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Abstract: Here, we analyzed the effects on Capsicum annuum plants of Trichoderma atroviride P. Karst
strains altered in the expression of SWOLLENIN (SWO1), a protein with amorphogenic activity
on plant cell wall components. Strains of T. atroviride that overexpressed the Taswol gene were
constructed as well as deletion mutants. A novel, cheap and accurate method for assessing root
colonization was developed. Colonization assays showed that the Taswol overexpressing strains
invaded the host root better than the WT, resulting in a stronger plant growth-promoting effect.
The expression of plant defense marker genes for both the systemic acquired resistance and induced
systemic resistance pathways was enhanced in plants inoculated with Taswol overexpressing strains,
while inoculation with deletion mutant strains resulted in a similar level of expression to that observed
upon inoculation with the wild-type strain. Response to pathogen infection was also enhanced in
the plants inoculated with the Taswol overexpressing strains, and surprisingly, an intermediate level
of protection was achieved with the mutant strains. Tolerance to abiotic stresses was also higher in
plants inoculated with the Taswol overexpressing strains but was similar in plants inoculated with
the wild-type or the mutant strains. Compatible osmolyte production in drought conditions was
studied. This study may contribute to improving Trichoderma biocontrol and biofertilization abilities.
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1. Introduction

In recent years, biofertilizer products containing different types of living microorgan-
isms have emerged as important components in integrated nutrient supply systems and
hold a great promise to improve the yield and quality of crops [1]. Among the most widely
applied biofertilizers are fungi from the genus Trichoderma [2].

Trichoderma spp. are ubiquitous soil fungi commonly found also in a large range of
plant roots. They establish plant symbioses with monocots as well as dicots, and it has been
proposed that there is little or no plant specificity [3-5]. In the work by Zaidi et al., in [6],
it has also been stated that “the mechanisms determining host specificity remain poorly
understood”. Trichoderma spp. have also been widely studied since they show mycopar-
asitism against other fungi [7]. The strains that are able to colonize roots in a long-term
period penetrate the epidermis and reach some cells below this level [3]. Furthermore, they
synthesize and secrete different compounds, which can induce resistance responses in the
plant against fungal and bacterial pathogens [5,8], which is also part of their capability as
agents for biocontrol. These molecules are known as MAMPs (microbe-associated molecu-
lar patterns) and include a variety of different compounds. Among the most studied are
flagellin, glycoside hydrolases, expansins, cerato-platanins, chitin, lipopolysaccharides,
hydrophobins, and secondary metabolites such as sorbecillinoids, alamethicin, or orsellinic
acid [9]. In response to these molecules, plants have been shown to induce two kinds of
immunity: systemic acquired resistance (SAR) and induced systemic resistance (ISR). The
first is mediated by salicylic acid, while the latter involves jasmonic acid and ethylene.
Nevertheless, recent studies have shown that these responses are complex, and there is
crosstalk between both (and other) pathways (such as Fe deficiency responses) [10]. Among
others, these defense pathways induce the expression of proteins named PR (pathogenesis-
related proteins) in the SAR response, or defensins, in the ISR response. PR are usually
hydrolytic enzymes such as chitinases, glucanases or peroxidases, etc., that attack the cell
wall of the pathogens. Defensins are small proteins that show antimicrobial activity by
disrupting the pathogens” membrane but their role is still controversial, since they have
been involved in abiotic stress tolerance and plant developmental processes as well [11].
Moreover, when Trichoderma spp. colonize plant roots, they promote plant growth through
the control of pathogenic microorganisms in the root neighborhood [12], enhancing nu-
trient availability [4,13] and/or secreting plant hormones [14,15]. Furthermore, plant cell
wall-degrading enzymes, such as cellulases produced by Trichoderma spp., have been
shown to be important for plant root colonization [16,17]. Another valuable and interesting
feature of the colonization of plants by Trichoderma spp. is that it also enhances tolerance
to abiotic stress [18,19]. The mechanisms that Trichoderma induces in plants to cope with
several abiotic stresses (drought, salinity, heat, cold, etc.) are mostly related to scavenging
reactive oxygen species (ROS) by a series of molecules that include peroxidases, lipoxy-
genases, superoxide dismutase, catalase, glutathione reductase and polyphenols, among
others [5,18,20]. Trichoderma also modifies the root architecture and growth through pH
changes allowing a better water and nutrient uptake [21]. In addition, accumulation of
compatible solutes such as proline in response to drought stress has been reported [22].

Trichoderma spp. also secrete proteins with amorphogenic activity on cellulose, among
which cerato-platanins are important to colonize the root but also to trigger the defense
responses in the plant [23-26]. In addition to hydrolytic enzymes, some Trichoderma spp.
secrete a non-hydrolyzing protein named SWOLLENIN that reshuffles the crystalline
cellulose fiber without producing detectable amounts of reducing sugars [27]. SWOL-
LENIN was first characterized in the saprophytic fungus Trichoderma reesei [27] and has
been described in other Trichoderma species and other ascomycetes such as Aspergilli and
Penicillium species [28,29]. It contains a homologous region related to expansins and a
carbohydrate-binding module (CBM), and it has been shown to have amorphogenic activity
on cellulose fibers. These proteins have been mostly studied for their capacity to enhance
the saccharification of cellulose when added previously to the incubation of cellulose with
cellulases. The Aspergillus fumigatus ortholog SWO1 binds chitin [28] while SWO1 from
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Trichoderma pseudokoningi has a mild hydrolytic activity on xylan and yeast glucans but not
in 3-1,4 glycosidic bonds [30]. An alternative role for SWOLLENIN in T. atroviride P. Karst
has been proposed by Reithner et al. [31], since they found a significantly up-regulated
expression of Taswol just before contact with different phytopathogenic fungi. This finding
suggests that SWOLLENIN could be involved in causing amorphogenesis in the pathogen
fungal cell wall during mycoparasitism. Another role explored for SWOLLENIN was
described by Brotman et al. [3]; they observed that overexpression of SWOLLENIN in
Trichoderma asperellum resulted in a remarkable increase in the ability of the fungus to
colonize cucumber roots and that a synthetic peptide corresponding to the CBM of this
protein on its own was sufficient to stimulate local defense responses “in vitro” and to
induce resistance to stress.

The T. atroviride genome sequence revealed the presence of a homologous SWO1
gene (MycoCosm ID80187) to that of T. reesei [31]. In this work, we used T. atroviride
Taswol overexpressing strains or Taswol deletion mutants to study its interaction with two
Solanaceae, chili (Capsicum annuum) and tomato (Solanum lycopersicum) plants. Our results
show that plants inoculated with the overexpressing strains produce more biomass, likely
because they colonized the roots more extensively than when inoculated with the wild
type. Infection of plants by pathogenic fungi was better controlled when inoculated with
the overexpressing strains than infection of those inoculated with the wild-type strain or
non-inoculated plants. Surprisingly, the mutant strains enhanced pathogen resistance in
leaves to levels in between to those inoculated with the overexpressing strains and the
wild type. The expression of defense-related genes was also enhanced in plants inoculated
with the overexpressing strains as compared with those non-inoculated or inoculated with
the wild-type strain. Our contribution in this work involves mostly in vivo assays of adult
plant growth, poses a paradox in the classical model of pathogen resistance, hints at some
specificity issues about Trichoderma-plant interaction, and includes osmolyte analysis upon
imposed drought stress.

2. Results
2.1. Overexpression of Taswol of T. atroviride Promotes Growth and Development of C. annuum
and S. lycopersicum Plants

To study the impact of overexpression of SWO1 on the plant growth-promoting activity
of T. atroviride P. Karst, we transformed the T. atroviride wild-type (WT) strain IMI1206040
with pUE10::Tuswol. The pUE10 vector drives expression from the T. reesei PKI constitutive
promoter and was designed to integrate approximately 1200 bp downstream the BLU17
terminator locus at the T. atroviride genome where no evident open reading frames (ORFs)
were identified [32]. Transformant strains with the empty vector integrated pUE10 in the
desired locus and did not show differences in phenotype from the WT strain regarding
growth rate, sporulation, and mycoparasitism [32] (Table 1).

Table 1. Growth rate of the different T. atroviride used in this work. ANOVA tests showed no
significant differences among the strains’ growth rates.

Strain Growth Rate (cm/day) Std Dew.
WT 1.61 +0.15
Ta. pUE10 (BMH-0063) 1.7 +0.01
Taswo1-28 (BMH-0064) 1.6 +0.05
Taswo1-10 (BMH-0065) 1.7 +0.1
Taswol-6 (BMH-0066) 1.5 +0.1
Taswo1-8 (BMH-0067) 1.6 +0.09

Several pUE10:Taswol independent transformant lines and mutant strains were ana-
lyzed and characterized regarding their growth rate (Table 1). When analyzed by Southern
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blot, most of them showed the expected integration event (for example, see Figure S1).
Since the transformed Taswol lines showed similar phenotypes, we chose Taswo1-28 and
Taswo1-10 and mutant strains Taswol-6A and Taswol-8A to study its interaction mainly with
C. annuum (although another Solanaceae, Solanum lycopersicum, was also partially tested,
see Supplementary Material). Overexpression of Tuswol was verified through RT-PCR for
Taswo1-28, Taswol-10, Taswol-6A, and Taswol-8A (Figure S2).

To evaluate the effect of overexpression of SWOLLENIN by Trichoderma in chili, plants
were inoculated with the following strains: WT, empty vector, Taswo1-28 or Taswol-10,
Taswol-6A, and Taswol-8A, as described in material and methods. After 30 d of growth,
root and shoot growth were determined (Figure 1). Interestingly, inoculation with overex-
pressing strains Taswo1-28 or Taswol-10 strongly stimulated root system growth (Figure 1),
increased shoot biomass production (Figure 1), and increased plant height (Figure 1) when
compared with the WT or the empty pUE10 inoculated plants, indicating a beneficial
effect of the overexpressing on plant growth and development. Non-inoculated plants
had shorter shoots and less root system growth, while Trichoderma WT-treated plants
had longer shoots than the non-inoculated control plants but less than those treated with
the overexpressing strains. Trichoderma-treated plants had a denser root system. After
30 days, we observed that plant height and leaf area of plants inoculated with Taswo1-10
and Taswol-28 had increased almost three-fold that of non-inoculated plants. ANOVA
test results (Figure 1c) indicated significant differences in height, fresh weight, and dry
weight of the total biomass between plants inoculated with the overexpressing strains or
the WT strain, the empty vector transformant, and the control treatments. The means for
root length were higher for the overexpressing strains, but statistical analysis showed no
significant differences for this feature when compared to the roots of plants inoculated
with the other strains (Figure 1d).

Ta. pUE10 N Taswol-10 Taswol-28

Ta. pUELD Tasweol-10 Taswol-28 Taswol-6A Taswol-8A

NI WT

Figure 1. Cont.
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Figure 1. Trichoderma overexpressing strains promote plant growth. (a) Representative images of
C. annuum plants treated with the different strains. N/I non-inoculated; (b) representative pictures of
the root systems of plants inoculated with different strains; (c) average height of plants treated with
the different strains; (d) average length of the root systems of plants with the different Trichoderma
strains. Panels (¢,d) depict the units in cm; (e) fresh and (f) dry weights expressed in grams (g) of the
whole plants treated with the different Trichoderma strains. Experiments were conducted in triplicate.
Bars represent standard deviation. Different numbers of asterisks (*) within the panels indicate that
the average of each treatment is significantly different (p < 0.05, n = 3).

Taswol mutants were also tested on C. annuum plants. Two independent lines,
Taswol-6A and Taswol-8A, produced the same phenotype in chili plants as the WT Tri-
choderma strain indicating that SWOLLENIN is not essential for plant interaction (Figure 1).

Phaseolus vulgaris was also inoculated with the overexpressing strains, the WT, or a
non-inoculated control, but no significant growth-promoting phenotype was observed
with any of the strains (insignificant changes in root and shoot mass were observed, data
not shown). These results indicate that the interaction of this plant with T. atroviride has
specific components that remain to be further explored.

Since the experiments performed with P. vulgaris did not show any significant pheno-
type differences among the plants inoculated with the different strains (data not shown), we
decided to measure plant growth-promoting activity in another plant from the Solanaceae
family. S. lycopersicum plants showed similar behavior to those experiments performed
with chili. Biomass was also enhanced in those plants inoculated with overexpressing
Taswo1-28. The height of the plants was larger than the controls (Supplementary Figure S3);
fresh and dry weight confirmed the larger biomass achieved by plants inoculated with
Taswo1-28 compared to the controls and showed similar differences in biomass regarding
shoot and leaf area and root fresh and dry weights (Supplementary Figure 54).

2.2. Root Colonization Assays by the T. atroviride Genetically Modified Strains

To analyze root colonization, chili plants were inoculated with T. atroviride WT,
Taswo1-10, Taswol-28 overexpressing strains, and two deletion mutants (Taswol-6 A and
Taswol-8 A); as a control, non-inoculated plants were used. Statistical analysis of fresh
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Mycelium fresh weight

weight and dry weight of mycelia coming from these experiments indicates that growth of
the mycelial mat coming from plants inoculated with the WT, Taswo1-10, and Taswo1-28
strains was significantly different (Figure 2). This method to measure root colonization
proved to be reliable and quantitative since it was very reproducible according to the
statistical analysis performed. The control plate (non-inoculated plants) showed no fungal
growth indicating that surface sterilization was effective. These results indicate that chili
plant roots were colonized more effectively by the T. atroviride overexpressing strains than
by WT strain.
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Figure 2. Colonization assay of chili roots by different strains of Trichoderma atroviride or in non-inoculated plants. Mycelium
growth extracted from roots of non-inoculated plants or inoculated with the WT or with the strain with the empty plasmid
TapUE10, with the overexpressing lines Taswo1-10, and Taswo1-28 or mutant lines Taswol-6A and Taswol-8A ANOVA variance
test of fresh (a) and dry (b) weight of the mycelia. Different numbers of asterisks (*) within the panels indicate that the

average of each treatment is significantly different (p < 0.05), n = 3 (15).

When these strains were inoculated in S. lycopersicum, similar results were observed.
The overexpressing strain Taswo1-28 was more effective in colonizing tomato plants than
its counterparts. Again, the control without inoculation showed no mycelial growth (data
not shown).

Curiously, the mutant strains Taswol-6A and Taswol-8A colonized the plants in a
similar manner to the WT, in accordance with the plants’ phenotypes (Figure 1), suggesting
again that SWOLLENIN is not essential for root colonization and that a compensatory
mechanism for root colonization must exist.

Plant root colonization by T. atroviride was also monitored by light microscopy
(Figure S5). This experiment showed that root hairs in chili plants colonized by the
Taswo1-28 strain were longer than those in roots colonized with the WT or in non-inoculated
plants (Figure S5).

2.3. Overexpressing and Mutant Strains Provide Protection against Fungal Infection to a Higher
Extent Than the WT

Since we observed a clear effect of the overexpressing strains in growth promotion
and root colonization, we decided to explore if the overexpression of SWOLLENIN could
also confer enhanced resistance to the infection by fungal pathogens. Leaves of C. annuum
plants treated with the different sets of T. atroviride strains were inoculated with Rhizoctonia
solani or Alternaria solani. Infected leaves showed different kinds of lesions according
to the phytopathogen used: A. solani grew as mycelium on the surface of the leaves,
while R. solani caused chlorotic spots on the leaves. A representative example is shown in
Figure 3. Non-pathogen-treated leaves (control for asepsis) showed no microbial growth
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or lesions of any kind. Leaves of plants without T. atroviride inoculation were almost
completely invaded by the phytopathogenic fungi (around 80% of the leaf area was affected
(Figures 3 and 4)). The area of the lesions caused by the fungi on leaves of plants inoculated
with the overexpressing or mutant strains were much smaller (around 10% and 30%,
respectively) than when inoculated with the WT strain (around 50%, Figures 3 and 4).

Ta. pUE10

Taswol-10 Taswol-28 Taswol-6A Taswol-8A

Figure 3. Representative image of infection resistance to R. solani on leaves of C. annuum. The upper panel shows the
controls: non-inoculated plants; inoculated with the WT or the pUE10 transformant. Lower panel: leaves from plants
inoculated with T. atroviride Taswo1-28, Taswo1-10; Taswol-6A, and Taswol-8A. The area of damage was measured using the
Image ] program.

Interestingly, both mutant strains protected the leaves to some extension performing
better than the WT strain (although significantly lesser than the overexpressing strains),
indicating that other defense mechanism(s) independent of SWOLLENIN must be triggered
by the plants when the fungus lacks SWO1 (Figure 4a; see Discussion).

To determine the impact of the different strains on the plant defense response, we
determined the expression of two marker genes, a defensin gene to monitor induced
systemic response (ISR) and a pathogenesis-related protein (PR) for systemic acquired
resistance (SAR). RT-qPCR experiments showed that the expression of both marker genes
was strongly stimulated by the Tuswo1-28 and Taswo1-10 Trichoderma strains, while their
expression in plants inoculated with the WT strain was also higher than those observed in
non-inoculated plants (Figure 4b,c). Interestingly, the mutant strains expressed both the PR
gene and the defensin gene in a similar way as the WT, confirming the notion that other
mechanisms, independent of the SAR and ISR responses, must play a role in the plant
defense response when SWOLLENIN is absent (see Discussion). It is worth noting that
although strain Taswo1-8A shows a bit lower PR expression when compared to Taswol-6D,
it still expresses this protein at higher levels than the non-inoculated plants.
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Figure 4. Relation between damage in leaves by R. solani and expression of defense genes in response to inoculation of
different Trichoderma strains. NI, non-inoculated; WT, WT T. atroviride; Taswo1-28 and Taswo1-10, overexpressing strains;
Taswol-6A and Taswol-8A, mutant strains. (a) analyzes of the damaged area in leaves of C. annuum plants treated with
different T. atroviride variants. N/I without inoculation. (b) qRT-PCR relative expression of PR2 expression. (¢) qRT-PCR
relative expression of defensin J1. Ribosomal protein L13e and DNA polymerase family B were used as constitutive controls.
Anova variance tests were performed in all cases. Different numbers of asterisks (*) within the panels indicate that the

average of each treatment is significantly different (p < 0.05), n = 3 (15).

2.4. Overexpression of Taswol Provides Abiotic Stress Protection in C. annuum Plants

Trichoderma abilities to alleviate abiotic stresses are known. To explore if better root
colonization by Trichoderma would enhance abiotic stress responses, three-week C. annuum
plants were inoculated with the WT Trichoderma strain or with Taswo1-28 and 24 h later
subjected to cold stress (4 °C for 6 h) and its survival evaluated after 30 days in standard
conditions (28 °C). The result shows that 100% of the plants inoculated with the Taswo1-28
strain survived this cold stress treatment, while only 50% of the plants inoculated with the
WT strain survived. None of the control plants (non-inoculated) survived the cold stress
treatment (data not shown).

In a similar way, plants inoculated with the WT strain, the overexpressing and mutant
strains, and non-inoculated plants were subjected to heat stress treatment (40 °C for 6 h). A
total of 100% of the plants inoculated with Taswo1-28 survived when returned to standard
conditions for 30 days. Comparatively, only 30% of the plants survived when inoculated
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with the WT strain, while all of the non-inoculated plants were dead after 30 days (data
not shown).

A similar result was obtained when plants inoculated with the different T. atroviride
strains were subjected to drought stress. The plants were deprived of water for up to
13 days, when damage was evident, and then re-watered again to assess survival. Figure 5
shows representative images of this experiment taken three days after resuming irrigation.

Taswol-6A Taswol-8A C+ Taswol-10  Taswol-28 Ta. pUEIO WT  Taswol-6A Taswol-8A

Day 13

-

P

Taswol-6A Taswol-8A C+ Taswol-10 Taswol-28 Ta.pUEID WT  Taswol-6A Taswol-8A

Figure 5. Water stress effects on C. annuum plants inoculated with different T. atroviride strains. Plants were grown for
30 days under a normal water regime, and at this time, irrigation was suspended for thirteen days. Then, irrigation was

resumed, and 3 days later, the survival rate was assessed. C+ regularly watered plants without inoculum. C- non-inoculated,
non-irrigated plants. WT: wild type T. atroviride; pUE10 T. atroviride with the empty vector, Taswo1-28, and Taswo1-10:
overexpressing strains; Taswol-6A and Taswo1-8A: mutant strains for Taswol. Experiments were performed in triplicate.

The survival rate for the different treatments was assessed after three days of re-
watering. A positive control of normally irrigated plants was added to compare against the
treatments. A total of 100% of the plants survived this treatment when inoculated with the
SWOLLENIN overexpressing strains. Interestingly, neither the WT nor the mutant strains
helped the plant withstand this treatment.

2.5. Osmolyte Accumulation under Drought Conditions in Plants Inoculated with Overexpressing
and Mutant Strains

Osmolyte accumulation is one of the mechanisms plants use to deal with low water
activity. To assess if this mechanism was induced by the overexpression of SWO1 by
Trichoderma, plants were inoculated with different strains and subjected to water stress.
Curiously, trehalose was found in lower concentrations in plants inoculated with the
overexpressing strains compared to the rest of the strains, which showed higher levels
than the uninoculated control (Figure 6). Erythritol and mannitol were also produced
more or less in the same amounts, but no significant difference between the treatments was
observed (data not shown), with the exception of those plants that were normally irrigated.

However, proline was accumulated strongly in the plants inoculated with the over-
expressing strains when compared to plants inoculated with either the WT or the mutant
strains (Figure 7).
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Figure 6. Trehalose contents in leaves of plants treated with different Trichoderma strains. Control+:

irrigated but non-inoculated plants; control-: non-inoculated and non-irrigated plants. WT: wild type

T. atroviride; pUE10 T. atroviride with the empty vector, Tuswo1-28, and Taswo1-10: overexpressing

strains; Tuswol-6A and Taswol-8A: mutant strains for Tuswol. Different numbers of asterisks (*) within

the panels indicate that the average of each treatment is significantly different (p < 0.05).
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Figure 7. Proline contents in leaves of C. inoculated with different strains of T. atroviride. C+: irrigated

non-inoculated plants; C-: non-inoculated and non-irrigated plants; WT: wild type T. atroviride; pUE10

T. atroviride with the empty vector; Taswo1-28 and Taswol-10: overexpressing strains; Taswol-6A and

Taswol-8A: mutant strains for Taswol, none of the inoculated plants were irrigated for 13 days.

Different numbers of asterisks (*) within the panels indicate that the average of each treatment is
significantly different (p < 0.05).
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3. Discussion

Trichoderma species are avirulent opportunistic plant symbionts able to colonize plant
roots and produce compounds that stimulate growth and plant defense mechanisms?.
SWOLLENIN is a protein with expansin-like activity that was identified in T. reesei and
has been related to the fungal cellulolytic activity during its saprophytic growth. On a
first instance, it was proven that it could disrupt the structure of cotton fibers without
detectable formation of reducing sugars [27], but afterward, its hydrolytic activity was
demonstrated [33]. An important barrier encountered by Trichoderma during root coloniza-
tion is the plant cell wall, which is comprised of a complex matrix of polysaccharides, being
cellulose one of the most abundant. Due to the activity of SWOLLENIN and a previous
report by Brotman et al. [3], we proposed that overexpression of SWOLLENIN in T. atro-
viride would enhance its root colonization abilities, as shown for T. asperellum. However,
the work by Brotman et al. [3] was performed mostly in vitro, and their results regarding
biotic resistance were performed with just a synthetic CBM of SWOLLENIN, while our
work measures the effect on the whole adult plant, and the complete TaSWO1 gene was
expressed. Here, we show that overexpression of SWOLLENIN in strains Taswo1l-10 and
Taswo1-28 indeed enhanced root colonization of chili plants when compared with the WT
strain of T. atroviride. While the work by Brotman et al. [3] also proved an increase in root
colonization when overexpressing the TasSWO1 gene, we observed in addition that this
phenomenon led to higher biomass production of the shoot and root of the plants inocu-
lated with the SWOLLENIN overexpressing strains. This fact also allowed us to describe
the behavior of plants inoculated with Taswol deletion mutants, which behave very similar
to the WT strain, indicating that SWOLLENIN is not essential for root colonization and
that there must be compensatory mechanisms for this and other traits (see below).

Moreover, the strains tested in this study were not able to cause significant effects on
plant biomass augmentation in P. vulgaris plants, indicating a certain level of specificity.
The latter belongs to sub-class: Rosidae, while cucumber, chili, and tomato share the
same class: Magnoliopsida, but belong to different subclasses: Dilleniidae (cucumber)
and Asteridae (chili and tomato, that are in the same family: Solanaceae.). It is generally
accepted that there is no or little plant specificity regarding Trichoderma spp. ability to
colonize plants. However, in a study conducted by Cripps-Guazzone (2014) [34], it was
shown that competition in the rhizosphere between different Trichoderma strains “showed
that the relationship between Trichoderma and the plant is dependent on the Trichoderma
isolate and the plant species”. As an example, from several isolated Trichoderma spp., one of
the least competent species was the only one able to colonize onion roots. In another work,
soil fungal communities were isolated from oilseed rape and strawberry rhizosphere. It
was found that although Trichoderma spp. showed great diversity in both cases, BOX-PCR
fingerprint experiments indicated a large degree in plant specificity [35]. The specificity
mechanisms of Trichoderma-plant interactions have been scarcely studied because, as stated
before, it is considered that no specific barriers impede plant colonization. However, the
role of certain proteins could provide a specificity barrier in the interaction of Trichoderma
with the plant cell wall. Among them are the CBM of proteins such as SWOLLENIN,
cerato-platanins, and lytic enzymes as glucanases and cellulases, which are classified
in 55 families and differ in their substrate specificity [36]. Other proteins involved in
plant colonization by Trichoderma are hydrophobins, which have been found to be species-
specific [37] and usually have several members in filamentous fungi [38]. Furthermore,
impairment of a T. asperellum hydrophobin gene prevented the attachment of the fungus to
cucumber roots [39], and hydrophobins have also been linked to plant attachment and root
colonization in Trichoderma spp. in a study that identified effector proteins [25]. Finally,
plant lectins have been shown to play a crucial role in the specificity in other symbiotic
systems such as that of Rhizobium with legumes [40]. Lectins in Trichoderma spp. have been
widely studied and shown to play an important role in mycoparasitism [41], but to the
best of our knowledge, no studies of Trichoderma lectin interactions with plants have been
performed, which could be another barrier of specificity.
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Because it is well documented that colonization by Trichoderma increases plant defense
responses [4,42,43], we also analyzed the enhanced resistance to phytopathogenic fungi in-
duced by overexpressing strains. In this work, we present data showing that SWOLLENIN
is a suitable elicitor of the plant defense responses since we found significantly increased
resistance toward the phytopathogenic fungi R. solani or A. solani in chili plants colonized
by the overexpressing strains compared with the WT strain. Many Trichoderma spp. are able
to induce systemic changes in plants, which are frequently related to increased levels of PR
proteins and the accumulation of phytoalexins [44]. The application of a synthetic version
of the CBM of SWOLLENIN of T. asperellum reduced the disease provoked by Pseudomonas
and Botrytis in cucumber plants [3]. In this regard, the production of antifungal compounds
in leaves of plants colonized by Trichoderma has been shown [45] It has been reported that
inoculation of a strain of T. harzianum on bean roots reduced considerably the lesion area
provoked by B. cinereal [46] It has also been shown that T. atroviride can enhance systemic
disease resistance in Arabidopsis thaliana through jasmonic acid/ethylene and salicylic acid
pathways [15].

Here we show that disease severity caused by R. solani or A. solani on Capsicum leaves
was significantly reduced in plants treated with an overexpressing strain compared with
the WT or untreated plants. Together with the defense gene expression experiments, these
results suggest that overexpression of SWO1 in T. atroviride results in enhanced activation
of the JA/ET and SA pathways, which consequently suppresses pathogen infection in
C. annuum. Interestingly, the mutant strains in swol also conferred a suitable level of
protection, performing even better than the WT (see below).

The defense response in plants is complex and involves many steps, signal trans-
duction pathways, transcription factors, and protein and metabolite production. Several
studies have indicated that root colonization by Trichoderma strains results in increased
levels of defense-related enzymes in plants, including peroxidases, chitinases, and 3-1-
3-glucanases [4,43,47]. In our study, we found that both PR2 and defensin J1 encoding
genes were up-regulated in leaves of plants inoculated by strains Taswo1-10 and Taswo1-28
when compared to plants inoculated with the WT strain or to untreated plants. Mutant
strains showed a level of expression similar to the WT for both genes. These results sug-
gest that enhanced expression of PR proteins in plants inoculated with T. atroviride SWO1
overexpressing strains could be involved in the systemic response to suppress diseases in
Capsicum since the WT and the mutant strains showed lower levels of expression. Defensin
was also overexpressed in plants inoculated with the SWO1 overexpressing strains, and it
has been shown to effectively inhibit the growth of pathogenic microorganisms and also
generate tolerance to abiotic stress conditions in plants [48].

The phenotype observed in plants inoculated with the mutant strains (i.e., better
protection than the WT, but similar expression of the PR and defensin genes) is still to
be explored carefully. It has been reported that cerato-platanins of Trichoderma are major
elicitors of plant defense responses [23,24]. Cerato-platanins are related to expansins,
SWOLLENINSs, and loosenins, regarding its amorphogenic activity [49], although their
role is still in debate [50,51]. The observed phenotype in plants inoculated with the
mutant strains could be due to the overexpression of cerato-platanins, for which a role
in root colonization and elicitation of defense mechanisms [24] has been demonstrated
in several Trichoderma-plant interactions [50-52]. In support of this idea, the work by
Crutcher et al. [53] showed that in sm2 mutants (a cerato-platanin paralog), SM1 (another
cerato-platanin) was spontaneously overexpressed. So, it could be possible that in the
swol mutants, cerato-platanins are overexpressed, conferring to these strains a similar
phenotype to that of the WT regarding root colonization, biomass enhancement, and
drought tolerance. It is worth noticing also that the mutants” performance to avoid fungal
infection better than the WT could be related to other defense mechanisms different
from ISR and SAR or to an earlier response in mutant-inoculated plants. Among these,
calcium signaling could be involved, since it has been shown that plants are capable of
distinguishing signals originated by different fungal partners [54]. Furthermore, it has
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been shown that a hydrophobin from T. longibrachiatum provokes a rapid increase in Ca*?
in Lotus japonicus cells [55]. In addition, production of reactive oxygen species is also one of
the first steps in response to pathogen infection, before the ISR or SAR systems are fully
functional. Finally, a SAR and ISR independent induced defense system that relies in a
F-BOX protein (SON1), has been shown in A. thaliana [56]. It has also been shown that
another F-BOX protein confers resistance to powdery mildew in Vitis pseudoreticulata [57].
Further analyzes will be performed to explore the plant defense mechanisms in the deletion
mutant-inoculated plants.

We also showed that at least part of the mechanism of drought tolerance is due to
proline accumulation. Curiously, other compatible solutes were found in lesser amounts
in plants inoculated with overexpressing strains (specially trehalose). This could be be-
cause carbon metabolism in the overexpressing inoculated plants is funneled to produce
a more efficient osmolyte such as proline. In addition, the strategy to withstand drought
seemed to be different when plants were inoculated with the overexpressing strains since
plants inoculated with the non-overexpressing strains accumulated trehalose, while a
different osmolyte (proline) was found in the plants inoculated with the overexpressing
strains. This novel observation deserves and will require more experimentation to unravel
this phenomenon.

We suggest that SWOLLENIN could be causing increased amorphogenesis in the cell
wall of plants treated with the overexpressing strains, and this facilitates the fungus to
colonize the root, activating the plant signaling pathways in a more extensive manner
than that in the control plants. It is also a possibility that enhanced amorphogenesis
of the cell wall could liberate oligosaccharides (either by lytic enzymes produced by
the fungus or by SWOLLENIN itself, according to the report of Andeberg et al. [33]),
which could be responsible for a stronger activation of the defense and stress resistance
pathways. This study contributes important insights for understanding the nature of
beneficial Trichoderma-plant interactions and may be used to improve Trichoderma biocontrol
and biofertilization abilities.

4. Materials and Methods

Strains and Growth Conditions. For propagation and maintenance, T. atroviride strains
IMI206040 WT, Taswo1-10, Taswol-28, Taswol-6A, Taswol-8A, and a transformant with the
empty vector (pUE10 [32]), were grown on solid PDA medium (2% potato, 2% dextrose,
and 1.5% agar) for 5 days at 28 °C. The spores were then harvested and resuspended in
sterile distilled water up to a concentration of 108/mL and stored at 4 °C until further use.
For the transformant strains, 100 ng/mL of hygromycin were supplemented.

Plant Material. Chili (Capsicum annuum) seedlings were surface disinfected as de-
scribed by Glazebrook and Weigel [58]. Seeds were sown in Murashige and Skoog medium
(1X MS) supplemented with 3% sucrose (Bioxon) and gelled with 0.7% agar phytagel
(Sigma-Aldrich). After germination of seeds, three-week-old plantlets were transferred
to plastic pots filled with Metro mix in a controlled environment: 24-28 °C, 75% rela-
tive humidity, and a circadian cycle of 18 h light/6 h darkness, the intensity of light
100 umol m~2s~! for three weeks when they reached an approximate height of 3 cm on
average. Solanum lycopersicum (CID F1 saladett variety) and common bean (Phaseolus
vulgaris L. bv. Negro Jamapa) were subjected to the same procedure as for chili to perform
the interaction tests.

Construction of T. atroviride Strains Overexpressing the TaSWO1 Gene or Deletion Mu-
tant Strains. The native SWOLLENIN (MycoCosm ID80187) cDNA from T. atroviride was
amplified by PCR using as a template cDNA obtained from T. atroviride in confrontation
with Rhizoctonia solani AG5 before the fungi made contact, as reported by Reithner et al. [31].
Primers swoF (5" GCGGCCGCatcATGTTGCGTAAACTTAGCCTAC 3') containing a NotI
restriction site (italics) and swoR (5" GAATTCCAGTTCTTACTAAACTGTAGAGC 3') con-
taining an EcoRI restriction site (italics) were used to amplify the PCR product for further
subcloning into the site-directed integrative vector pUE10 under the PKI promoter of
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T. reesei [32] giving rise to pUE10::Tuswol. The PCR conditions were: 94° C 5/, 35 cycles
of 94 °C 40", 58 °C 30" and 72 °C 90" and one cycle of 10" at 72 °C. Several clones were
sequenced by the method of Sanger to verify they were correct. Plasmid pUE10::Taswol
was transformed into the WT T. atroviride strains, and hygromycin-resistant colonies were
selected. At least three monosporic passes were performed to ensure genetic homogeneity.

SWO1 Mutant Design. The SWO1 gene was replaced by a hygromycin B resistance-
conferring cassette using the double-joint PCR method. Eight pairs of primers were
designed for the replacement construct: R1SwoFwd (CCCTTGAGAGAGAGCAGGT-
GTTTGTCC) and R1SwoRev (CCTTCAATATATCAGTTAACGTCGATCGGTGCCTCCTGT-
CAAGAGAGATTTTTGG) were used to amplify the 5 flanking region of SWO1, R2SwoFwd
(CACTCGTCCGAGGGAGGGCAAAGGAATAGGCTGCTGGGTGTGATTCCACACAAG-
GATCG), and R2SwoRev (GTTTATCACCAGTCTCGAACACACAGAGAGAGC) were
used to amplify the 3’ flanking region of SWO1, hph-F (GATCGACGTTAACTGATATTGAAG-
GAG,) and hph-R (CTATTCCTTTGCCCTCGGACGAGTG) were used to amplify the HPH gene,
Nestswol (GGGTCAGATGGATGGCTTCCAAAGTGTGTG) and Nestswo-2 (ATTGAATAGA-
GAGAGGAGTTTATCACCAGTCTCG) were used to amplify the full replacement construct.
The PCR conditions to amplify the 5’ flanking region, 3’ flanking region of SWO1, and the
HPH gene were as follows: 94 °C 3/, 35 cycles of 94 °C 30", 58 °C 30" and 72 °C 90" and one
cycle of 10" at 72 °C. The conditions to fusion 5’ flanking region, 3’ flanking region and the
HPH gene were: 94 °C 3/,10 cycles of 94 °C 30", 58 °C 60” and 72 °C 10" and one cycle of 20’
at 72 °C. The PCR conditions to amplify the full replacement construct were: 94 °C 3/, 35 cy-
cles of 94 °C 30”, 58 °C 60" and 72 °C 5’ and one cycle of 10" at 72 °C. The resulting product
was transformed into the T. atroviride WT strain, and hygromycin-resistant colonies were
selected. At least three monosporic passes were performed to ensure genetic homogeneity.

Transformation and Monosporic Selection. Transformation was carried out according
to Herrera-Estrella et al. [59]. The transformed cells were plated on PDA plates containing
hygromycin B (100 pg/mL) in the presence of light until spores were obtained. These spores
were diluted and re-plated at least three times until stable lines were obtained. Several
stable transformant strains were characterized. All of them showed similar behavior, so we
chose Taswo1-10 and Taswo1-28 for further experiments. The insertion of pUE10::Taswol
in the T. atroviride strains was verified by PCR using genomic DNA as a template and
oligonucleotides swolFwd (5 CGCAAGAACGCTATGGTAGCT GG 3') and blul7R (5’
AGTGTGGAGTTGGTCAAATGATGGG 3'), since only this combination would amplify a
1500 bp product if the Taswol gene is integrated at the BLU17 locus (not shown). In addition,
this result was confirmed with a Southern blot analysis for strain Taswo1-28 (Figure S1).
The expression of Taswol was verified by RT-PCR using cDNA obtained from cultures of
the WT strain as a negative control, and all the genetically modified strains tested in this
work were grown in PDA liquid medium (Figure 52) and performing the PCR with oligos
swoF and swoR. Three monosporic cultures were performed to obtain the spores used
for inoculation.

Growth rate of the T. atroviride strains Fresh PDA plates with the different strains were
grown to confluence, and using a boring stopper, 7 mm agar disks were extracted and used
as inocula into fresh PDA plates to monitor growth rate. They were examined daily, and
radial growth was measured to determine their growth speed in cm per day.

Inoculation of Chili Plants with the Mutant or WT Strains of T. atroviride. For the
pot experiments, three cm high, chili plants were inoculated with 1 x 108 spores of the
WT strain the Taswo1-10, Taswo1-28, Tuswol-6A, and Taswol-8A strains or the empty vector
pUE10, non-inoculated plants were used as control.

Plant Growth and Root Colonization Comparison. For each fungal strain, seven plants
in every one of three lots were inoculated, as explained above. Every fifteen days, plants
were observed and compared on the basis of the following parameters: shoot length of
the plant, leaf area (leaves were taken from the same positions in the shoots to make the
comparisons), at day 30, dry weight of plant root and shoot were measured.
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Root Colonization Assay. A novel, cheap method to measure root colonization was
implemented for root colonization assays. This method avoids the use of expensive
equipment and reagents and also the participation of highly trained personnel (such as
RT-qPCR). Roots were detached from different plants after 20 days post-inoculation with
Taswol-10 or Taswol-28 or WT or non-inoculated plants and then extensively washed with
water. After surface sterilization in 2% NaOClI for 2 min, the roots were washed abundantly
with sterile distilled water. In all samples, portions of one cm in length were cut below
the root base in equivalent positions for all samples (as measured in cm); the samples
were weighed to ensure the same biomass amount for all samples and were homogenized
using a pestle and mortar and diluted 10% times in sterile water. Serial dilutions were
inoculated on Petri dishes of PDA, which contained a cellophane membrane. After 48 h,
the cellophane membrane was lifted from each Petri plate so that the complete mycelial
mat was considered to determine fresh and dry weight. Three biological replicas with
5 plants each were examined using quantitative analysis. The rationale for this method is
that if the root has been better colonized and has more hyphae, the inoculum on the Petri
dishes should be more abundant, and a greater growth should be expected, which proved
to be the case.

Microscopy. Plants inoculated with WT or Taswo1-28, and non-inoculated (control)
plants were harvested from the medium, and excess agar was removed. Roots collected
were chopped into 1 cm-long pieces and transferred into vials. Roots were treated by
adding 10% KOH after rinsing with ethanol. The samples with KOH were transferred into
a water bath at a temperature of 80 °C for 40 min. The KOH solution was rinsed from
the root, and 3% hydrogen peroxide was added for 3 min. After this treatment, a staining
solution containing 0.5 g of methylene blue, 400 mL of lactic acid, 400 mL of glycerol, and
200 mL of distilled water was added to root samples and kept in a water bath for 2 min. The
stained roots were distained using a 50% glycerol solution. For each strain, at least twenty
1 cm stained roots were mounted on a slide and observed under a compound microscope
at 100X magnification. Fifteen root hairs were measured in each sample.

RNA Extraction and Gene Expression Analysis by RT-qPCR. Total RNA from fungal
mycelium was extracted according to Viterbo et al. [60]. Expression levels of defensin J1-2F
(gb 1 EU560903.1) and PR (gb | AF227953.1 | AF227953) were measured by quantitative re-
verse transcription-PCR (RT-qPCR) using primers: J1-Fwd: GCACACTCCATGCGTTTCTT;
J1-Rv: CGCAAGTTCTTGCCTCAACA for DEFENSIN J1 and PR2-F (5 GTT AGG TCG
TTC ATT GAT CCG ATT A-3'); PR2-R (5" AGT GAA CCA TCT TGT ACC ACC AC-3)
for PR2. A fragment of the elongation factor E1 was used as a standardization control
(primers: FE-Fwd TCCAACCCTTCTTGAGGCTC; FE-Rv CTGTCCCTGTTGGTCGTGTA).
To eliminate genomic DNA, RNA was treated with DNasel (Thermo Fisher Inc.) according
to the manufacturer’s instructions, and its concentration and purity were measured by the
ratio of absorbance at 260 and 280 nm. The cDNA was synthesized using 500 ng of each
DNase-treated RNA and 10 pmol of the specific reverse primer with a cDNA synthesis kit
(Revert Aid H First Strand kit; Thermo Fisher Inc.). The cDNA obtained was used as the
template for real-time PCR (RT-qPCR) assays. DNA polymerase family B (Triat2 ID: 53190)
and ribosomal protein L13e (Triat2 ID:257690) [61] were used as an internal control in the
same samples to normalize the results obtained. All RT-qPCRs were performed in triplicate
for each gene of each strain. The quantification total of 40 cycle technique used to analyze the
data was the 2722CT method reported by Livak and Schmittgen [62]. The reproducibility
of the whole procedure was determined by performing cDNA synthesis and RT-qPCR
experiments with three separate RNAs extracted from each strain. Similar results were
obtained for the transcription of measured genes in the repetitions and with the internal
control (housekeeping) used for normalization. The cDNA obtained was used as a template
for real-time PCR was performed with the I Cycler 480. Amplification conditions were
10 min at 95 °C, and two step cycles 95 °C for 15 s and 60 °C for 40 s.

Infection with Pathogenic Fungi. Chili plants were grown in soil in a controlled
environment (24-28 °C, 75% relative humidity, and a cycle of 18 h light/6 h darkness).
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Plants were inoculated with the WT or each of the genetically modified strains, and control
plants without inoculation were taken for the experiment. Leaves from several plants
were detached from the same position (node) in each plant and were placed in Petri
plates on wet filter paper to maintain high humidity, and the plates were wrapped in
plastic bags. Two detached leaves from each of three different plants per treatment were
inoculated with 5-mm-diameter mycelial agar disks (as described above for the growth
rate experiments) of Rhizoctonia solani AG5, or Alternaria solani (IMI1381020, both from
the LANGEBIO-CINVESTAV collection) strains taken from 7-day-old cultures grown on
PDA. The disks were placed in the middle of each leave [63]. After 24 h, the disks were
removed, and disease development was assessed 3 d after inoculation. This analysis was
performed at room temperature during the entire experiment. To calculate the amount
of inhibition, we used the Image] program to measure the total leaf area and the area
invaded by the fungus (for A. solani) or the chlorotic regions in the leaf (for R. solani). Then
we divided the affected area by the total area to obtain the percent of damage caused by
the phytopathogens.

Cold Stress Treatment. Plants were grown in a controlled growth chamber. The plants
were inoculated as mentioned above with the WT or Taswo1-28 strains and non-inoculated
plants as a control. After 24 h in controlled conditions, we conducted cold treatment at
4 °C, for 6 h and then returned the plants to controlled conditions, and the results were
evaluated after 30 days.

Heat Stress Treatment. We followed the procedure in a similar way as for the cold
stress experiments but then conducted a heat treatment of 40 °C for 6 h and then returned
the plants in controlled conditions for 30 days.

Drought Stress Treatment. Plants were grown with a photoperiod of 16 h of light and
8 h of darkness at 27 & 2 °C under a normal water regime for 30 days. Then, irrigation was
suspended for thirteen days. After this period, irrigation was resumed, and 3 days later,
the survival rate was assessed. Experiments were performed in triplicate.

Statistical Analysis. All experiments were conducted in 15-35 replicates. Data were
subjected to an analysis of variance (ANOVA), which was applied to determine significant
statistical differences between the different cases. Shapiro-Wilk’s W, Kolmogorov—-Smirnov,
and Lilliefors tests were performed to analyze the normality of the data set. For analysis
of homogeneity of variance, Levene or Cochran’s C Hartley’s or Bartlett’s test was used.
A post hoc analysis that defines the order of the differences found in the ANOVAs was
developed. Fisher LSD tests were considered for the post hoc analyses. All statistical
calculations were performed in STATISTICA-7.0.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/plants10091919/s1, Figure S1: Southern blot analysis of the integration of pUE10::Taswol of
strain Taswo1-28, Figure S2: Construction of swol deletion mutants and overexpression patterns of
the genetically modified strains. Figure S3: Height of Solanum lycopersicum plants inoculated with the
WT T. atroviride (WT) strain or the Taswo1-28 overexpressing strain. Figure S4: Fresh and dry weights
of S. lycopersicum inoculated with Taswo1-28 overexpressing strain. Figure S5. Root hair length in
chili plants inoculated with the WT strain or Taswo1-28; as a control non-inoculated plant.

Author Contributions: Conceptualization: J.L.E-M., E.B.-L. and A.H.-E. Methodology: R.S.-C., R.M.,
O.M.-V, K.A.-H,, M.L.T.-B. and C.A.G.-C. Software: A.S.-R. Validation: E.B.-L., R. A.B.-G., M.d.R.S.-C,,
V.L.-R. and R.C.B.-R. Formal analysis: E.B.-L., R.S.-C., A.S.-R., R.C.B.-R. and J.L.E-M. Investigation,
R.S.-C.,J.L.E-M. and V.L.-R. Resources, ].L.E-M. and R.A.B.-G. Data curation: R.S.-C. and M.d.R.S.-C.
Writing—original draft preparation: J.L.F-M. Writing—review and editing, A.S.-R., E.B.-L., AH.-E,,
VL.-R,, K.A.-H. and O.M.-V. Visualization, R.M., R.S.-C., V.L.-R. and J.L.E-M. Supervision, E.B.-L. and
J.L.E-M. Project administration, ].L.F.-M. and R.A.B.-G. Funding acquisition: ].L.E-M. and R.A.B.-G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Council for Science and Technology (CONACyT)
grant CB 250831 from the Mexican government and “Fondo Mixto Uruguay-Mexico (AMEXID-AUCI)”.

Institutional Review Board Statement: Not Applicable.


https://www.mdpi.com/article/10.3390/plants10091919/s1
https://www.mdpi.com/article/10.3390/plants10091919/s1

Plants 2021, 10, 1919 17 of 19

Informed Consent Statement: Not Applicable.
Data Availability Statement: Not Applicable.

Acknowledgments: We are grateful to Rocio Rodriguez-Hernandez for technical support. In
addition, to the Sequencing Unit of the Instituto de Biotecnologia-UNAM for sequencing and
DNA synthesis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mahanty, T.; Bhattacharjee, S.; Goswami, M.; Bhattacharyya, P; Das, B.; Ghosh, A.; Tribedi, P. Biofertilizers: A potential approach
for sustainable agriculture development. Environ. Sci. Pollut. Res. 2016, 24, 3315-3335. [CrossRef] [PubMed]

2. Singh, S.; Kumar, R;; Yadav, S.; Kumari, P; Singh, R.K.; Kumar, C.R. Effect of bio-control agents on soil borne pathogens: A review.
J. Pharmacogn. Phytochem. 2018, 7, 406—411.

3. Brotman, Y.; Briff, E.; Viterbo, A.; Chet, I. Role of Swollenin, an Expansin-like protein from Trichoderma, in plant root colonization.
Plant Physiol. 2008, 147, 779-789. [CrossRef] [PubMed]

4. Harman, G.E,; Howell, C.R.; Viterbo, A.; Chet, I; Lorito, M. Trichoderma Species—Opportunistic, avirulent plant symbionts. Nat.
Rev. Microbiol. 2004, 2, 43-56. [CrossRef]

5. Brotman, Y.; Landau, U.; Cuadros-Inostroza, A.; Takayuki, T.; Fernie, A.R.; Chet, I.; Viterbo, A.; Willmitzer, L. Trichoderma-plant
root colonization: Escaping early plant defense responses and activation of the antioxidant machinery for saline stress tolerance.
PLoS Pathog. 2013, 9, €1003221. [CrossRef]

6.  Mukherjee, PK. (Ed.) Trichoderma: Biology and Applications; CABI: Boston, MA, USA, 2013.

7. Druzhinina, L.S.; Seidl-Seiboth, V.; Herrera-Estrella, A.; Horwitz, B.A.; Kenerley, C.M.; Monte, E.; Mukherjee, PK.; Zeilinger, S.;
Grigoriev, I.; Kubicek, C.P. Trichoderma: The genomics of opportunistic success. Nat. Rev. Genet. 2011, 9, 749-759. [CrossRef]
[PubMed]

8.  Lopez-Bucio, J.; Pelagio-Flores, R.; Herrera-Estrella, A. Trichoderma as biostimulant: Exploiting the multilevel properties of a plant
beneficial fungus. Sci. Hortic. 2015, 196, 109-123. [CrossRef]

9.  Valdespino, C.A.R,; Casas-Flores, S.; Olmedo-Monfil, V. Trichoderma as a model to study effector-like molecules. Front. Microbiol.
2019, 10, 1030. [CrossRef] [PubMed]

10. Romera, EJ.; Garcia, M.]; Lucena, C.; Martinez-Medina, A.; Aparicio, M.A.; Ramos, J.; Alcantara, E.; Angulo, M.; Pérez-Vicente, R.
Induced Systemic Resistance (ISR) and Fe deficiency responses in dicot plants. Front. Plant Sci. 2019, 10, 287. [CrossRef]

11. Parisi, K; Shafee, T.; Quimbar, P; van der Weerden, N.L.; Bleackley, M.; Anderson, M.A. The evolution, function and mechanisms
of action for plant defensins. Semin. Cell Dev. Biol. 2019, 88, 107-118. [CrossRef]

12. Benitez, T.; Rincén, A.M.; Limén, M.C.; Cododn, A.C. Biocontrol mechanisms of Trichoderma strains. Int. Microbiol. 2004, 7, 249-260.

13. Altomare, C.; Norvell, W.A ; Bjérkman, T.; Harman, G.E. Solubilization of phosphates and micronutrients by the plant-growth-
promoting and biocontrol fungus Trichoderma harzianum Rifai 1295-22. Appl. Environ. Microbiol. 1999, 65, 2926-2933. [CrossRef]
[PubMed]

14. Bjorkman, T.; Blanchard, L.M.; Harman, G.E. Growth enhancement of shrunken-2 (sh2) sweet corn by Trichoderma harzianum
1295-22: Effect of Environmental Stress. |. Am. Soc. Hortic. Sci. 1998, 123, 35-40. [CrossRef]

15. Marina, M.A.S; Silva-Flores, M.A.; Uresti-Rivera, E.E.; Castro-Longoria, E.; Herrera-Estrella, A.; Casas-Flores, S. Colonization
of Arabidopsis roots by Trichoderma atroviride promotes growth and enhances systemic disease resistance through jasmonic
acid/ethylene and salicylic acid pathways. Eur. J. Plant Pathol. 2011, 131, 15-26. [CrossRef]

16. Ahmad, ].S.; Baker, R. Implications of rhizosphere competence of Trichoderma harzianum. Can. J. Microbiol. 1988, 34, 229-234.
[CrossRef]

17.  Strakowska, J.; Blaszczyk, L.; Chelkowski, J. The significance of cellulolytic enzymes produced by Trichoderma in opportunistic
lifestyle of this fungus. J. Basic Microbiol. 2014, 54, 52-513. [CrossRef]

18.  Zaidi, N.-W,; Dar, M.H.; Singh, S.; Singh, U.S. Trichoderma species as abiotic stress relievers in plants. In Biotechnology and Biology
of Trichoderma; Vijai, G.G., Monika, S., Alfredo, H.-E., Upadhyay, R.S., Irina, D., Maria, T., Eds.; Elsevier: Amsterdam, The
Netherlands, 2014; pp. 515-525. [CrossRef]

19. Hidangmayum, A.; Dwivedi, P. Plant responses to Trichoderma Spp. and their tolerance to abiotic stresses: A review. J. Pharm.
Phytochem. 2018, 7, 758-766.

20. Zhang, F.; Wang, Y;; Liu, C; Chen, F;; Ge, H.; Tian, F; Yang, T.; Ma, K.; Zhang, Y. Trichoderma harzianum mitigates salt stress in
cucumber via multiple responses. Ecotoxicol. Environ. Saf. 2018, 170, 436—445. [CrossRef]

21. Pelagio-Flores, R.; Esparza-Reynoso, S.; Garnica-Vergara, A.; Lépez-Bucio, J.; Herrera-Estrella, A. Trichoderma-induced acidification
is an early trigger for changes in Arabidopsis root growth and determines fungal phytostimulation. Front. Plant Sci. 2017, 8, 822.
[CrossRef] [PubMed]

22. Mona, S.A.; Hashem, A.; Abd_Allah, E.; Alqarawi, A.; Soliman, D.W.K.; Wirth, S.; Egamberdieva, D. Increased resistance of

drought by Trichoderma harzianum fungal treatment correlates with increased secondary metabolites and proline content. |. Integr.
Agric. 2017, 16, 1751-1757. [CrossRef]


http://doi.org/10.1007/s11356-016-8104-0
http://www.ncbi.nlm.nih.gov/pubmed/27888482
http://doi.org/10.1104/pp.108.116293
http://www.ncbi.nlm.nih.gov/pubmed/18400936
http://doi.org/10.1038/nrmicro797
http://doi.org/10.1371/annotation/8b818c15-3fe0-4e56-9be2-e44fd1ed3fae
http://doi.org/10.1038/nrmicro2637
http://www.ncbi.nlm.nih.gov/pubmed/21921934
http://doi.org/10.1016/j.scienta.2015.08.043
http://doi.org/10.3389/fmicb.2019.01030
http://www.ncbi.nlm.nih.gov/pubmed/31156578
http://doi.org/10.3389/fpls.2019.00287
http://doi.org/10.1016/j.semcdb.2018.02.004
http://doi.org/10.1128/AEM.65.7.2926-2933.1999
http://www.ncbi.nlm.nih.gov/pubmed/10388685
http://doi.org/10.21273/JASHS.123.1.35
http://doi.org/10.1007/s10658-011-9782-6
http://doi.org/10.1139/m88-043
http://doi.org/10.1002/jobm.201300821
http://doi.org/10.1016/B978-0-444-59576-8.00038-2
http://doi.org/10.1016/j.ecoenv.2018.11.084
http://doi.org/10.3389/fpls.2017.00822
http://www.ncbi.nlm.nih.gov/pubmed/28567051
http://doi.org/10.1016/S2095-3119(17)61695-2

Plants 2021, 10, 1919 18 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Seidl, V.; Marchetti, M.; Schandl, R.; Allmaier, G.; Kubicek, C.P.; Marchetti-Deschmann, M. Epl1, the major secreted protein of
Hypocrea atroviridis on glucose, is a member of a strongly conserved protein family comprising plant defense response elicitors.
FEBS J. 2006, 273, 4346—4359. [CrossRef] [PubMed]

Gaderer, R.; Lamdan, N.L.; Frischmann, A.; Sulyok, M.; Krska, R.; Horwitz, B.A.; Seidl-Seiboth, V. Sm2, a paralog of the
Trichoderma cerato-platanin elicitor Sm1, is also highly important for plant protection conferred by the fungal-root interaction of
Trichoderma with maize. BMC Microbiol. 2015, 15, 2. [CrossRef]

Guzman-Guzman, P.; Aleman-Duarte, M.I; Delaye, L.; Herrera-Estrella, A.; Olmedo-Monfil, V. Identification of effector-like
proteins in Trichoderma spp. and role of a hydrophobin in the plant-fungus interaction and mycoparasitism. BMC Genet.
2017, 18, 16. [CrossRef] [PubMed]

Mendoza, A.M.; Zaid, R.; Lawry, R.; Hermosa, R.; Monte, E.; Horwitz, B.A.; Mukherjee, PK. Molecular dialogues between
Trichoderma and roots: Role of the fungal secretome. Fungal Biol. Rev. 2018, 32, 62-85. [CrossRef]

Saloheimo, M.; Paloheimo, M.; Hakola, S.; Pere, ].; Swanson, B.; Nyyssonen, E.; Bhatia, A.; Ward, M.; Penttild, M. Swollenin, a
Trichoderma reesei protein with sequence similarity to the plant Expansins, exhibits disruption activity on cellulosic materials. Eur.
J. Biochem. 2002, 269, 4202-4211. [CrossRef]

Chen, X.-A; Ishida, N.; Todaka, N.; Nakamura, R.; Maruyama, J.-I.; Takahashi, H.; Kitamoto, K. Promotion of efficient sac-
charification of crystalline cellulose by Aspergillus fumigatus swol. Appl. Environ. Microbiol. 2010, 76, 2556-2561. [CrossRef]
[PubMed]

Kang, K.; Wang, S.; Lai, G.; Liu, G.; Xing, M. Characterization of a novel swollenin from Penicillium oxalicum in facilitating
enzymatic saccharification of cellulose. BMC Biotechnol. 2013, 13, 42. [CrossRef]

Yao, Q.; Sun, T.-T.; Liu, W.-E,; Chen, G.-J. Gene cloning and heterologous expression of a novel endoglucanase, swollenin, from
Trichoderma pseudokoningii S38. Biosci. Biotechnol. Biochem. 2008, 72, 2799-2805. [CrossRef]

Reithner, B.; Ibarra-Laclette, E.; Mach, R.L.; Herrera-Estrella, A. Identification of mycoparasitism-related genes in Trichoderma
atroviride. Appl. Environ. Microbiol. 2011, 77, 4361-4370. [CrossRef]

Balcazar-Lopez, E.; Méndez-Lorenzo, L.H.; Batista-Garcia, R.A.; Esquivel-Naranjo, U.; Ayala, M.; Kumar, V.V; Savary, O.; Cabana,
H.; Herrera-Estrella, A.; Folch-Mallol, J.L. Xenobiotic compounds degradation by heterologous expression of a Trametes sanguineus
laccase in Trichoderma atroviride. PLoS ONE 2016, 11, e0147997. [CrossRef] [PubMed]

Andberg, M.; Penttild, M.; Saloheimo, M. Swollenin from Trichoderma reesei exhibits hydrolytic activity against cellulosic substrates
with features of both endoglucanases and cellobiohydrolases. Bioresour. Technol. 2015, 181, 105-113. [CrossRef]
Cripps-Guazzone, N. Rhizosphere Competence of Selected Trichoderma Species. Ph.D. Thesis, Lincoln University, Lincoln, New
Zealand, 2014.

Berg, G.; Zachow, C.; Lottmann, J.; Gotz, M.; Costa, R.; Smalla, K. Impact of plant species and site on rhizosphere-associated fungi
antagonistic to Verticillium dahliae kKleb. Appl. Environ. Microbiol. 2005, 71, 4203-4213. [CrossRef]

Guillén, D.; Sanchez, S.; Rodriguez-Sanoja, R. Carbohydrate-binding domains: Multiplicity of biological roles. Appl. Microbiol.
Biotechnol. 2009, 85, 1241-1249. [CrossRef] [PubMed]

Degenkolb, T.; Nielsen, K.F,; Dieckmann, R.; Branco-Rocha, E.; Chaverri, P.; Samuels, G.J.; Thrane, U.; Von Dohren, H.; Vilcinskas,
A.; Briickner, H. Peptaibol, secondary-metabolite, and hydrophobin pattern of commercial biocontrol agents formulated with
species of the Trichoderma harzianum complex. Chem. Biodivers. 2015, 12, 662-684. [CrossRef] [PubMed]

Pérez-Llano, Y.; Rodriguez-Pupo, E.C.; Druzhinina, 1.S.; Chenthamara, K.; Cai, F.; Gunde-Cimerman, N.; Zalar, P.; Gostincar, C.;
Kostanjsek, R.; Folch-Mallol, J.L.; et al. Stress reshapes the physiological response of halophile fungi to salinity. Cells 2020, 9, 525.
[CrossRef] [PubMed]

Viterbo, A.; Chet, I. TasHyd1, a new hydrophobin gene from the biocontrol agent Trichoderma asperellum, is involved in plant root
colonization. Mol. Plant Pathol. 2006, 7, 249-258. [CrossRef]

Solheim, B. Possible Role of Lectins in Binding Rhizobia to Host Roots; Bog-Hansen, T.C., Spengler, G.A., Eds.; University of Bern:
Bern, Switzerland, 1983; pp. 539-548. [CrossRef]

Inbar, J.; Chet, I. The role of lectins in recognition and adhesion of the mycoparasitic fungus Trichoderma spp. to its host. In Toward
Anti-Adhesion Therapy for Microbial Diseases; Advances in Experimental Medicine and Biology; Kahane, I., Ofek, 1., Eds.; Springer:
Boston, MA, USA, 1996; Volume 408, pp. 229-231. [CrossRef]

Chacén, M.R.; Rofriguez-Galan, O. Microscopic and transcriptome analyses of early colonization of tomato roots by Trichoderma
harzianum. Int. Microbiol. 2007, 10, 19-27. [CrossRef]

Yedidia, I.; Benhamou, N.; Chet, I. Induction of defense responses in cucumber plants (Cucumis sativus L.) by the biocontrol agent
Trichoderma harzianum. Appl. Environ. Microbiol. 1999, 65, 1061-1070. [CrossRef] [PubMed]

Shoresh, M.; Harman, G.E. Differential expression of maize chitinases in the presence or absence of Trichoderma harzianum strain
T22 and indications of a novel exo- endo-heterodimeric chitinase activity. BMC Plant Biol. 2010, 10, 136. [CrossRef] [PubMed]
Yedidia, I.; Shoresh, M.; Kerem, Z.; Benhamou, N.; Kapulnik, Y.; Chet, I. Concomitant induction of systemic resistance to
Pseudomonas syringae Pv. lachrymans in cucumber by Trichoderma asperellum (T-203) and accumulation of phytoalexins. Appl.
Environ. Microbiol. 2003, 69, 7343-7353. [CrossRef]

De Meyer, G.; Bigirimana, J.; Elad, Y.; Hofte, M. Induced systemic resistance in Trichoderma harzianum T39 biocontrol of Botrytis
cinerea. Eur. |. Plant Pathol. 1998, 104, 279-286. [CrossRef]


http://doi.org/10.1111/j.1742-4658.2006.05435.x
http://www.ncbi.nlm.nih.gov/pubmed/16939625
http://doi.org/10.1186/s12866-014-0333-0
http://doi.org/10.1186/s12863-017-0481-y
http://www.ncbi.nlm.nih.gov/pubmed/28201981
http://doi.org/10.1016/j.fbr.2017.12.001
http://doi.org/10.1046/j.1432-1033.2002.03095.x
http://doi.org/10.1128/AEM.02499-09
http://www.ncbi.nlm.nih.gov/pubmed/20173066
http://doi.org/10.1186/1472-6750-13-42
http://doi.org/10.1271/bbb.80124
http://doi.org/10.1128/AEM.00129-11
http://doi.org/10.1371/journal.pone.0147997
http://www.ncbi.nlm.nih.gov/pubmed/26849129
http://doi.org/10.1016/j.biortech.2015.01.024
http://doi.org/10.1128/AEM.71.8.4203-4213.2005
http://doi.org/10.1007/s00253-009-2331-y
http://www.ncbi.nlm.nih.gov/pubmed/19908036
http://doi.org/10.1002/cbdv.201400300
http://www.ncbi.nlm.nih.gov/pubmed/25879509
http://doi.org/10.3390/cells9030525
http://www.ncbi.nlm.nih.gov/pubmed/32106416
http://doi.org/10.1111/j.1364-3703.2006.00335.x
http://doi.org/10.1515/9783112315941-057
http://doi.org/10.1007/978-1-4613-0415-9_27
http://doi.org/10.2436/20.1501.01.4
http://doi.org/10.1128/AEM.65.3.1061-1070.1999
http://www.ncbi.nlm.nih.gov/pubmed/10049864
http://doi.org/10.1186/1471-2229-10-136
http://www.ncbi.nlm.nih.gov/pubmed/20594307
http://doi.org/10.1128/AEM.69.12.7343-7353.2003
http://doi.org/10.1023/A:1008628806616

Plants 2021, 10, 1919 19 of 19

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Howell, C.R. Mechanisms Employed by Trichoderma species in the biological control of plant diseases: The history and evolution
of current concepts. Plant Dis. 2003, 87, 4-10. [CrossRef]

Arias, A.C.R; Espitia, HM.Z. Defensinas de plantas y su uso potencial como controladores de plagas en la agricultura. Acta Biol.
Colomb. 2010, 15, 33-46.

Georgelis, N.; Nikolaidis, N.; Cosgrove, D.]. Bacterial expansins and related proteins from the world of microbes. Appl. Microbiol.
Biotechnol. 2015, 99, 3807-3823. [CrossRef] [PubMed]

Luti, S.; Sella, L.; Quarantin, A.; Pazzagli, L.; Baccelli, I. Twenty years of research on cerato-platanin family proteins: Clues,
conclusions, and unsolved issues. Fungal Biol. Rev. 2019, 34, 13-24. [CrossRef]

Ebaccelli, I. Cerato-platanin family proteins: One function for multiple biological roles? Front. Plant Sci. 2015, 5, 769. [CrossRef]
Baccelli, I; Luti, S.; Bernardi, R.; Scala, A.; Pazzagli, L. Cerato-platanin shows expansin-like activity on cellulosic materials. Appl.
Microbiol. Biotechnol. 2013, 98, 175-184. [CrossRef]

Crutcher, EK; Diez, M.E.M.; Ding, S.; Liu, J.; Horwitz, B.A.; Mukherjee, PK.; Kenerley, C.M. A paralog of the proteinaceous
elicitor SM1 is involved in colonization of maize roots by Trichoderma virens. Fungal Biol. 2015, 119, 476-486. [CrossRef]
Navazio, L.; Baldan, B.; Moscatiello, R.; Zuppini, A.; Woo, S.L.; Mariani, P; Lorito, M. Calcium-mediated perception and defense
responses activated in plant cells by metabolite mixtures secreted by the biocontrol fungus Trichoderma atroviride. BMC Plant Biol.
2007, 7, 41. [CrossRef] [PubMed]

Moscatiello, R.; Sello, S.; Ruocco, M.; Barbulova, A.; Cortese, E.; Nigris, S.; Baldan, B.; Chiurazzi, M.; Mariani, P.; Lorito, M.; et al.
The Hydrophobin HYTLO1 secreted by the biocontrol fungus Trichoderma longibrachiatum triggers a NAADP-mediated calcium
signalling pathway in Lotus japonicus. Int. J. Mol. Sci. 2018, 19, 2596. [CrossRef]

Kim, H.S.; Delaney, T.P. Arabidopsis SON1 Is an F-Box protein that regulates a novel induced defense response independent of
both salicylic acid and systemic acquired resistance. Plant Cell 2002, 14, 1469-1482. [CrossRef] [PubMed]

Wang, J.; Yao, W.; Wang, L.; Ma, F,; Tong, W.; Wang, C.; Bao, R.; Jiang, C.; Yang, Y.; Zhang, ].; et al. Overexpression of VpEIFP1,
a novel F-box/Kelch-repeat protein from wild Chinese Vitis pseudoreticulata, confers higher tolerance to powdery mildew by
inducing thioredoxin z proteolysis. Plant Sci. 2017, 263, 142-155. [CrossRef]

Glazebrook, J.; Weigel, D. Arabidopsis: A Laboratory Manual; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2002.
Herrera-Estrella, A.; Goldman, G.; Van Montagu, M. Notes high-efficiency transformation system for the biocontrol agents,
Trichoderma spp. Mol. Microbiol. 1990, 4, 839-843. [CrossRef] [PubMed]

Viterbo, A.; Harel, M.; Horwitz, B.A.; Chet, I.; Mukherjee, PK. Trichoderma mitogen-activated protein kinase signaling is involved
in induction of plant systemic resistance. Appl. Environ. Microbiol. 2005, 71, 6241-6246. [CrossRef] [PubMed]
Atriztan-Hernandez, K.; Moreno-Pedraza, A.; Winkler, R.; Markow, T.; Herrera-Estrella, A. Trichoderma atroviride from predator to
prey: Role of the mitogen-activated protein kinase Tmk3 in fungal chemical defense against fungivory by Drosophila melanogaster
larvae. Appl. Environ. Microbiol. 2019, 85, e01825-e01918. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2~22¢T method.
Methods 2001, 25, 402—408. [CrossRef] [PubMed]

Elad, Y. Production of ethylene by tissues of tomato, pepper, French-bean and cucumber in response to infection by Botrytis
cinerea. Physiol. Mol. Plant Pathol. 1990, 36, 277-287. [CrossRef]


http://doi.org/10.1094/PDIS.2003.87.1.4
http://doi.org/10.1007/s00253-015-6534-0
http://www.ncbi.nlm.nih.gov/pubmed/25833181
http://doi.org/10.1016/j.fbr.2019.10.001
http://doi.org/10.3389/fpls.2014.00769
http://doi.org/10.1007/s00253-013-4822-0
http://doi.org/10.1016/j.funbio.2015.01.004
http://doi.org/10.1186/1471-2229-7-41
http://www.ncbi.nlm.nih.gov/pubmed/17663762
http://doi.org/10.3390/ijms19092596
http://doi.org/10.1105/tpc.001867
http://www.ncbi.nlm.nih.gov/pubmed/12119368
http://doi.org/10.1016/j.plantsci.2017.07.004
http://doi.org/10.1111/j.1365-2958.1990.tb00654.x
http://www.ncbi.nlm.nih.gov/pubmed/2388561
http://doi.org/10.1128/AEM.71.10.6241-6246.2005
http://www.ncbi.nlm.nih.gov/pubmed/16204544
http://doi.org/10.1128/AEM.01825-18
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1016/0885-5765(90)90059-7
https://www.researchgate.net/publication/354623807

	Introduction 
	Results 
	Overexpression of Taswo1 of T. atroviride Promotes Growth and Development of C. annuum and S. lycopersicum Plants 
	Root Colonization Assays by the T. atroviride Genetically Modified Strains 
	Overexpressing and Mutant Strains Provide Protection against Fungal Infection to a Higher Extent Than the WT 
	Overexpression of Taswo1 Provides Abiotic Stress Protection in C. annuum Plants 
	Osmolyte Accumulation under Drought Conditions in Plants Inoculated with Overexpressing and Mutant Strains 

	Discussion 
	Materials and Methods 
	References

