security
[1]. Among these, cold stress stands out as one of the primary abiotic factors limiting crop growth
worldwide, negatively impacting yield and quality [2]. Currently, it is estimated that extreme
temperatures together with other abiotic stresses reduce average crop yields by more than 50% and
remain to be a risk to agricultural and forest production [3].

Geographic location and climate significantly impact plant cold tolerance. For instance, native
plants from warmer climates tend to be more susceptible to low temperatures (LT) than those from
colder regions. Plants can be classified in three groups depending on their sensitivity to subzero and
chilling (0-10 °C) temperatures: freezing-tolerant, chilling-tolerant and chilling-sensitive [4]. In this
context, tomato (Solanum lycopersicum)—a semi-tropical crop—is classified as chilling-sensitive [5],
whereas most commercially cultivated tomato cultivars are sensitive to temperatures below 15 °C,
and a drop below 12 °C typically hampers its growth [6,7]. Depending on the intensity and duration
of LT, it can negatively affect tomato plants by reducing growth traits, biochemical parameters, fruit
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yield, and the nutritional values of the fruits, including lycopene and B-carotene [8]. Among tomato
agronomic traits affected by LT are found the relative growth rate, leaf area, number of new leaves,
stem diameter, and the fresh:dry weight [9,10]. In LT-sensitive tomato plants are also observed
various physiological and biochemical changes, including a decrease in chlorophyll content, low
levels in photosynthetic parameters, an increase of electrolyte leakage provoked by a loss in the
membrane stability, and a strong oxidative burst caused by Reactive Oxygen Species (ROS)
production. Depending on ROS concentration, they may have antagonist roles in the cells. While low
concentrations of them are related to signaling pathways associated with plant physiological
processes and resistance to stresses, high concentrations result toxic and lethal for the cells [11].

Given that tomatoes are among the most widely cultivated horticultural crops, with a
production exceeding 192 million tonnes [12], geneticists have actively worked to develop tomato
varieties with enhanced tolerance to cold conditions to meet the growing demand for this important
crop. Nevertheless, recent research has been developed to explore other alternatives to mitigate the
injuries caused by LT in tomato plants. These includes the foliar application of phenolic compounds
[13], selenium and brassinosteroids [14]. However, the use of microorganisms of soil also has been
proposed as a promising alternative to plants facing extreme temperatures, representing a valuable
tool for sustainable agriculture in the context of global change [6,15].

Trichoderma spp. is considered plant growth promoting fungi (PGPF) due to its rhizosphere
residence and beneficial interactions with host plants [16]. Several Trichoderma species are well known
to supress pathogenic fungi through nutrient competition, mycoparasitism, and antibiosis [17].
Trichoderma spp. also induces plant defense through local and systemic responses in the host plants,
enhancing tolerance to both biotic and abiotic stresses [18].

It is known that Trichoderma species have the capability to produce small amounts of
phytohormones, including indol-3-acetic acid (IAA), salicylic acid (SA), cytokinin (CTK), gibberellin
(GA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA), which can activate signaling events
in plants during biotic and abiotic stresses [19,20]. Moreover, some Trichoderma species also secrete
elicitor molecules that initiate defense signalling cascades in the plant inducing systemic resistance
to biotic and abiotic stresses [21-23].

Synthesis of phytohormones such as SA and JA is induced during Trichoderma interactions with
the host plants whereas have been related to the systemic immunity activation [24-28]. The
interconnections between signaling pathways activated by molecules from plants and Trichoderma
origin share a common approach to fine-tunes ROS levels by different mechanisms including
enzymatic or nonenzymatic systems and modulation of phytohormones levels [29-31] in order to
prevent overaccumulation of ROS to harmful levels.. Low accumulation of ROS is crucial to alleviate
the injuries caused by stressful factors.

The present study was aimed at studying the effect of T. asperellum on ROS production,
accumulation of the osmoprotectant proline and soluble sugars, and morphological stomatal traits
(stomatal density and index, and stoma size) in tomato plants stressed with LT.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Commercial tomato (Solanum lycopersicum) cultivar Vita seeds were used for the study. The
tomato seeds were germinated in peat moss:vermiculite (7:3) mixture under 24-30 °C/18 °C day/night
cycle with natural light, and a relative humidity of 60%.

The seedlings and plants were irrigated with tap water or nutritive solution on alternate days
until stress treatment application.

2.2. Fungal Growth and Inoculation of Tomato Plants

T. asperellum was grown as previously described [32]. For the T. asperellum treatment of tomato
plants, T. asperellum was cultivated in a sterile solid media (oat 9%, kaolin 22%, vermiculite 43%,
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water 26%) and incubated at 25 °C for 5 days and shaken daily. Three- week-old tomato plants were
treated with T. asperellum grown in the solid media at a final concentration of 1 x 107 Colony Forming
Units (CFU)/g soil by mixing it with peat moss and vermiculite (7:3 v/v) [32].

2.3. Low Temperature Treatment

Six-week-old tomato plants were transferred to another growth chamber to apply LT at 4 °C.
The control plants were kept in a growth chamber at room temperatures (RT). The collection of plant
material was carried out at 0, 3-, 6-, 9- and 12-days post-treatment.

2.4. Visual Damage

Visual differences of tomato plants exposed by 12 uninterrupted days to RT or LT were
analyzed. For damage severity, five levels of damage were established based on the loss of leaf turgor:
level 0 (healthy), level 1 (minor loss of turgor), level 2 (medium loss of turgor), level 3 (severe loss of
turgor) and level 4 (total loss of leaves turgor or dead). The phenotype was determined by calculating
the percentage of damaged leaflets in relation to the total number of leaflets of each plant. The
survival rate was calculated by dividing the survived plants by the total number of plants that were
originally tested.

2.5. Histochemical Detection of Hydrogen Peroxide

Hydrogen peroxide detection was performed using 3,3'-diaminobenzidine (DAB) staining, as
previously described [33], with minor modifications. Six-week-old tomato plants, as non-inoculated
as inoculated with T. asperellum, were subjected to treatments at LT or RT for 3, 6, 9 and 12 days. The
third leaf from the base was collected and immersed in 5 ml of DAB buffer solution (1 mg mL) for 2
hours. After staining, the DAB solution was replaced with 95% ethanol, and the samples were
subsequently heated in boiling water for 10-15 minutes. The samples were then bleached in 95%
ethanol three times until all chlorophyll was completely removed. Finally, the tissues were fixed in a
solution of ethanol:glycerol:acetic acid at a ratio of 3:1:1 (v:v:v) and photographed. H20: is visualized
as a reddish-brown coloration.

2.6. Catalase Activity

Six-week-old tomato leaves (0.5 g), either inoculated or non-inoculated with T. asperellum, and
from both stressed and non-stressed plants, were homogenized in an ice-cold 100 mM sodium
phosphate buffer (pH 7.6) supplemented with 1.0 mM EDTA and 2% (w/v) polyvinylpyrrolidone.
The homogenate was then centrifuged at 4 °C and 12,000 rpm for 20 min, and the supernatant was
collected for enzymatic assays.

CAT activity was measured using the method described by Aebi et al. [34]. The reaction mixture
for CAT activity consisted of 2 mL of 50 mM phosphate-buffered saline (PBS, pH 7.0), 1 mL of 30 mM
H20», and 50 pg of enzyme extract. The change in absorbance of the reaction mixture at 240 nm was
recorded every 1-3 min and expressed as umol H202 min' mg protein-.

2.7. Soluble Sugar Content

All the collected leaf samples from the treatment and control were dried and weighed. The dried
sample (0.1 g) was placed in glass vials which contained 5 ml of 80% (v/v) ethanol, and then placed
in a water bath heated at 3- for 30 min. The supernatant was recuperated after centrifugation at
4,500 rpm and the pellet was again in contact with 2.5 mL 80% ethanol in a water bath for 30 min at
30 °C. After centrifugation the supernatant was mixed with the other supernatant. Therefore, 0.2%
anthrone solution was added to each sample, and the mixture was heated at 10- for 10 min,
followed by cooling at room temperature. The absorbance of the reaction solution was measured at
620 nm. Soluble sugar concentration in the extract was determined by comparison with a standard
curve using the criterion of glucose. Results were expressed as mg soluble sugar/g DW [35].
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2.8. Proline Content

The content of free proline was determined using the modified Bates et al. method [36]. A leaf
sample (0.1 g) was homogenized in 2 mL of 3% sulfosalicylic acid using a mortar and pestle. The
homogenate was centrifuged at maximum speed in a benchtop centrifuge for 5 min. Aliquots of 0.1
mL from the supernatant were mixed with 0.1 mL of 3% sulfosalicylic acid, 0.1 mL of acid ninhydrin
solution (25 mg mL") and 0.2 mL of acetic acid, and the mixture was placed on a shaker for 20
minutes. The samples were heated at 90 °C for 60 min and then cooled in an ice water bath. After
cooling, the mixture was thoroughly mixed with 1 mL of toluene and allow to stand at RT for 5 min
to facilitate phase separation. The upper layer of the resulting mixture was used to measure
absorbance at 520 nm using a UV-VIS spectrophotometer (T60 UV/VIS, PG instruments). Six plants
were used as independent samples for each treatment. Proline concentration was determined from a
calibration curve and expressed as pg proline g fresh weight (FW).

2.9. Stomatal Traits

For the analysis of stomatal traits, we selected the third leaf from the base. Imprints were
obtained using the nail polish method (NP method) [37], which involves applying nail polish to the
leaf surface to create an imprint. After allowing the polish to dry, we carefully peeled it off using
adhesive cellophane tape and then examined the leaf imprint under a light microscope.

We obtained one imprint from the abaxial leaf surface of each of the three plants per treatment.
For every imprint, we took ten photographs at different locations on the slide. In each image, the
number of stomata was recorded, excluding those that were cut off by the edges of the frame.
Stomatal density was defined as the number of stomata per unit leaf area, expressed as stomata per
mm? (pores mm=). The stomatal index was calculated by the formula described by Poole and

Kiirschner (1999) [38]
stomata number

Stomatal index X 100%, 1
omatal index stomata number + epidermal cell number % @

For each photograph, we selected five stomata for manual measurement of its length and width
using the image processing software Image] with the Rectangle selection tool. Stomatal size was
defined as the area of an ellipse, calculated from the lengths of the major and minor axes, including
the size of the pore within.

2.10. Colony Forming Units (CFU) Counting

To quantify T. asperellum population in the growing media, one gram of a soil mixture containing
the solid substrate inoculated with T. asperellum was collected from pots with plants maintained at
cold temperatures. These samples were then diluted in an isotonic solution in a serial way, and
aliquots were plated on potato dextrose agar (PDA) supplemented with 50 mg L of rose Bengal and
10% streptomycin sulfate. The medium was adjusted to a pH of 4.9 using lactic acid. The plates were
incubated at 28 °C for 5 days, after which colony-forming units (CFUs) were counted. Dilutions were
selected to ensure that the number of colonies on the agar plates fell within the optimal range of 30
to 300 colonies per plate. The data were expressed as Log CFU per gram of dry substrate [39].

2.11. Evaluation of the Effect of Temperature on the Mycelial Growth Rate of Trichoderma asperellum

Mycelial plugs (6 mm in diameter) obtained from the actively growing margins of 7-day-old
colonies were transferred to the center of Petri dishes containing PDA (one plug per plate). The plates
were incubated in the dark at 4 and 28 °C in a controlled-environment growth chamber. After 7 days
of incubation, the extension of the colony’s diameter was measured. The plates incubated to LT were
placed at 28 °C for 3 days to measure again the colony diameter [40].
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2.12. Statistical Analysis

The data were expressed as mean + standard deviation (SD) for three-six replicates in each group
The significance of differences among the treatments was evaluated by using the Tukey HSD test (p<
0.05). The analyses were performed by using Minitab®14 statistical software for windows.

3. Results

3.1. Trichoderma asperellum Enhances Low Temperature Tolerance in Tomato

To investigate the phenotypical changes of tomatoes during LT stress tolerance in combination
with T. asperellum treatment, three-week-old tomato plants were inoculated and three weeks later the
plants were exposed to LT conditions. After 12 days of LT stress, both T. asperellum-inoculated and -
uninoculated plants exhibited symptoms of LT stress, including chlorosis and wilting. However, the
T. asperellum-inoculated plants showed fewer symptoms to those of the non-inoculated plants (Figure
la). To determine how LT stress affected the tomato plants—with or without T. asperellum
inoculation—leaf damage severity was evaluated 12 days post-treatment (Figure 1b). Results were
expressed as the percentage of damaged leaflets per plant. Leaf damage was quantified using a five-
level severity scale that classified damage based on the loss of leaflets turgor. As shown in Figure 1b,
inoculation with T. asperellum mitigated leaf damage severity provoked by LT compared to non-
inoculated plants. The predominant damage level in inoculated plants was Level 1, observed in 61%
of the cases, whereas non-inoculated plants exhibited higher damage levels, primarily in Levels 3 and
4, with incidences of 28% and 32%, respectively. When these plants were returned to optimal growth
conditions for 14 days, tomato plants inoculated with T. asperellum exhibited an approximately 2.2-
fold increase in survival rate compared to that of non-inoculated plants (Figure 1c).

3.2. Trichoderma asperellum Decreases LT-Induced ROS Accumulation

Since T. asperellum improves LT stress tolerance in tomato, it was expected that the bioinoculant
could be affecting ROS accumulation in tomato plants under LT stress conditions. To investigate this,
it was visualized ROS accumulation using DAB staining. As shown in Figure 2a, DAB staining
showed that H202 accumulation kept at low levels under normal conditions of growth and no
differences could be observed between non- and inoculated plants. However, after exposure to LT
for 3, 6, 9 and 12 days, the H2O2accumulation increased to higher levels in non-inoculated plants, but
it remained at lower levels in inoculated plants. These results indicated that T. asperellum decreased
LT-induced ROS accumulation.

To understand the mechanism by which T. asperellum regulates ROS production, the role of the
antioxidant activity of the catalase (CAT) following exposure to LT was analyzed. Figure 2b shows
that lowest activity of CAT was observed in the plants grown at RT with or without T. asperellum,
while the highest CAT activity was observed in non-inoculated plants exposed to LT, followed by
the inoculated plants under LT stress.
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Figure 1. Low temperature tolerance is induced by T. asperellum in tomato plants. (a) Representative plants
grown under room temperature (RT) or exposed to 4 °C (LT) for 12 days. The inoculation of tomato plants with
T. asperellum was performed 3 weeks prior to LT treatment. (b) The severity of leaf damage was assessed using
a five-level scale based on the loss of leaf turgor: Level 0 (healthy), Level 1 (minor loss of turgor), Level 2 (medium
loss of turgor), Level 3 (severe loss of turgor) and Level 4 (total loss of turgor). The accompanying photographs
illustrate a representative example of each damage level. LT-induced leaf damage was quantified as the
percentage of the leaflets exhibiting symptoms relative to the total number of leaves in each plant 12 days after
treatment. The data presented are the average of five independent experiments with each consisting of 3 plants.
(c) Percent survival rates of tomato plants exposed 12 days at 4 °C and then returned to RT for 14 days for their
recuperation. Mean and Standard Deviation (SD) from three independent experiments are presented. The
asterisk indicates statistically significant differences, as determined by a Student’s t-test (* p < 0.01).

3.3. Trichoderma asperellum Promotes Overaccumulation of Proline and Total Soluble Sugars Content in
Tomato Plants Under Low Temperature

Proline is an amino acid that is positively correlated with plant tolerance in response to various
stress conditions [41]. The measurement of proline content of tomato plants revealed a significant
increase in plants exposed to LT stress, which was further enhanced by inoculation with T. asperellum
(Figure 3a). The highest increase of the proline content was observed after 12 days of LT treatment,
where plants pretreated with T. asperellum showed a 2.1-fold increase in proline content in stressed
leaves, compared to stressed but non-inoculated leaves.
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Figure 2. Trichoderma asperellum reduces LT-induced ROS accumulation in tomato plants. (a) Analyses of DAB
staining in six-week-old tomato leaves treated under RT or LT conditions. (b) Catalase activity in tomato plants
under LT stress. The values are the means of three independent experiments with three replicates. Error bars
indicate SD. The statistical significance (p< 0.05) was calculated with a Tukey test. The columns with different
letters indicate significant difference.

On the other hand, the content of total soluble sugars, which is considered as osmoprotectant,
increased by 41% when the plants were treated with T. asperellum alone and increase by 50% when
treated in combination with LT for 12 days, in comparison with their respective control plants,
indicating T. asperellum induces the production of osmolytes to promote homeostasis maintenance
during LT stress.

3.4. Analysis of Stomatal Traits in Tomato Inoculated with Trichoderma asperellum and Treated with Low
Temperatures

As previously we reported that LT dramatically diminished leaf area and succulence of non-
inoculated tomato plants, but in a minor level in inoculated plants [9] , so this study investigated
whether stoma cells could be contributing to enhance LT-tolerance induced by T. asperellum. For that,
it was analysed stomatal traits, including stomatal density, stomatal index and stomatal size, of
tomato plants treated with or without T. asperellum and under LT stress conditions.
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Figure 3. Trichoderma asperellum enhances the accumulation of osmolytes during LT stress. Content of (a) Proline
and (b) total soluble sugar in tomato leaves under low temperatures. All experiments were performed in
triplicate for three independent experiments. Values are presented as means + SD. Different letters denote

significant differences between means according to Tukey HSD post hoc test p < 0.05.

As shown the Figure 4, T. asperellum, in the absence of abiotic stress, increased the stomata
number and decreased the stomata size, compared with uninoculated plants, indicating that T.
asperellum by itself is modifying the leaf morphological traits of tomato plants. Regarding application
of stress for 9 days, the stomata density significantly increased in both uninoculated and inoculated
plants by 44.2% and 29.3%, compared with their respective controls (Figure 4a), while the increase of
stomata index was lower (Figure 4b). Notably, LT stress significantly reduced stomatal size after 9
days of treatment in uninoculated plants while stomatal area was slightly affected by LT stress in
inoculated plants (Figure 4c).

3.5. Trichoderma asperellum Survives in Low Temperatures Conditions

The CFU counting assay is a widely used technique for estimating the number of viable fungal
cells in any sample. As was appreciated in Figure 5a, the CFU of T. asperellum in the soil was
conserved at LT in the studied times. The growth of the fungus in PDA revealed a strong growth
inhibition at 4 °C; however, when the plates were returned to 28 °C no differences in fungal growth
was observed in reference to control conditions (28 °C), indicating that T. asperellum did not have
lethal effects at LT.
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Figure 4. Trichoderma asperellum modifies stomatal traits related to the photosynthetic optimization in tomato
plants under LT. Responses of (a) Stomatal density, (b) Stomatal index and (c) Stomatal area on abaxial leaf
surface from tomato plant under room- (RT) or low-temperatures (LT). Values are presented as means + SD.

Different letters above bars indicate significant differences (n=30).

4. Discussion

Trichoderma spp. is an important fungal genus that could improve tolerance against LT stress in
plants by inducing systemic resistance and stimulating plant growth.

Low temperatures are known to elevate the production of ROS, particularly in species with
lower antioxidant capacities. The present study reported that the non-inoculated tomato plants
experienced high levels of oxidative stress during LT stress, contrary to plants inoculated with T.
asperellum, suggesting that tolerance of tomato plants to LT stress is closely related to the
accumulation of ROS.

Plants use antioxidant machinery to counter hazardous ROS levels and improve tolerance to
adverse environments. The ROS can be scavenged by low molecular weight antioxidative metabolites
e.g., glutathione, ascorbic acid, a-tocopherol or by antioxidative enzymes e.g., CAT, ascorbate
peroxidase (APX) and superoxide dismutase (SOD). In this study it was found the CAT activity was
activated in tomato plants under LT stress. The fact that uninoculated plants under LT stress showed
a strong ROS accumulation even when the CAT activity was also increased, suggests that oxidative
burst may have exceeded the potential of antioxidant capacity. In contrast, the CAT activity was
moderate in inoculated plants under LT. This result may be explained by 1) involvement of other
cellular sources of detoxify ROS (such the production of proline as we described below), 2) because
of a lesser production of ROS, 3) production of SA by the fungus and/or by the plant, which has the
ability to inhibiting CAT activity [42,43].
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Figure 5. Trichoderma asperellum remains viable under LT exposure. Fungal viability in the growing media of
tomato plants (a) or semi-synthetic growth medium (b). (a) CFU per gram was quantified in soil samples
collected from tomato plants under LT treatment. The population was expressed as Log CFU/gram of soil. (b)
Mycelial growth of T. asperellum at 28 °C (5 days), 4 °C (5 days) and 4 °C (5 days) + 28 °C (5 days). Values are

presented as means + SD from three independent experiments.

Proline is an amino acid that plays beneficial roles in stressed plants since it acts as an osmolyte,
a metal chelator, and an antioxidative and signaling molecule [41]. Non-toxic accumulation of proline
leads to the improvement in the osmotic adjustment and the integrity of membranes and proteins.
Additionally, proline accumulation prevents electrolyte leakage and the oxidative burst by increasing
the antioxidant enzymatic activities such as CAT, SOD, APX, and peroxidase [41,44].

Proline action on modulation of ROS levels remains under study, however it has been
documented that proline can directly interact with ROS (mainly free radicals) [45,46] and that during
proline biosynthesis is induced the production of antioxidant molecules through the
ascorbate/glutathione (AsA-GSH) pathway that reduce ROS like H202[47].

Under adverse conditions, the plants rapidly lead to an increase in the transcriptional regulation
of Al-pyrroline-5-carboxylate synthetase (P5CS) and Al-pyrroline-5-carboxylate reductase (P5CR), which
encode the two enzymes involved in proline biosynthesis. Furthermore, the prevalence of high levels
of proline also is explained by the downregulation in expression of genes whose products are
enzymes that act on proline catabolism [48,49]. In tomato plants under chilling stress, inoculation
with Trichoderma harzianum strain AK20G led to increased P5CS expression levels over time, which
correlated with enhanced cold tolerance and proline accumulation.

In the present study, the plants inoculated with T. asperellum exhibited a marked increase by 50%
in leaf proline content under low-temperature stress (Figure 3). This result is in accordance with the
effect of T. harzianum on proline accumulation and improvement salt and LT tolerance in cucumber
and tomato plants, respectively [50,51]. Interestingly, T. harzianum increased the expression of P5CS
in tomato plants after cold treatment [51]. Furthermore, the observed results are consistent with the
increase in proline content and activation of the antioxidant machinery in plants inoculated with
psychrotolerant bacterial strains Pseudomonas vancouverensis OB155-gfp, P. frederiksbergensis OS261-
gfp, P. frederiksbergensis OS211 and Flavobacterium glaciei OB146 to mitigate the damages provoked by
LT in tomato plants [6,15].
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The increase in proline accumulation could positively correlate to the low levels of ROS
accumulation observed in tomato inoculated plants, since it has been postulated that proline can
function in the ROS detoxifying process, as it has been reported in response to metal treatment [52].
Also, this data reinforces our findings that it seems CAT activity is not the main source of
detoxification during T. asperellum treatment.

On the other hand, soluble sugars (sucrose glucose, fructose and oligosaccharides) are another
kind of metabolites that are related to LT tolerance. Soluble sugars are well documented molecules
as osmolytes; however, these can also protect cell membranes from dehydration [53], and act as
second messenger in signal transduction pathways to regulate de expression for genes related to
hormone biosynthesis (such as ABA, ET and GA) and cold stress tolerance, like COR (COLD
REGULATED) and RD (RESPONSIVE TO DEHYDRATION) [54,55]. The mechanism by which
soluble sugars rise could be caused by the activation of invertase enzymes and sucrose synthases as
was shown wheat seedlings during LT treatment [56].

The tomato plants treated with T. asperellum alone, increased soluble sugar content in tomato
plants, like the observed for proline, suggesting that Trichoderma could be inducing the gene
expression or activity of plant enzymes related to the biosynthesis of both osmolytes, which would
be greater in plants under adverse environmental conditions to improve tolerance.

Phenotypic plasticity is one of the main characteristics of a plant that is used to acclimatize to
different growth conditions [57]. A reduction in leaf area and plant growth allows plants to reduce
their transpiration, thus increasing water use efficiencies (WUE) [58,59]. At the same time, leaf
expansion and transpiration reduction is directly related to stomatal density and stomatal size [60],
which in turn affects ecosystem function [61].

To optimize carbon fixation per unit water loss, plants can adjust stomatal pore aperture in the
short term and modify stomatal traits such as stomatal density and stomatal size [62], where these
last two have a negative relationship in many species [60,63,64]. Every plant can rapidly regulate the
stomata aperture within minutes, but changing density takes days or weeks [57].

There are several studies revealing that drought stress leads to an increase in stomatal density
and a decrease in stomatal size to minimize water loss while maintaining CO: assimilation [58,65];
however, little is known concerning this relationship regarding LT and to bioinoculants.

Like drought stress, stomata density increased in tomato leaves under LT stress, suggesting that
an increase in stomatal density might be associated with the decrease in leaf size previously observed
in tomato plants under LT stress [9] to optimize carbon fixation per unit water loss. By increasing
stomatal density, the plant may be able to increase stomatal conductance and maximize COzuptake,
which could be beneficial for plant nutrient uptake and photosynthesis [57].

Previous studies have proposed that small stomata can adjust stomatal pore area and regulate
stomatal conductance faster and, thus, respond rapidly to environmental change improving long-
term water use efficiency and diminishing risk of disruption to the leaf hydraulic system [66-68]. In
leaves with many small pores, there are better gas conductance and a greater potential for
photosynthesis than for leaves with fewer large stomata with the same pore area per unit leaf area
[64]. In this study, LT stress led to a reduction of stomata size at 9 days, suggesting tomato plant
under stress is modifying the phenotype of guard cell size as an adaptation way to protect themselves
from damage caused by environmental variations for restricting transpiration, increasing WUE and
improving carbon gain for photosynthesis.

Inoculation of tomato plants with T. asperellum also led to the negative correlation between
stomatal density and stomatal size in optimal growth conditions and it was further under stress
conditions. These results suggest that T. asperellum can alter the anatomy and patterning of stomata.
Recently, it was found that beneficial microorganisms, particularly endophytes, alter stomatal traits.
For example, Salicacea inoculated Populus trichocarpa had more compact stomata and an increase in
stomatal density prior and after water-deficit [69]. Additionally, it has been shown that inoculation
with Burkholderia sp LD-11 or with Xerophyte-Derived Synthetic Bacterial Communities in maize
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improved WUE and increased the sensitivity of stomatal gas conductance, and decreased
transpiration rate promoting tolerance to water deficits [70,71].

The involved mechanism in stomatal density and stomata size provoked by T. asperellum
inoculation is unknown, but it could hypothesize that the bioinoculant may induce expression or
activation of transcription factors that regulate the cellular divisions and cell fate transitions
necessary for stomatal development through regulation of epidermal patterning factor (EPF) [57], or
by STOMAGEN action, a positive regulator of stomatal development [72], through hormonal
signaling pathways to control the stomatal density. In this sense is already known that exogenous
ABA induce the production of smaller stomata and higher stomatal density [73], and also, is already
known, that some Trichoderma species synthesizing ABA [20] so in the future will be necessary to
analyze the phytohormone profile of the strain used in this study.

Soil microbial communities either respond immediately to changes in the environment or can
adapt to prolonged periods of stress through physiological adjustments [74]. Recently, it has been
demonstrated that cooling soils decreased microbial processes such as respiration and growth but
had little to no effect on the uptake and respiration rate of amended glucose. This result is of great
relevance because sugars are precursors of osmolytes and act also as osmolytes themselves.
Additionally, the rise of unsaturated phospholipid fatty acids was also observed, which can be
interpreted as a specific microbial community adaptation to cool temperatures by enhancing the
flexibility of cell membranes [75].

In this study, the prevalence of T. asperellum in soils from plants exposed to LT was evaluated.
The results did not show any significant changes in the fungal densities during abiotic stress
compared to optimal conditions, suggesting that viability of the fungus is maintained in cold soils for
long periods (20 days); however, it remains unclear whether it can colonize the plants enough in cold
conditions.

The temperature has a significant influence on the in vitro growth of T. asperellum, which has an
optimal myecelial growth of 30 °C [40]. The growth of fungi in PDA at 4 °C was totally inhibited after
7 days, but when the fungi-containing plates were returned to optimal temperatures, the fungal
growth was restored with the same rate that those plates grown at 28 °C (as was previously observed
[40]), indicating LT did not have lethal effects on the fungus as was previously observed [40].

5. Conclusions

Tomato plants inoculated with T. asperellum exhibited an improvement of LT tolerance.
Increased ROS scavenging, maintaining the osmotic balance and changes in stomatal traits may be
relying in the enhancement LT tolerance. Our results revealed that T. asperellum could be used to
develop sustainable strategies to induce LT tolerance by maintaining food security in response to
climate change.
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ABA Abscisic acid
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APX Ascorbate peroxidase
CAT Catalase

CFU Colony Forming Units
ET Ethylene

GA Gibberellin

JA Jasmonic acid

LT Low Temperatures
ROS Reactive Oxygen Species
RT Room Temperature
SA Salicylic acid

SOD Superoxide Dismutase
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