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Trichoderma species are often used as biocontrol agents against
plant-pathogenic fungi. A complex molecular interaction occurs
among the biocontrol agent, the antagonistic fungus, and the
plant. Terpenes and sterols produced by the biocontrol fungus
have been found to affect gene expression in both the antago-
nistic fungus and the plant. The terpene trichodiene (TD) elicits
the expression of genes related to tomato defense and to Botrytis
virulence. We show here that TD itself is able to induce the
expression of Botrytis genes involved in the synthesis of botrydial
(BOT) and also induces terpene gene expression in Trichoderma
spp- The terpene ergosterol, in addition to its role as a structural
component of the fungal cell membranes, acts as an elicitor of
defense response in plants. In the present work, using a trans-
formant of 7. harzianum, which is silenced in the ergl gene and
accumulates high levels of squalene, we show that this ergosterol
precursor also acts as an important elicitor molecule of tomato
defense-related genes and induces Botfrytis genes involved in
BOT biosynthesis, in both cases, in a concentration-dependent
manner. Our data emphasize the importance of a balance of
squalene and ergosterol in fungal interactions as well as in the
biocontrol activity of Trichoderma spp.

Terpenes include a large variety of compounds with diverse
physiological functions. Some of them are important for me-
diating environmental interactions between microorganisms
and plants (Gershenzon and Dudareva 2007) by acting on the
regulation of functions in both partners. The trichothecenes are
a particular class of terpenes that have attracted special attention,
since they are important mycotoxins for plants and, also, for
animals and humans (Cano et al. 2013; Pestka and Smolinski
2005). Trichothecenes are sesquiterpenoid compounds produced
by a plethora of fungi belonging to the genera Fusarium, Tri-
chothecium, Myrothecium, Stachybotrys, and Trichoderma, and
among them, the Fusarium trichothecenes are the most studied
and characterized (Cole et al. 2003; Degenkolb et al. 2008;
McCormick et al. 2011).
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The Trichoderma trichothecenes, harzianum A (HA) and tri-
chodermin are produced by 7. arundinaceum and T. brevi-
compactum, respectively (Nielsen et al. 2005). While trichodermin
is highly toxic for plants (Tijerino et al. 2011), HA does not show
any ‘in vivo’ phytotoxic activity (Malmierca et al. 2012). Thus,
T. arundinaceum has been used as a model of a Trichoderma strain
producing trichothecenes without the ‘in vivo’ toxicity associated
with these compounds. Recently, the role of HA in the induction of
plant defense responses as well as in the antagonistic antifungal
activity of this fungus has been described (Malmierca et al. 2012).
In addition to these functions, the role of trichothecenes in the
regulation of the intracellular pool of farnesyl diphosphate (FPP)
has also been proposed, indicating an important function of tri-
chothecenes in fungal physiology in spite of their activities as
antifungal or as plant defense inducers (Asadollahi et al. 2010;
Malmierca et al. 2013, 2015a and b).

FPP is a common precursor in the biosynthetic pathways of
terpenes, sterols, trichothecenes, and other similar compounds.
In the trichothecene biosynthetic pathway, FPP is cyclized by
trichodiene synthase, encoded by tri5 (Hohn and Beremand
1989), to form trichodiene (TD), the hydrocarbon volatile pre-
cursor of trichothecenes. Terpene volatile compounds (VOC)
have been indicated in the regulation of functions in organisms
other than the parental producer. For example, TD has been
shown to affect the induction of plant defense-related (PDR)
genes as well as the plant architecture. When a non—trichothecene
producing fungus (7. harzianum) was transformed with #ri5, the
production of TD resulted in an upregulation of tomato PDR
genes by this fungus and also in a reduction of the lateral growth
of secondary roots. In addition, transformants overexpressing
this gene had reduced levels of ergosterol, presumably by the
redirection of FPP to TD, without affecting the level of squalene
(Malmierca et al. 2015b).

Ergosterol has been described as an important elicitor of
plant defense responses (Dixon and Lamb 1990; Klemptner
et al. 2014; Rossard et al. 2010) and has been shown to spe-
cifically induce the generation of an oxidative burst in cotyle-
dons of Mimosa pudica (Rossard et al. 2006). In addition, several
lines of evidence support the role of jasmonate (JA)-signaling in
the ergosterol-elicitation response (Chandra et al. 1996; Chapman
1998; Gomes et al. 2003; Lee et al. 1997). Biosynthesis of sterols
is tightly regulated at several levels, as HMGR and Erg9 are two
key enzymes in the pathway (Asadollahi et al. 2010; Takahashi
et al. 1999) that catalyze the biosynthesis of mevalonic acid and
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squalene, respectively. Interestingly, repression of ERG9 gene
in yeast resulted in an increase in the production of the ses-
quiterpene cubebol and also in an unexpected accumulation of
squalene, without modification of ergosterol levels, in com-
parison with the wild-type strain (Asadollahi et al. 2010).
Squalene, a key intermediate in the sterol biosynthesis, is
a highly hydrophobic neutral lipid, whose accumulation has
been associated with the clustering of lipid droplets in yeast,
which contain, in addition to squalene, triacylglycerols and
steryl esters (Spanova et al. 2012; Ta et al. 2012). Squalene can
also be located in the cell membranes, including the plasma
membrane, and it appears that the level of squalene and ergos-
terol affects the fluidity or rigidity of the membranes, with
squalene increasing the rigidity in fluid membranes and in-
creasing the fluidity in rigid membranes (Spanova et al. 2012).
However, despite this important structural function, the role of
squalene in other physiological functions has not been reported.
Thus, in the present work and based on background results,
a mutant of Trichoderma harzianum silenced in ergl, which
accumulates lower levels of ergosterol when grown in media
containing the antimycotic compound terbinafine (Cardoza
et al. 2006b), was used to overexpress the T. arundinaceum tri5
gene, in order to determine how erg/ silencing affects the level
of TD production. This also allowed us to determine the effect
of TD production on the induction of PDR genes, in an attempt
to establish a possible role of squalene as an elicitor of plant
defense responses and Botrytis virulence genes. Finally, the
effect of tri5 overexpression on the pattern of production of
other sesquiterpene compounds was studied.

RESULTS

Isolation of an E20 transformant
overexpressing the fri5 gene.

Protoplasts of the T. harzianum ergl-silenced E20 strain were
transformed with the constructed plasmid pANTS-F carrying tri5
from 7. arundinaceum. A total of 20 transformants were isolated
by resistance to 100 pg of hygromycin per milliliter, followed by
three stabilization rounds in which the presence of hygromycin
at a concentration of 200 pug ml™" (rounds 1 and 3) and media
without antibiotic (round 2) were alternated. Polymerase chain
reaction (PCR) and Southern studies were carried out with nine
of those transformants, and one of them, E20-#ri5.7, showing
the expected pattern (Supplementary Fig. S1) was selected for
further study.
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Fig. 1. Gas chromatography-mass spectrometry analysis of E20-1ri5-7
transformant. Trichodiene (TD) was detected at 3.89 min.
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Identification and quantification of terpenes
from cultures.

TD was detected and quantified in cultures of the selected
transformant (Fig. 1) (Supplementary Fig. S2A). E20-tri5.7 pro-
duced 38 + 1.3 ug ml™! of TD in 8-day-old cultures in YEPD
(yeast extract, peptone, and glucose) broth. TD was also identified
and quantified from the headspace of E20-7i5.7 plates grown on
PDA medium (Fig. 2) for 24 or 72 h. The amounts of TD captured
were 2,455 and 3,258 ug, respectively.

In addition to TD, other VOC were detected in the chroma-
tograms. One of them, identified as spiro[4,5] dec-8-en-7-ol
4,8-dimethyl-1(1-methylethyl) (SQ) (Fig. 2), had levels inversely
proportional to those of TD. Thus, the area of the peak for the
spiro SQ compound was of 8,174 and 5,226 in the headspace
trapped from the E20-7ri5.7 strain grown for 24 and 72 h, re-
spectively, while the area of the peaks for the same compound
trapped from E20-pAN71 (control) headspace were of 11,891
and 16,265 at 24 and 72 h, respectively. Note that the control,
i.e., E20-pAN71, does not produce TD. Another sesquiterpenoid,
which on the basis of mass spectral fragmentation appeared to be
related to TD, was detected at 4.9 min (Fig. 2, asterisk).

Effect of VOC produced by E20-pAN71 and E20-tri5.7
transformants on plant phenotype.

A comparison of aerial and root growth from tomato plants
treated with VOC from either E20-pAN71 or E20-#ri5.7
showed that the high level of one or more TD or other VOC
produced by E20-1ri5.7 markedly reduced both aerial and lat-
eral root growth (Fig. 3A and B). In order to determine the
effect of VOC produced by the strains used in this study on the
expression of tomato PDR genes, RNAs were extracted from
the aerial part of the tomato plants grown in the presence
of VOC.

Production of VOC by E20-#ri5.7 resulted in a strong induction
of the five genes analyzed. PR1bI and PR-P2, both related to the
salicylic acid (SA) pathway, had very high relative expression
values of 1,559.510- (P = 0.032) and 266.576- (P = 0.032) fold,
respectively (Fig. 3D), in comparison with the level of expression
in plants grown without the presence of Trichoderma VOC
(H,O condition). The JA/ethylene (ET)-related genes analyzed
in the present work were also upregulated, having expression
ratios ranging from 12.921- to 34.708-fold for PINI and PINII,
respectively (Fig. 3D). TomLoxA expression values were raised
31.326-fold.

The analysis of the expression ratio among plants grown in
the presence of E20-7ri5.7 VOC versus plants grown in the
presence of those compounds produced by control strain E20-
pAN71 showed that all marker genes were upregulated, with
ratios of expression ranging from 15.696-fold for TomLoxA to
491.351-fold for PINII (Fig. 3E). Thus, TD produced by E20-
tri5.7 repressed aerial and lateral root growth and upregulated
expression of all the tomato PDR genes analyzed.

Expression of other terpene genes was affected
by the production of TD.

Expression of other key terpene genes was examined in E20-
tri5.7 to determine the effect of TD production in the general
regulation of Trichoderma terpene biosynthetic genes (Fig. 4C).
Gene expression studies from 96-h-grown mycelia showed that
hmgR, ergl, and erg7 genes were upregulated in this trans-
formant, compared with the E20-pAN71 control strain, by
factors ranging from 1.232-fold (P = 0.000) for hmgR to 3.440-
fold (P = 0.000) for ergl (Fig. 4A).

In addition, the upregulation of ergl, encoding the squalene
epoxidase enzyme, corresponded with the increase in the re-
sistance to terbinafine (TRB) of the E20-#ri5.7 transformant in
comparison with the E20-pAN71 control strain (Fig. 4B).



Production of TD significantly affected the level
of squalene accumulation.

Production of ergosterol and squalene was quantified in 24-
and 96-h cultures of T34-43b1.3 and E20-pAN71 (controls) and
E20-tri5.7 and T34-SIL-E7 transformants. At 96 h, the level of
ergosterol in E20-#7i5.7 was not significantly different in com-
parison with the parental strain, E20-pAN71, and both were
markedly less than the control T34-43b1.3. At 96 h, the level of
squalene in the E20-pAN71 and E20-#ri5.7 strains, both silenced
in ergl (ergl-si) was increased by 424 and 370%, respectively, in
comparison with the T34-43b1.3 control strain (Table 1A). This
suggests that silencing erg/ is the main factor leading to the
accumulation of squalene in these strains. The additional ex-
pression of #ri5 in the silenced mutant slightly reduced the levels
of squalene (about 10%), suggesting that part of the FPP pool was
channeled toward TD instead of toward squalene. In the case of
the T34-SIL-E7 transformant, silenced in the erg7 gene (erg7-si)
and used only for comparative purposes, both compounds squa-
lene and ergosterol were significantly reduced (65 and 56%, re-
spectively) when analyzed in 96-h-grown mycelia, as compared
with T34-43b1.3.

In general, when production of squalene and ergosterol was
quantified from mycelia detached from roots of tomato plants
grown in hydroponic cultures, the differences in the production
of these two compounds versus the production in T34-43b1.3
were maintained at similar levels to those observed in 96-h
potato dextrose broth (PDB)-grown cultures (Table 1B). However
some differences can be observed in the production of squalene by
detached mycelia of E20-1ri5.7, which has an increase of 639%
over that seen in detached mycelia of T34-43b1.3 and an increase

over that seen in E20-ri5.7 grown in PDB medium. Detached
mycelia of T34-SIL-E7 produce lower amounts of squalene and
ergosterol than that seen in detached mycelia of T34-43b1.3,
yet the reduction is not as great as that seen in the PDB cultures.
These data suggest that an interaction of TD produced by E20-
tri5.7 with tomato roots stimulates an accumulation of squalene
and ergosterol (Table 1B).

In order to analyze if there is some amount of ergosterol or
squalene that is being released to the culture medium, these
compounds were quantified from Murashige and Skoog (MS)
broths of tomato hydroponic cultures and were inoculated
with or without the different Trichoderma strains used in
the present work. In total, five broths were analyzed: i)
MS+tomato+T34-43b1.3; ii) MS+tomato+E20-pAN71; iii)
MS+tomato+E20-ri5.7; iv) MS+ tomato+T34-SIL-E7; and v)
MS+tomato without Trichoderma strains. Even when quan-
tification was carried out with the highest concentration
possible, these compounds were not detected, indicating that
they are not secreted to the medium, at least not in detectable
amounts.

For comparison of Trichoderma ergosterol or squalene pro-
duction to other antagonistic fungi, measurements were made
on Mpyrothecium roridum, Botrytis cinerea, and Fusarium
sporotrichoides cultures grown for 96 h in PDB medium.
Levels of squalene (S) varied from a low of 0.03 mg of squalene
per gram of dry weight (mg S/g DW) in F. sporotrichioides to
0.096 mg S/g DW in T34-43b1.3 (Table 2) while ergosterol
levels ranged from a low of 3.926 mg of ergosterol per gram of
DW (mg E/g DW) in B. cinerea to 6.707 mg E/g DW in
F. sporotrichioides.
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Fig. 2. A, Gas chromatography-mass spectrometry analysis of VOC captured over a period of 4 days from headspace of the E20-#i5-27 strain previously grown
on MEA (2% glucose, 2% malt extract, 1% peptone, 2% agar, pH 5.6) plates for 24 h. Trichodiene (TD) detected at 4.13 min has been indicated with an arrow.
In the lower panel there is also indicated a sesquiterpene (SQ) detected at approximately 4.8 min, identified as spiro[4,5] dec-8-en-7-ol 4,8-dimethyl-1(1-
methylethyl), whose level was reduced in the E20-77i5.7 transformant in comparison with the control E20-pN71 strain. The asterisk with the arrow calls
attention to an unidentified TD-related sesquiterpene that was detected at 4.9 min. B, Mass spectra of TD and C, of SQ. Note that these mass spectra were
extracted from total ion chromatogram peaks at 4.13 min and 4.8 min for TD and SQ, respectively.
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Effect of TD production on the expression of tri5 basically did not affect expression of the B05.10 virulence

of B. cinerea B05.10 and Trichoderma genes genes analyzed in mycelia isolated from confrontation experi-
in confrontation experiments. ments between B05.10 vs. E20-##i5.7 in comparison with the

Confrontation experiments determined the effect of iS5 ex- confrontation vs. E20-pAN71. Only BcBOT5, BcBOT4, and
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Fig. 3. Effects of volatile compounds produced by A, E20-pAN71 and B, E20-#ri5.7 strains. C and D, Quantitative polymerase chain reaction analysis of the
relative level of expression of five tomato defense-related genes in the aerial parts of tomato plants grown under the effect of volatiles produced by E20-pAN71
(C) and E20-1ri5.7 (D) in comparison with plants grown without Trichoderma volatiles. E, Level of expression of those tomato defense-related genes in plants
under the effect of E20-#ri5-7 volatiles versus the levels of expression in plants grown in the presence of E20-pAN71 volatiles. The expression ratios as well as
the statistical probability values were calculated using the REST program (Pfaff] et al. 2002). Numeric data are illustrated at the bottom and are indicated with
an asterisk and squared in the graphic representation for those that were statistically significant (P < 0.05). Boxes with full line indicate salicylic acid-related
genes with statistically significant differences; boxes with dotted line indicate jasmonate-related genes with statistically significant differences.
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0.818- (P = 0.000), 0.645- (P = 0.000), and 0.429- (P = 0.000)
fold, respectively (Fig. 5B).

Although tri5 expression does not have much effect on Bo-
trytis virulence genes, the presence of 7. harzianum E20 does,
as shown by the confrontations of B05.10 versus E20-pAN71
(empty plasmid) or E20-tri5.7. All the BcBOT genes were
upregulated when compared against the level of expression in
B05.10 growing alone (Supplementary Fig. S3). For the other
Botrytis virulence genes, sodl and atrB were up- and down-
regulated, respectively, and the expression of bmpl and pgl was
not or was just slightly affected in both confrontation assays.

When gene expression of 7. harzianum terpene-related genes
was analyzed in the presence of B05.10, himgR, erg9, erg7, and
dppl were all slightly downregulated (Fig. 5C) in the presence
of tri5 expression. However, when comparing terpene bio-
synthetic gene expression between E20-¢7i5.7 and E20-pAN71
without the presence of B05.10 (Fig. 4A), tri5 expression up-
regulated hmgR, ergl, and erg7 (Fig. 4A). This suggests that
some kind of interaction between B05.10 and TD downregulates
terpene gene expression.

A 96 h E20-ri5.7 vs. E20-pAN71

Cc

TD itself slightly upregulates expression of BcBOT genes.

When the effect of TD production on the expression of
B05.10 virulence genes was examined in a VOC assay, it was
determined that volatiles, including TD, produced by E20-
tri5.7 upregulated slightly but significantly the expression of
BcBOT genes. The expression of these genes produced rel-
ative values between 1.178 (P = 0.023) for BcBOT4 and
2.076 (P = 0.000) for BcBOT! (Fig. 6). This level of upreg-
ulation was much lower than that observed in the con-
frontation of B05.10 vs. E20-pAN71 or E20-tri5.7, which
would explain why an effect from the presence of fri5 (and
production of TD) was not detected in the confrontation
studies with E20-#ri5.7 or E20-pAN71, since the background
strain itself upregulates that expression at a much higher
level.

Volatile TD production downregulated expression of
atrB and pgl, with relative expression ratios of 0.640 (P =
0.000) and 0.469 (P = 0.000), respectively, while the ex-
pression of sodl and pgl were not affected by TD pro-
duction (Fig. 6).
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Fig. 4. A, Quantitative polymerase chain reaction analysis of the relative level of expression of the hmgR, erg9, ergl, erg7, and dppl genes in transformant E20-1ri5-7
grown for 96 h, in comparison with strain E20-pAN71. Boxes with dotted lines indicate genes with statistically significant differences. B, Analysis of the terbinafine
(TRB) resistance of the E20-#ri5.7 transformant, compared with the E20-pAN71 control strain. TRB concentrations are indicated above each plate. C, Schematic
representation of the changes observed in the level of expression of the terpene genes analyzed and in the level of ergosterol and squalene as result of #i5 gene
expression in 96-h-grown mycelium. Upward-pointing arrows indicate increases, downward pointing arrows indicate decreases, = indicates no change.
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Exogenous addition of squalene
upregulates the expression of BcBOT genes.

As indicated in Table 1, E20-pAN71 and E20-tri5.7 strains
accumulated more squalene than the control strain T34-43b1.3.
To determine if high levels of squalene would affect the ex-
pression of Botrytis virulence genes, this pathogen was grown in
the presence of squalene at two different concentrations simu-
lating the amount of this compound quantified in the mycelium
of T34-43b1.3 (0.6 ug ml™") and E20-pAN71 (3 ug ml™"). All the
BcBOT biosynthetic genes were upregulated by factors ranging
from 3.063-fold (P = 0.013) for BcBOT3 to 6.586-fold (P =
0.013) for BcBOT5, when the highest squalene concentration was
analyzed. The expression of these genes was significantly lower
when 0.6 pg of squalene per milliliter was used, raising relative
expression values from 1.141-fold (P = 0.501) for BcBOTI to
2.166-fold (P = 0.049) for BcBOTS5. However, the other virulence
genes analyzed showed a similar pattern of expression with both
squalene concentrations. Thus, all those genes were upregulated
at similar levels under both conditions, except sodl, which was
not affected when grown on 0.6 pg of squalene per milliliter but
was upregulated at the higher squalene concentration (Fig. 7).

Expression of #ri5 gene in E20 slightly upregulated
the expression of SA-related genes and downregulated
or did not affect the expression of JA-related genes
in tomato plants infected with B. cinerea.
Tomato seeds were treated with E20-¢ri5.7 or the control
strains E20-pAN71 and T34-43b1.3. Tomato plants were

grown and inoculated with B05.10 as described below.
Treatment with the Trichoderma strains studied in the pres-
ent work did not significantly affect plant parameters such as
stem length and diameter (data not shown). In addition, all
the PDR genes analyzed were expressed at a lower level in
plants infected with B05.10 and treated with either E20-
pANT71 or E20-¢ri5.7 than in the wild-type control strain T34-
43b1.3 (Fig. 8), indicating that erg/ silencing has a negative
effect on the ability of Trichoderma spp. to elicit a defense
response in tomato plants. Expression of fri5 resulted in
a very slight upregulation of SA-related genes with increases
in the expression ratio of 1.169- (P = 0.032) and 1.422-fold
(P = 0.032) for PRIbI and PR-P2, respectively (Fig. 8D).
Interestingly, the JA-related genes analyzed in the present
work have a different behavior; while PINI was not affected
by tri5 gene expression, PINII and TomLoxA were slightly
but significantly downregulated by factors of 0.335- (P =
0.024) and 0.491-fold (P = 0.032) in E20-tri5.7 compared
with E20-pAN71 treated plants (Fig. 8D). In plants treated
with these Trichoderma strains but not-infected with B05.10,
a much lower expression level of SA-related genes was
observed (Supplementary Fig. S4), indicating that the
Botrytis infection strongly upregulated expression of those
genes. Interestingly, in these comparisons, a downregulation
of PINII was observed as a result of tri5 overexpression
reaching a relative expression value of 0.136 (P = 0.033).
This is a much lower level than that observed in plants
inoculated with E20-pAN71 (0.670 [P = 0.000]).

Table 1. Quantification of squalene and ergosterol production by T34-43b1.3 (control), E20-pAN71, E20-#ri5.7, and T34-SIL-E7*

Squalene Ergosterol

% Variation mgE/g DW* % Variation

+115.05%

Strain Dry weight (g) mgS/g DWY
A. Samples from cultures grown in potato dextrose broth medium; n = 3, analysis of variance
At24 h
T34-43b1.3 0.184 + 0.005a 0.099 + 0.000a
E20-pAN71 0.178 + 0.008a 0.212 + 0.032¢
E20-1ri5-7 0.203 + 0.022a 0.174 + 0.039d
T34-SIL-E7 0.125 + 0.024b 0.086 + 0.002b
At96 h
T34-43b1.3 0.292 £ 0.01a 0.096 + 0.043a
E20-pAN71 0.269 + 0.01b 0.503 = 0.017¢
E20-1ri5-7 0.278 + 0.004c 0.451 + 0.026d
T34-SIL-E7 0.253 = 0.026b,c 0.034 + 0.014b

B. Samples from tomato hydroponic cultures grown in MS; n = 2

T34-43b1.3 0.127 = 0.003a 0.067 = 0.003a
E20-pAN71 0.189 = 0.006b 0.378 = 0.024¢
E20-1ri5-7 0.198 = 0.007b 0.495 = 0.056d
T34-SIL-E7 0.142 + 0.001c 0.053 = 0.005b

6.086 = 0.104a

5.859 = 0.06a -
+75.65% 4.73 +0.21b —22.28%
-13.13% 5.562 +0.481a -

- 5.755 £ 0.57%a -
+423.96% 4.274 + 0.415b —25.73%
+369.79% 4.379 + 0.014b —23.90%

—64.58% 2.518 = 0.044c -56.24%

- 4.072 = 0.123a -
+464.17% 2.901 = 0.108b —28.75%
+638.80% 3.316 = 0.188¢c —-18.56%

—20.89% 3.331 £0.201c —-18.19%

* Variation of produced squalene and ergosterol between the control and transformant strains. For each time point, values followed by different letters are
significantly different (P < 0.05).

¥ Measured in milligrams of squalene per gram of dry weight.

“ Measured in milligrams of ergosterol per gram of dry weight.

Table 2. Quantification of squalene and ergosterol production by T34-43b1.3 (control), Myrothecium roridum, Botrytis cinerea, and Fusarium sporotrichioides

strains®

Squalene Ergosterol
Strain Dry weight (g) mgS/g DWY % Variation mgE/g DW* % Variation
T34-43b1.3 0.292 + 0.01b 0.096 + 0.043d 5.755 + 0.579b
M. roridum 0.161 +0.019a 0.043 + 0.002b —55.20% 4.143 + 0.246a —27.71%
B. cinerea 0.493 + 0.009¢ 0.071 = 0.004c —26.04% 3.926 + 0.089a -31.78%
F. sportrichioides 0.153 + 0.005a 0.030 + 0.002a —68.75% 6.707 + 0.019b +16.54%

* From 96-h cultures grown in potato dextrose broth medium; % variation of produced squalene and ergosterol compared with the control are given; n = 2,
analysis of variance. Values followed by different letters are significantly different (P < 0.05).

¥ Milligrams of squalene per gram of dry weight.

“ Milligrams of ergosterol per gram of dry weight.
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Fig. 5. A, The confrontation plates from which mycelia of B05.10 alone (1) or in confrontation with E20-#ri5.7 (2) or E20-pAN71 (3) were collected to extract
RNAs for comparative studies. B, Quantitative polymerase chain reaction (QPCR) analysis of the relative level of expression of several Botrytis virulence genes
in mycelia confronted with E20-#ri5.7 in comparison with the level of expression in mycelia of the pathogen confronted with the E20-pAN71 strain. C,
Comparative expression levels of terpene-related genes in E20-#ri5.7 and E20-pAN71, confronted in both cases with B05.10. Note that the order of the strains
in C has been reversed with respect to B, since we are comparing the expression of genes between the Trichoderma strains, even though the confrontation plates
used were the same as in B. Tables summarizing the qPCR data have been included in B and C. Boxes with dotted lines in B and C indicate genes with
statistically significant differences. *Ta37 was used to compare the level of expression of the #7i5 gene in the E20-1i5.7 transformant, since ri5 is not present in
strain E20.
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Silencing of ergl and erg7 affect the colonization
of tomato roots.

Roots of tomato hydroponic cultures were inoculated with
T34-43b1.3 and the transformants E20-pAN71, E20-#ri5.7, and
T34-SIL-E7, as indicated below. Analysis by quantitative (q)
PCR of the ratio of expression of Trichoderma o-actin gene
related to the level of expression of the tomato glyceraldehyde
3-phosphate dehydrogenase gene resulted in ratios of coloni-
zation of 1.90, 0.81, and 0.26 for E20-pAN71, E20-tri5.7, and
T34-SIL-E7, respectively, using, as a reference, the value of 1
for the colonization ability of T34-43b1.3. This indicates that
silencing ergl in T34, resulting in a remarkable increase in the
level of squalene production, significantly increased the ability
to colonize tomato roots, while the expression of #i5 in E20
strongly reduced this ability. In the case of the T34-SIL-E7
strain, showing a lower level of ergosterol and squalene pro-
duction than the wild-type strain, silencing of erg7 strongly
reduced the tomato root colonization ability.

To investigate if these changes in the colonization ability
correlate with the level of expression of PDR genes, ex-
pression of TomLoxA, which is involved in control of the
spread of beneficial fungi in plant roots, was analyzed in
tomato roots harvested from the same hydroponic cultures
used to analyze the colonization ability. The relative ex-
pression values of this gene are in agreement with the data of
colonization. TomLoxA was relatively upregulated by a factor
of 3.569 (P = 0.018) in roots inoculated with E20-pAN71
versus roots inoculated with T34-43b1.3, while it was just
slightly downregulated (0.837-fold; P = 0.000) with E20-
tri5.7 and not significantly affected (0.777-fold; P = 0.369)
with T34-SIL-E7 (Fig. 9). Interestingly, expression of the
other JA-related genes studied in the present work, PINI and
PINII, was not detected from these samples, even with cDNA
concentrations up to 256 ng/pl.

A Bo05.10 /

E20-tri5.7 B

B05.10

The expression of PRIb1 and PR-P2, related to the salicylate
pathway, were upregulated by factors of 1.376 (P = 0.000) and
1.498 (P = 0.000), respectively, when comparing E20-pAN71
versus T34-43b1.3 inoculated roots and were downregulated by
factors of 0.245 (P = 0.000) and 0.282 (P = 0.000) when
comparing E20-#ri5.7 vs. T34-43b1.3 inoculated roots (Fig. 9).
The expression of these two SA-related genes in roots in-
oculated with T34-SIL-E7 followed a drastically different
pattern. PR1b1 was strongly upregulated by a factor of 46.705
(P = 0.000) and PR-P2 was not affected.

Exogenous addition of squalene shows a concentration-
dependent effect on regulation of the expression of tomato
defense-related genes.

Tomato plants grown in the presence of 0.6 ug of squalene
per milliliter, an amount similar to that produced by T34-
43b1.3, had high levels of expression of tomato PDR genes
belonging to the SA pathway and little effect on PINI, PINII, or
TomLoxA. However, when 3 pg of squalene per milliliter was
added to the medium, similar to that produced by the E20-
pAN71, PR-P2, PINI, and TomLoxA were not affected, PR1b1
was upregulated, and PINII was downregulated. When the
expression levels of these genes was compared between plants
grown with 3 g of squalene per milliliter versus those grown in
0.6 ug of squalene per milliliter, all these genes were relatively
downregulated except TomLoxA, with a stronger down-
regulation effect over the SA-related genes, indicating that
squalene might play a role as an elicitor of tomato plant defense
response (Fig. 10B and C). However, this role is concentration-
dependent in such a way that low concentrations strongly
upregulate expression of SA-related genes and do not affect the
expression of JA-related genes, while higher concentrations
strongly downregulate the expression of PRIbI, PR-P2, and
PINII when compared with the low concentration (Fig. 10).
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Fig. 6. Sets of cultures used in the interfungal assay of volatile compounds (VOC) produced by A, E20-#ri5.7 and B, E20-pAN71. C, A scheme of the square
plates used to perform this assay. Lower panels show quantitative polymerase chain reaction (QPCR) analysis of the relative level of expression of nine
B. cinerea virulence genes in mycelia grown under the effect of VOC produced by E20-tri5.7, compared with the level of expression of those genes in mycelia
grown under the effect of E20-pAN71 VOC. The outlined boxes in the Botrytis plates illustrate the mycelium that was scraped for qPCR analysis. The relative
gene expression values are included on the right. Boxes with dotted line: genes with statistically significant differences.
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Despite the differences observed in the expression of PDR
genes, no significant phenotypic differences were observed
among plants grown in the two squalene concentrations ana-
lyzed compared with control plants grown without squalene
(Fig. 10A).

Effect of squalene on the ability of T34-43b1.3 to elicit
in vivo expression of tomato defense-related genes.

Based on the data of exogenous addition of squalene on
upregulation of tomato PDR genes, we wanted to determine if
squalene may have some in vivo effect on the expression of
PDR genes. An experiment was performed by growing tomato
plants inoculated with T34-43b1.3 and watering with fertilizer
supplemented with 3 pg of squalene per milliliter, and, for
a control, plants inoculated with the same Trichoderma strain
but just watered with fertilizer without squalene and supple-
mented with the same amount of acetone used to dilute the
squalene.

After 4 weeks of growth, the qPCR results showed that
squalene addition at a concentration similar to that produced by

Acetone 200 pl (BAC)
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E20-pAN71 downregulated the expression of all the tomato
PDR genes tested in comparison with plants not supplemented
with squalene (Fig. 11).

DISCUSSION

Trichoderma species fill a variety of environmental niches
and include those that have been evaluated extensively as bio-
control agents (Harman et al. 2004; Monte 2001). Trichoderma
strains can produce extracellular enzymes and antibiotics but
also may compete with fungal pathogens for space and nu-
trients (Howell 2003). When trying to dissect out the particular
factors that are critical in the development of a successful
biocontrol agent, one must consider the interaction of the
fungus being considered as the biocontrol agent, the antago-
nistic phytopathogen, and the host plant. In this paper, we have
narrowed the parameters to include 7. harzianum, a fungus that
has been studied as a biocontrol agent (Harman et al. 2004;
Hermosa et al. 2013; Lorito et al. 2010), Botrytis cinerea,
a fungus known to cause plant disease (Choquer et al. 2007;
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Fig. 7. Quantitative polymerase chain reaction analysis of the relative level of expression of nine B. cinerea virulence genes in mycelia grown in the presence of
0.6 or 3 pg of squalene per milliliter (BS1 and BS2, respectively), in comparison with the level of expression in mycelia grown without squalene (BAC). Boxes

with dotted lines indicate genes with statistically significant differences.
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Williamson et al. 2007), and Solanum lycopersicum, a plant
susceptible to B. cinerea.

Previous studies have shown that Trichoderma spp. produce
trichothecenes, most notably trichodermin and HA. To determine
if trichothecenes, well-described mycotoxins (Desjardins 2006;
Masuda et al. 2007; McCormick et al. 2011), are important in
fighting off fungal antagonists, we have systematically been
studying the impact of HA, produced by 7. arundinaceum, on
biocontrol activity, using tomato plants as a host (Malmierca et al.
2012, 2013, 2015a). When trichothecene genes involved in the
biosynthetic pathway of HA have been either silenced or deleted,
we have seen reduced antifungal activity against B. cinerea and
also a reduction in the expression of tomato PDR genes associ-
ated with the SA and JA pathways, indicating that HA plays an
important function in the sensitization of Trichoderma-pretreated
plants (Malmierca et al. 2012). Further continuation of these
studies to determine if a particular precursor to HA had an effect
on gene expression in B. cinerea or plant defense showed that
VOC, including TD, which is a precursor to HA, upregulates
expression of tomato PDR genes suggesting that VOC act as
signaling mechanisms in the interaction of Trichoderma spp. with
plants (Malmierca et al. 2015b).

Terpene compounds are involved in the biocontrol process
due to their antifungal properties but, additionally, some, such
as ergosterol, are involved in the structure of cell membranes.
Silencing of ergl in T. harzianum led to transformants with

A 1344313+BvsTB B +E20pANTI+B s -T-B

C +E20-ri5.7+Bvs -T-B

lower levels of ergosterol and an increase in the level of ex-
pression of erg7 (which follows erg! in the biosynthetic path-
way of ergosterol) (Cardoza et al. 2006b). The trichothecene
biosynthetic pathway and the sterol biosynthetic pathway both
draw from FPP, which serves as a common precursor. In the
present work, the use of strain E20, a transformant of 7. har-
zianum T34 silenced in the ergl gene (Cardoza et al. 2006b),
allowed us to study the effect of TD (product of Tri5 activity)
and squalene (substrate for ergl).

When ergl is silenced (strain E20), the accumulation of
squalene increases dramatically (400+%) yet the amount of
ergosterol decreases only slightly from the levels detected in
T34 (ergl*tri5™). Since totally silencing ergl would be lethal,
the small amount of squalene being made must be enough to
form the levels of ergosterol measured. Expression of tri5 in
E20 (ergl-si tri5*) resulted in a slight reduction (10%) in the
level of squalene and little change in the level of ergosterol
when measured from 96-h PDB-grown mycelia, which can be
explained as a result of the FPP channeling toward TD by Tri5,
thereby reducing levels of squalene. Unexpectedly, silencing of
erg7 resulted in a remarkable reduction in levels of squalene
and ergosterol accumulation, as the levels of ergosterol pro-
duced in 96-h PDB-grown mycelia were much lower than those
observed in the ergl-silenced transformant. This indicates that
mutations at different sites in the ergosterol biosynthetic
pathway differ in how they affect the level of production of
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Fig. 8. Quantitative polymerase chain reaction analysis of the relative level of expression of five tomato defense-related genes in leaves collected from tomato
plants whose seeds were coated with conidia of A, T34-43b1.3, B, E20-pAN71, or C, E20-#ri5.7 and were then infected with spores of B05.10 (+B), in
comparison with the level of expression of these genes in plants not inoculated nor infected (-T-B). D, Relative expression level in plants treated with E20-ri5.7
+B, in comparison with plants treated with E20-pAN71+B. Boxes with solid lines indicate salicylic acid-related genes with statistically significant differences;
boxes with dotted lines indicate jasmonate-related genes with statistically significant differences.
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this compound. The modifications in the levels of squalene
and ergosterol production observed in mycelia detached from
roots of tomato hydroponic cultures suggest that, in this in-
teraction, the tomato roots alter the production and accumu-
lation of ergosterol and squalene in 7. harzianum. This may be
due to a recognition-like mechanism that would make root
colonization by these strains possible. This hypothesis is in
agreement with the previously reported role of ergosterol as
a general elicitor recognized by plants as a microbe-associated
molecular pattern in the fungal-plant interaction (Klemptner
et al. 2014; Nurnberger et al. 2004). Ergosterol would spe-
cifically induce the plant defense responses by being linked to
a specific plant receptor (Amborabé et al. 2003; Rossard et al.
2006; Kauss and Jeblick 1996). Thus, this reduction in the
level of ergosterol would drive a reduction in the intensity of
plant defense responses leading to an easier colonization of
the plant.

The expression of fri5 upregulated the expression of the
terpene genes hmgR, ergl, and erg7 in PDB-grown cultures,
while the quantity of squalene was slightly reduced, the quantity
of ergosterol was not. If, indeed, TD is channeling FPP away
from the sterol biosynthetic pathway, one might expect the level
of expression of all the genes analyzed to be increased. Since
erg9 expression does not appear to be increased by the presence
of tri5 activity, it suggests that there are other factors regulating
the expression of the genes involved in ergosterol biosynthesis.
Although the presence of squalene epoxidase activity is nec-
essary for TRB resistance, the slight increase in erg/ gene
expression by the presence of #ri5 TD, is enough to provide
some additional resistance to TRB. Once again, tri5 gene ex-
pression, by siphoning off FPP and reducing squalene levels,

A

roots + E20-pAN71 vs
roots + T34-43b1.3

roots + E20-tri5.7 vs
roots + T34-43b1.3

may induce ergl expression. However, when the level of ex-
pression of these genes was analyzed in confrontation experi-
ments against B05.10, the presence of #ri5 slightly repressed the
expression levels of all terpene genes analyzed except ergl,
which indicates that the interaction with the pathogen B05.10
drives the repression of pathways involved in fungal growth,
e.g., the ergosterol biosynthetic pathway. This implies the exis-
tence of a balance between fungal growth and self defense in
Trichoderma spp. when challenged with a pathogen, resulting
in channeling the flux of precursors toward one or the other
function, depending on the environmental conditions.

VOC produced by 7. harzianum are known to affect aerial
and root growth as well as gene expression, increasing lateral
root growth of tomato seedlings (Malmierca et al. 2015b). The
expression of #i5 in T34 had a negative effect on the lateral root
growth induced by T34 alone (Malmierca et al. 2015b). The
research presented here showed that #7i5 expression in E20 also
reduces lateral root and aerial growth in tomatoes, when com-
pared with the effects of E20 alone. When the tomato PDR
genes were analyzed, the VOC produced by E20-tri5 dramat-
ically upregulated all the genes analyzed, especially the SA-
related genes, which saw relative levels as high as 1,559-fold.
These induction values were much higher than those observed
by the VOC produced by T34-tri5 (Malmierca et al. 2015b),
suggesting that the higher levels of TD produced by E20-tri5
may have been responsible. These results show that TD elicits
the expression of tomato PDR genes, which is in agreement
with the effect of other VOC released by Trichoderma spp.
(Naznin et al. 2014; Vinale et al. 2008).

No remarkable effect was observed on the expression of
B05.10 virulence genes by the production of TD when analyzed

C roots + T34-SIL-E7 vs
roots + T34-43b1.3
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Fig. 9. Quantitative polymerase chain reaction analysis of the relative level of expression of PRI1b1, PR-P2, and TomLoxA genes in roots harvested from tomato
hydroponic cultures inoculated with A, E20-pAN71, B, E20-1ri5.7, and C, T34-SIL-E7, in comparison with the level of expression of these genes in roots
inoculated with T34-43b1.3. The lower part of the figure includes the numeric relative gene expression levels corresponding to the graphic illustrated above.
Boxes with solid lines indicate salicylic acid—related genes with statistically significant differences; boxes with dotted lines indicate TomLoxA (a jasmonate-
related gene) with statistically significant differences. Note that expression of PINI and PINII genes was not detected (nd) in the experimental conditions used

in the present study.
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in confrontation experiments, which contrasted with the slight
induction of BcBOT genes observed when 1ri5 was expressed in
the wild-type strain (Malmierca et al. 2015b). However, the
effect of VOC produced by E20-#ri5.7 in a VOC assay did show
a slight but significant induction of BcBOT genes. This result
indicates that an in vitro effect of TD may show slight varia-
tions in upregulation over the in vivo effect of TD or that strain
E20 (ergl-si tri5") carries one or more other factors that
override the effect caused by TD. Based on the results indicated
above, we focused our attention on the level of squalene, which
is much higher in E20-pAN71 and E20-#ri5.7 than in T34. The
possible involvement of the increased amount of squalene on
the level of expression of BcBOT genes was investigated. When
B05.10 was grown in the presence of exogenous squalene (at

A

Acetone

Squalene 0.6 ug mi-1 (TS1)

a level similar to that produced by E20), induction of all the
BcBOT genes occurred at a remarkably higher level than that
observed when a small amount of squalene (similar to the level
produced by T34-43b1.3) was used. This confirms our hy-
pothesis that the effect of silencing ergl prevails over the effect
of TD production in the induction of Botrytis virulence genes,
especially those involved in the BOT biosynthetic pathway. The
role of squalene in the integrity of cell membranes has been
previously characterized in yeast (Spanova et al. 2012). How-
ever, its involvement in the regulation of fungal interactions has
not been described. Our results indicate that squalene, in addition
to its role as a key intermediate in ergosterol biosynthesis, also
acts as an important elicitor in fungal interactions. The role of
ergosterol as an elicitor of defense response in plants has been
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Fig. 10. A, Control plants grown in the presence of acetone (TAC) and tomato plants grown in Murashige and Skoog medium supplemented with 0.6 or 3 pg of
squalene per milliliter (TS1and TS2, respectively). B and C, Quantitative polymerase chain reaction analysis of the relative level of expression of five tomato
defense-related genes from these plants. Boxes with solid lines indicate salicylic acid—related genes with statistically significant differences; boxes with dotted

lines indicate jasmonate-related genes with statistically significant differences.
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reported (Rossard et al. 2006; 2010), but the studies presented
in this manuscript also suggest that squalene can be important.
It has been shown that the squalene to sterols ratio regulates the
fluidity or rigidity in cellular membranes, with this balance
being essential for membrane stability (Hauss et al. 2002;
Spanova et al. 2012). The increase in the level of squalene
production in ergl-si transformants (Table 1) in the presence or
absence of tomato cultures supports the importance of this
signal in membrane integrity, either for the fungus alone or in
plant-fungal interactions.

Silencing of ergl and the consequent increase in the level of
squalene production increased the ability of E20-pAN71 to
colonize tomato roots compared with the control strain T34-
43b1.3, when studied with hydroponic cultures. These data
correlated with the relative increase in the level of expression of
TomLoxA when comparing the same root samples. TomLoxA
has been related to the control of the spread of beneficial fungi
in roots (Harel et al. 2014; Ledn-Morcillo et al. 2012). Previous
reports also indicate that SA plays an important role in pre-
venting distribution of the fungus to the vascular system and its
spread into aerial parts (Alonso-Ramirez et al. 2014). Thus, our
results are in agreement with these previous data, since the
analysis of hydroponic cultures of tomato plants treated with
E20-pAN71 showed a slight increase in the level of expression
of SA-related genes, which would help control the spread of
this fungus to other parts of the plant. Furthermore, to support
our hypothesis about the involvement of squalene in root col-
onization by Trichoderma spp., the transformant T34-SIL-E7,
showing lower levels of squalene and ergosterol production,
was used. A dramatic reduction in the ratio of tomato root
colonization was observed compared with the three other
strains. The observation that E20-pAN71, which has high levels
of squalene, had almost twice the colonization ratio as did T34-
43b1.3 suggests that squalene and ergosterol levels have a
critical role in root colonization and a modification of their
levels affects this function. However, even though E20-#7i5.7 had
high levels of squalene, it only had one-half the ability to colonize
roots as did E20-pAN71, suggesting that TD also plays a role in
root colonization. Therefore, production of TD might stop the
recognition of this transformant as a beneficial strain, reducing its
ability to colonize tomato roots in comparison with E20-pAN71.

Infection of tomato seeds by T34-SIL-E7 resulted not only in
a reduction in its colonization ability but in a strong upregu-
lation of PRIbI in tomato roots. Thus, in addition to the reg-
ulation of fluidity and rigidity of cell membranes (Spanova
et al. 2012), one or both the squalene level or the total sterols
contents in fungal membranes might have a role in the regu-
lation of fungal colonization of plant roots and, at the same
time, in activating plant defense responses. Possibly, Tricho-
derma biocontrol strains have coevolved with plants to have
a level of squalene or ergosterol in their membranes that makes
possible i) root colonization and ii) maintenance of PDR genes,
mainly those that are SA-related and expressed at a level that
would allow the fungus to spread to distal parts of the plant
(Alonso-Ramirez et al. 2014). T34-SIL-E7 must be recognized
by tomato roots as a pathogen-like organism, resulting in high
levels of expression of PRIbI and a low level of root pene-
tration. When production of squalene was quantified in the
pathogens M. roridum, B. cinerea, and F. sporotrichioides,
which produce the sesquiterpene toxins roridin, botrytidal, and
T-2 toxin, respectively, squalene production was reduced by
55.2, 26.04, and 68.75%, respectively, compared with the level
of squalene production in T34-43b1. This indicates that, in spite
of their virulent properties, their low level of squalene pro-
duction might be important in the perception of these fungi as
pathogen organisms (Table 2). However, additional studies will
be needed to further confirm this hypothesis.

To emphasize the role of squalene in plant-fungal interactions,
tomato plants grown in the presence of exogenous squalene at a
concentration similar to that produced by T34-43b1.3 (0.6 pg
ml™") showed that the SA-related genes were strongly upregulated,
while the JA-related genes were just slightly affected, in compar-
ison with control plants grown without squalene. All the genes
except TomLoxA were relatively downregulated in plants grown
with higher levels of squalene (3 pug ml™"), similar to those levels
produced by E20, compared with plants grown with the lower
squalene concentration. Suppression was also seen in plants in-
oculated with T34-43b1.3 (ergl®) and watered with 3 png
ml’lsqualene, which again, supports the importance of this
compound on the fungal-plant and fungal-fungal interactions.
Surprisingly, in the study of the effect of VOC on plant re-
sponse, while ergl-si (E20) downregulates PINI and PINII
expression, E20-1ri5.7 strongly upregulates all five genes mea-
sured, including PINI and PINII, suggesting that TD also affects
PDR gene expression.

Adding other parameters may lead to changes in gene ex-
pression levels. The addition of B. cinerea VOC to growing
tomatoes dramatically upregulated expression of SA-related
genes (Malmierca et al. 2015b). For determination of the added
effect of Trichoderma spp. on PDR gene expression, we looked
at the effect of the addition of both Trichoderma spp. and
B. cinerea on plant growth and gene expression. Together,
B05.10 and T34-43b1.3 (ergl™) increased expression of the
SA-related genes and one of the JA/ET pathway genes, while
ergl-si transformants did not have as great an induction effect.
The presence of Tri5 increased the ergl-si effect slightly.

In conclusion, TD by itself has an elicitor function on the
expression of tomato PDR genes and Botrytis virulence genes.
However, this elicitor activity can be overridden by other
physiological conditions. In addition to the previously reported
effect of ergosterol in eliciting plant defense, we propose the
involvement of squalene in that process, which indicates that
the balance of squalene and ergosterol is important for main-
taining cellular membrane stability as well as playing a critical
role in the interactions with plants and other fungi in the
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Fig. 11. Quantitative polymerase chain reaction analysis of cDNAs from
tomato plants inoculated with T34-43b1.3 that were watered with the
regular fertilizer supplemented with 3 ug of squalene per milliliter (S)
versus plants inoculated with T34-43b1.3 and watered without squalene, to
determine the effect of this intermediate in the expression of tomato
defense-related genes. Box with solid lines indicates salicylic acid—related
genes with statistically significant differences; box with dotted lines indi-
cates jasmonate-related genes with statistically significant differences.
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regulation of defense and virulence mechanisms. These data
also emphasize the importance of cell stability and integrity in
the fungal interactions as well as in the biocontrol activity of
Trichoderma spp.

Continued studies using isogenic strains with a single gene
silenced or deleted at a time will contribute to a better un-
derstanding of the very complex interaction between the bio-
control agent, the antagonist, and the host plant.

MATERIALS AND METHODS

Strains and culture conditions.

Trichoderma arundinaceum IBT 40837 (Ta37), a producer of
the trichothecene HA was used as the source of tri5. Trichoderma
harzianum CECT 2413 (T34), a well-characterized biocontrol
strain and a trichothecene nonproducer, was the parent strain of
transformant 7. harzianum E20 (E20) in which ergl has been
silenced (Cardoza et al. 2006b). E20 was used as the recipient of
Ta37 tri5 to obtain transformant E20-1ri5.7. T34-SIL-E7 is
a transformant of strain T34 with the erg7 gene silenced fol-
lowing the same strategy used to silence expression of erg/ and
was used for comparative purposes in the tomato root coloni-
zation assays. Strain T34-43b1.3, a transformant of the T34
strain with the empty pJL43b1 plasmid (Cardoza et al. 2006a),
and strain E20-pAN71, a transformant of E20 with the empty
pANT71 plasmid (Punt et al. 1987), were used as reference strains.

Botrytis cinerea B05.10 (B05.10) is a BOT-producing phy-
topathogenic strain that was used in confrontation and plant
assays. Myrothecium roridum ATCC 52485 and Fusarium
sporotrichioides CECT 20166 are two phytopathogenic fungi
that produce the sesquiterpene toxins roridin and T-2 toxin,
respectively, and were used together with B05.10 for squalene
and ergosterol quantification.

Solanum lycopersicum var. Marmande was used to determine
the effect of erg! silencing, tri5 gene expression, and squalene
addition on the regulation of tomato PDR genes as well as the
effect of TD on root architecture (in VOC assays).

Trichoderma strains were grown on plates of PPG medium
(2% mashed potatoes [Nestlé, Barcelona, Spain], 2% glucose
[Panreac Applichem, Barcelona, Spain], 2% agar [Becton
Dichinson, Heidelberg, Germany]) and were incubated at 28°C
for 4 to 7 days to sporulate; for confrontation studies, agar plugs
of 7 mm diameter were taken from these plates. B. cinerea,
M. roridum, and F. sporotrichioides were grown by cultivation on
plates of MEA medium (2% glucose [Panreac Applichem,
Barcelona, Spain], 2% malt extract [Panreac Applichem], 1%
peptone [Becton Dickinson, Heidelberg, Germany], 2% agar
[Becton Dichinson], pH 5.6) and were incubated at 21°C for
7 days with a photoperiod of 16 h of light and 8 h of dark. For
sporulation, B05.10 was cultivated on tomato juice agar medium
(Oxoid LTD, Hampshire, U.K.) and was incubated as indicated
above.

Nucleic acid extraction and manipulation.

Procedures for fungal genomic DNA isolation and for
Southern hybridization were performed as described previously
(Cardoza et al. 2011). Isolation of total RNA from Trichoderma
spp., Botrytis cinerea, and tomato roots and aerial parts was
performed as described by Malmierca and coworkers (2015b).

The cDNAs were synthesized from 1 pg of total RNA and a
reverse transcription system based on the use of an oligo(dT);s
as primer (Promega, Madison, WI, U.S.A.). cDNAs were quan-
tified using a Nanodrop 2000 (Thermo Scientific, Wilmington,
DE, US.A).

Labeling, hybridization, and immunological detection were
carried out with a nonradioactive labeling and immunological
detection kit with CDP-Star as the chemiluminescent substrate

1194 / Molecular Plant-Microbe Interactions

(Roche, Mannheim, Germany), as previously described (Cardoza
et al. 2007).

Transformation of T. harzianum E20 and selection
of the transformants.

Transformation of 7. harzianum E20 protoplasts with
PANTS5-F plasmid containing the #ri5 gene-expression cassette
or with the control pAN71 plasmid was carried out as described
previously (Cardoza et al. 2006a), using the resistance to
hygromycin as a selection marker. Plasmid pANTS-F, con-
taining the #7i5 gene under the control of the gpdA gene pro-
moter of Aspergillus nidulans was constructed as described
previously (Malmierca et al. 2015b).

Quantification of ergosterol and squalene and resistance
to TRB.

Total intracellular sterols were extracted from mycelia grown
after 24 or 96 h of growth on PDB medium or from Tricho-
derma-tomato hydroponic cultures performed as indicated
below. Ergosterol and squalene content were calculated as
reported previously (Cardoza et al. 2007; Ghimire et al. 2009).
All measurements were made in triplicate. Ergosterol and
squalene was also quantified in duplicate from mycelium
detached from tomato roots grown in hydroponic cultures. For
the quantification of ergosterol and squalene in supernatants
collected from these hydroponic cultures, 10 ml of MS broth
collected after the plant-fungal incubation period were lyo-
phylized and resuspended in 3 ml of 25% KOH dissolved in
H,O/ethanol (35:65) solution, and then, were extracted and
quantified as indicated above.

Assays of TRB resistance were carried out as described
previously (Malmierca et al. 2015b), using concentrations of
0.1, 1, and 2.5 pg of TRB per milliliter (Lamisil 250; Novartis,
Basel, Switzerland) in Trichoderma minimal medium (Penttila
et al. 1987).

Statistical analysis.

Analysis of variance and Kruskal-Wallis tests were per-
formed with IBM SSPS Statistics 19 software and were used to
compare the data regarding production of squalene and ergos-
terol between the strains analyzed in the present work.

Confrontation assays between 7. harzianum and B05.10.

Confrontation assays were started from spores of
T. harzianum strains grown for 5 days on PPG at 28°C and
B05.10 grown for 7 days on MEA at 21°C with a photoperiod of
16 h of light and 8 h of dark. A 7-mm-diameter agar plug with
growing mycelia of B. cinerea was placed on one side of a 150-mm
petri dish containing 50 ml of MEA medium with a cello-
phane membrane (25 to 30 kDa cutoff) placed on its surface and
was incubated at 21°C with a photoperiod of 16 h of light and
8 h of dark. After 4 days of B. cinerea growth (colony diameter
approximately 40 mm), a 7-mm-diameter agar plug of 7. har-
zianum was placed on the surface, at the opposite side from the
B. cinerea plug. The confrontation plates were incubated at
28°C for 7 days in the dark. Fungi usually began to interact
4 days after the addition of the Trichoderma plug. Samples of
mycelium were scraped from the ‘interaction’ regions to
extract RNA for qPCR analysis.

Effect of exogenous squalene on Botrytis gene expression.
To determine the effect of squalene on the expression of B05.10
virulence genes, MEA plates containing 0.6 or 3 pg of squalene
per milliliter (Sigma, St. Louis), in both cases diluted in a total of
300 pl of acetone that was used as solvent, were overlaid with
a cellophane sheet and were inoculated with a 7-mm-diameter
plug from a 7-day-old culture of B05.10. A plate including 300 pul



of acetone was used as a control. The plates were then incubated
for 4 days at 21°C, with a photoperiod of 16 h of light and 8 h of
dark followed by 7 more days at 28°C in the dark. Mycelia were
collected and were used to extract RNA for gPCR analysis.

qPCR experiments.

In order to perform comparative studies of gene expression,
previously described oligonucleotides of B. cinerea virulence
genes, tomato PDR genes, and Trichoderma terpene and tri5
genes were used (Cardoza et al. 2011; Malmierca et al. 2012,
2015a; Pinedo et al. 2008; Tucci et al. 2011). According to
GeNorm software (Vandesompele et al. 2002) results, a-actin
and gpd were used as references to analyze expression of
Trichoderma genes. The a-actin gene was used as a house-
keeping gene for tomato PDR gene expression assays and the
EF1b gene was used as a housekeeping gene for B. cinerea
virulence gene analysis in confrontation assays. The qPCR
reactions were carried out using the system Step One Plus
(Applied Biosystems, Foster City, CA, U.S.A.). The reactions
were performed in a total volume of 20 ul, adding the fol-
lowing components for reaction: 10 pl of Power SYBR Green
PCR master mix (Applied Biosystems), 0.4 pl of Forward
Primer 10 pM, 0.4 pl of Reverse Primer 10 uM, 5 ul of cDNA,
and H,O to 20 pl. Relative expression values and the signif-
icance of the differences between the gene expression levels
were calculated using REST 2009 software (Pfaffl et al.
2002). For each primer pair used in this work, we performed
a standard curve with 320, 160, 80, 40, 20, and 10 ng of
c¢DNA for Trichoderma and Botrytis genes or 160, 80, 40, 20,
10, and 5 ng of cDNA for tomato genes to determine the PCR
amplification efficiency (E value). Each measurement was
made in triplicate, using cDNA pooled from three biological
replications.

To quantify the tomato-root colonization ability of the T34
transformants studied in the present work and compare it to that
of the T34-43b1.3 control strain, oligonucleotides of the tomato
GAPDH and T. harzianum o-actin genes were used (Cardoza
et al. 2014; Tucci et al. 2011). The amount of cDNA from
Trichoderma spp. in the tomato roots was quantified by qPCR
comparison of the level of Trichoderma a-actin relative to the
level of tomato GAPDH in each sample. Once the qPCR was
performed, the cycles to threshold values (Ct) were converted to
nanograms of cDNA by using two calibration curves repre-
senting the Ct values for known (tomato or T34) cDNA con-
centrations. Using this approach, the ratio of tomato-root
colonization for the T34-43b1.3 strain was assigned the value
of 1 and the values for the E20-pAN71, E20-#ri5.7, and T34-
SIL-E7 transformants were compared with it by simple math-
ematical calculations.

Chemical analysis of TD.

Conidia from the different Trichoderma strains were inoculated
into YEPD broth (0.1% Bacto yeast extract [Difco, Detroit], 0.1%
Bacto peptone [Difco], and 5% glucose [Sigma]) and were grown
at 28°C and 200 rpm for 8 days in a New Brunswick Innova
44 shaker incubator (New Brunswick Scientific Co., Enfield, CT,
U.S.A.). Cultures were extracted with ethyl acetate and the
extracts were analyzed with gas chromatography-mass spec-
trometry (GC-MS) as described previously (Malmierca et al.
2012) and were quantified using a standard curve.

Capture of VOC from headspace of E20-ri5.7 solid cultures.

Columns and procedures used to trap VOC from E20-tri5.7
cultures were performed as described previously (Malmierca
et al. 2015b; Tholl et al. 2006). VOC were eluted from the traps
with 300 pl of hexane and were analyzed with GC-MS as in-
dicated above.

Assay of the effect Trichoderma VOC
on plant defense gene expression, plant architecture, and
on B. cinerea gene expression.

The effect of VOC on tomato plants was studied following
procedures previously described (Fiers et al. 2013; Malmierca
et al. 2015b). After the incubation period, plants were photo-
graphed to observe differences in the aerial parts and also in the
main and secondary root length. RNAs were extracted from the
aerial parts of the plants selected from the different volatile
treatments and cDNAs were analyzed by qPCR to determine
the effect of volatiles on expression of several tomato genes
involved in defense response: PRIbI and PR-P2 genes related
to salicylate-mediated responses and induced by SA; PINI and
PINII genes, induced through the JA signal transduction
pathway, and TomLoxA, encoding an enzyme of the lip-
oxygenase family, which is involved in JA response and
defense (Malmierca et al. 2012; Tucci et al. 2011).

In order to analyze the effect of Trichoderma VOC on
B. cinerea gene expression, a similar procedure to that used to
study the effect of Trichoderma VOC on tomato plants was
used. MEA plates overlaid with a cellophane sheet were in-
oculated with a plug extracted from B05.10 or Trichoderma
7-day-old cultures. Then, these two plates were incubated to-
gether inside square plates containing 300 ml of MS medium,
which were sealed to avoid the release of VOC (Supplementary
Fig. S5). The square plates were incubated for 6 days at 21°C
with a photoperiod of 16 h of light and 8 h of dark, to allow
fungal growth and the subsequent action of Trichoderma VOC
on B05.10. After this incubation period, mycelia from B05.10
plates were immediately scraped to extract RNA for gPCR
analysis.

Assays on tomato plants.

Surface-sterilized tomato seeds were planted in commercial
loamy field soil (Kekkila 50/50 [Projar S.A.,Valencia, Spain]
Malmierca et al. [2012] describe composition). For Tricho-
derma treatments, seeds were coated with an aqueous suspen-
sion containing 2 X 10® conidia per milliliter and were air dried
before planting. Pots with untreated tomato seeds were used as
controls. The pots were incubated in a greenhouse with a pho-
toperiod of 16 h of light and 8 h of dark at 21 + 2°C and were
watered with fertilizer as needed. Measurements of stem height,
stem diameter, and main root length were taken after 4 weeks.

Four-week-old plants obtained from tomato seeds coated
with T34-43b1.3 (control), E20-pAN71 (control), and the #ri5-
expressing transformant were inoculated with 15 pl of B. cinerea
conidial suspensions (1 x 10° spores ml™") in germination buffer
(20 mM glucose and 20 mM KH,PO,) onto the leaf surface.
Inoculated plants were incubated in a humid chamber (50%
humidity) under the conditions (temperature and photoperiod)
described above. Two inoculations were made per leaf on four
leaves per plant for 16 plants per treatment, with two replicates
for each experiment. After 4 days, the necrotic lesions were
measured. Leaves before and after pathogen inoculation were
collected to extract RNA as described above. In parallel, un-
inoculated plants were used as control.

In order to determine the in vivo effect of the exogenous
addition of squalene, a set of tomato plants was grown from
seeds coated with T34-43b1.3 and, then, were grown as described
above and watered with the usual fertilizer supplemented with
3 ug of squalene per milliliter, diluted in acetone. Another set of
plants inoculated with T34-43b1.3 watered with the same volume
of fertilizer supplemented with acetone was used as a control.

Tomato-Trichoderma hydroponic cultures were carried out
as previously described (Rubio et al. 2012). First, sterile tomato
seeds were placed inside phytatray II boxes (Sigma) (30 seeds
per box) on a sterile gauze sheet over a sterile stainless-steel
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screen, which held them 1 ¢cm above 100 ml of MS medium
(Duchefa, Haarlem, The Netherlands) and were maintained at
21 = 2°C in a plant growth chamber with controlled light and
humidity conditions, as described above, for 2 weeks. Spores of
Trichoderma spp. (107 spores) were used to inoculate 250-ml
flasks containing 100 ml of PDB medium. Each strain was
cultured at 28°C and 250 rpm in darkness for 48 h. Mycelia
were harvested by filtration, were washed with sterile water,
and were used to inoculate phytatray II boxes that contained
2-week-old tomato plants. Tomato-Trichoderma hydroponic
cultures were maintained at 25°C and 80 rpm for 20 h. Finally,
Trichoderma mycelia attached to roots were recovered with
a direct cold-water jet and were used for squalene and ergos-
terol quantification, and the cleaned roots were used for the
analysis by gPCR of the Trichoderma colonization rate.

Tomato in vitro cultures were performed in 150-mm petri
dishes to determine the effect of two concentrations of squalene
on the expression of PDR genes. The squalene concentrations
and the volumes used were the same as those described above to
determine the effect of exogenous squalene on Botrytis gene
expression. Plants grown as described previously (Malmierca
et al. 2015a) were collected and the aerial parts were used for
tomato gene expression analysis by qPCR.
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