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Identifying Beneficial Qualities of Trichoderma parareesei for Plants
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Trichoderma parareesei and Trichoderma reesei (teleomorph Hypocrea jecorina) produce cellulases and xylanases of industrial
interest. Here, the anamorphic strain T6 (formerly T. reesei) has been identified as T. parareesei, showing biocontrol potential
against fungal and oomycete phytopathogens and enhanced hyphal growth in the presence of tomato exudates or plant cell wall
polymers in in vitro assays. A Trichoderma microarray was used to examine the transcriptomic changes in T6 at 20 h of interac-
tion with tomato plants. Out of a total 34,138 Trichoderma probe sets deposited on the microarray, 250 showed a significant
change of at least 2-fold in expression in the presence of tomato plants, with most of them being downregulated. T. parareesei T6
exerted beneficial effects on tomato plants in terms of seedling lateral root development, and in adult plants it improved defense
against Botrytis cinerea and growth promotion under salt stress. Time course expression patterns (0 to 6 days) observed for de-
fense-related genes suggest that T6 was able to prime defense responses in the tomato plants against biotic and abiotic stresses.
Such responses undulated, with a maximum upregulation of the jasmonic acid (JA)/ethylene (ET)-related LOXI and EIN2 genes

and the salt tolerance SOS1 gene at 24 h and that of the salicylic acid (SA)-related PR-1 gene at 48 h after T6 inoculation. Our
study demonstrates that the T. parareesei T6-tomato interaction is beneficial to both partners.

Tichoderma is a genus of filamentous fungi that includes strains
used as biocontrol agents in agriculture due to their antagonis-
tic abilities against phytopathogenic fungi and oomycetes (1). The
biocontrol mechanisms are based on the production of antibiotics
(2, 3) and/or hydrolytic enzymes as well as competition for nutri-
ents (4). In addition, Trichoderma strains are also able to stimulate
defense responses in plants, inducing resistance to biotic and abi-
otic stresses, and to promote plant growth (5-7). Several studies
have reported the responses of plants to the presence of a root-
colonizing Trichoderma biocontrol strain (8—12), and investiga-
tions describing the Trichoderma transcriptomic changes elicited
by plants using macroarray (13, 14) and microarray (15, 16) anal-
yses have been performed with biocontrol species.

Trichoderma reesei (teleomorph Hypocrea jecorina) is widely
used in the enzyme industry for the production of cellulases
(17-19), and it has also been used as a cell factory to express
numerous recombinant proteins (20). While the T. reesei holo-
morph includes most of the teleomorphs found on dead wood,
Trichoderma parareesei has recently been described as a new spe-
cies, in which sexual reproduction does not occur, and T. pararee-
sei encompasses all of the extremely efficient cellulase-producing
strains formerly isolated as T. reesei from soil (21). T. parareesei
likely resembles the ancestor that gave rise to T. reesei (22), and it
displays all the properties of an environmental opportunist: it
shows faster growth on a wider spectrum of carbon sources than
T. reesei, produces a much higher number of propagules on a
greater variety of carbon sources, is well adapted to various light-
ing conditions, and displays stronger antagonistic potential in
dual-confrontation tests against a variety of plant-pathogenic
fungi (21). Both species are cellulolytic and xylanolytic and are
grouped with a third sister species, Trichoderma gracile, to form an
independent clade within the major Longibrachiatum clade of
Hypocrea/Trichoderma, which also includes a close clade with the
facultative opportunistic human pathogens Hypocrea orientalis
and Trichoderma longibrachiatum (23). Trichoderma pseudokon-
ingii is another interesting species within the clade Longibrachia-
tum with the ability to inhibit mycorrhizal spore germination
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(24), produce peptaibols able to induce defense responses in
plants (25), and trigger apoptosis in phytopathogenic fungi (26).
Compared to species belonging to other clades of Hypocrea/
Trichoderma, with proven biocontrol abilities and beneficial ef-
fects on plants (27), neither T. reesei nor T. parareesei has been
considered relevant for biocontrol, although the mycoparasitic
ability of T. parareesei has recently been demonstrated (21). To
date, no studies on the interaction of these two species with living
plants have been reported.

The aim of the present study was to analyze the biocontrol
potential of T. parareesei T6 in in vitro assays against the oomycete
Pythium irregulare, the basidiomycete Rhizoctonia solani, and the
ascomycete Botrytis cinerea as well as the mutualistic interaction
between this fungus and tomato plants. A Trichoderma high-den-
sity oligonucleotide (HDO) microarray was used to examine the
transcriptomic profiles in T. parareesei T6 at 20 h of interaction
with tomato plants and to compare them with the transcrip-
tomic profiles previously obtained for the known biocontrol
strains of Trichoderma hamatum, Trichoderma harzianum, and
Trichoderma virens in interactions with tomato plants under iden-
tical experimental conditions. Physiological parameters and ex-
pression changes of plant defense marker genes linked to biotic
and environmental stresses were used to analyze the response of
the tomato plants to T. parareesei T6. This paper reports that the 7.
parareesei-tomato interaction is beneficial to both partners and
exerts long-term positive effects on seedlings or adult plants in
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terms of systemic plant defense against B. cinerea and increased
lateral root development and growth promotion under salt stress
conditions.

MATERIALS AND METHODS

Microorganisms and tomato seeds. Trichoderma parareesei (formerly T.
reesei) IMI 113135 (CABI Bioscience, Egham, United Kingdom), referred
to as T6, was grown on potato dextrose agar medium (PDA) (Difco-
Becton, Dickinson, Sparks, MD) and stored at —80°C in 30% glycerol.
Spores from 7-day-old PDA plates were harvested by adding 5 ml of water
to the plates and scraping the culture with a rubber spatula. These suspen-
sions were filtered through a double layer of cheesecloth to separate large
myecelial fragments from conidia. Spore concentrations were calculated
using a counting chamber, and suspensions were used to inoculate the
medium.

Rhizoctonia solani 19, Botrytis cinerea B05.10, and the oomycete Py-
thium irregulare (provided by R. Solano, CNB-CSIC, Madrid, Spain) were
used as plant-pathogenic microorganisms in antagonism assays. These
strains were stored at 4°C in PDA plugs suspended in sterile water (R.
solani and P. irregulare) and at —80°C in 30% glycerol (B. cinerea).

Tomato seeds (Solanum lycopersicum “Marmande”) were sterilized in
2% sodium hypochlorite for 20 min and washed thoroughly in sterile
distilled water before use.

DNA extraction, conventional PCR amplification, and sequencing.
T6 mycelium for the DNA extraction was obtained from a potato dextrose
broth (PDB) (Difco-Becton, Dickinson) culture incubated at 28°C and
200 rpm for 2 days. The mycelium was collected by filtration, washed with
distilled water, frozen, and lyophilized. Fungal genomic DNA was isolated
according to previously described protocols (28).

Amplification of a fragment of the tef] (encoding translation elonga-
tion factor 1-a) and call (encoding calmodulin) genes was carried out
with the primer pairs EF1-728F/EF1-LLErev and CAL-228F/CAL-737R,
respectively, as described previously (29). The lasI gene, which encodes
the orthologue of an essential nuclear protein regulating bud formation
and morphogenesis in Saccharomyces cerevisiae, was amplified using the
LAS1 fw/LAS1 rev primers, as described previously (21). The PCR prod-
ucts were purified from agarose gels using the NucleoSpin Extract II kit
(Macherey-Nagel, Diiren, Germany), according to the manufacturer’s
protocol. PCR fragments were sequenced in an ABI 377 Prism sequencer
(Applied Biosystems, Foster City, CA).

Antagonism assays. In vitro confrontation assays between T6 and the
pathogens P. irregulare and R. solani on PDA plates and B. cinerea on malt
extract agar (MEA) (Difco-Becton, Dickinson) plates were carried out in
triplicate as previously described (2). Plates were incubated at 28°C, and
the behavior of T6 against each pathogen was examined visually until the
Trichoderma strain had overgrown or surrounded the pathogen colony.

Growth assays on cellophane sheets and 10-kDa-cutoff dialysis cellu-
lose membranes were carried out on PDA (for P. irregulare and R. solani)
or MEA (for B. cinerea) plates as previously described (2). Each pathogen
was tested in triplicate. Growth diameters were measured after 72 h for P.
irregulare and R. solani and after 120 h for B. cinerea. The results are
expressed as the percentage of growth inhibition of each pathogen by T6,
with respect to the mean colony diameters of each pathogen grown alone.

Trichoderma-plant interaction in hydroponic culture for microar-
ray experiments. T. parareesei-tomato hydroponic cultures were carried
out as previously described (15). Briefly, T6 was cultured in minimal
medium (MM) (30) containing 2% glucose at 28°C with stirring for 48 h.
The mycelium was then collected, washed, and used to inoculate Phyta-
tray I boxes (Sigma-Aldrich, Madrid, Spain) containing 2-week-old to-
mato plants in Murashige-Skoog (MS) medium (Duchefa Biochemie BV,
Haarlem, The Netherlands) supplemented with 1% (wt/vol) sucrose, pH
5.7. The cultures were maintained at 25°C and 80 rpm for 20 h. Control
mycelia were grown under the same conditions but in the absence of
tomato plants. After this period, the T6 mycelium was collected by filtra-
tion (the mycelium on the plant roots was recovered with a direct jet of
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water), washed, frozen, and lyophilized. The RNA was extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA), following the manufacturer’s
instructions, and then purified using the RNeasy MinElute Cleanup kit
(Qiagen, Hilden, Germany).

The microarray design, RNA labeling, hybridizations, and data acqui-
sition were performed by Roche-NimbleGen (Madison, WI), as recently
reported (15). Digitization of the fluorescent signals emitted after the
hybridization was performed using an Axon GenePix 4000B scanner with
NimbleScan 2.3 software, and then the images and the raw probe intensity
values obtained from 6 microarrays examined (three replicates obtained
from the “off-and-on” presence [i.e., absence or presence] of tomato
plants) were analyzed. The signal intensities from these arrays were nor-
malized with the Robust Multiple-Chip Analysis (RMA) algorithm (31).
The normalized values for each probe obtained from the 6 microarrays
were scaled in the range of 0 to 1 to compensate for sequence-specific
sensitivity. The processed data for the different probes within a probe set
were summed to produce an expression measure. Finally, a multiclass
significance analysis of microarray (SAM) test was carried out on the
expression values using a false-discovery rate (FDR) of 0.10. The analysis
was performed using the Gene Spring GX program through R software.
The transcripts showing significant differential expression (fold change
[FC] of =2 and FDR of 0.10) were annotated using Gene Ontology (GO)
terms (32), which were based on the BLAST definitions, applying an E
value level of <107>.

Real-time PCR quantification of transcripts. cDNAs were synthe-
sized from 1 wg of total RNA with an oligo(dT) primer, using the Tran-
scriptor first-strand cDNA synthesis kit (TaKaRa, Tokyo, Japan) accord-
ing to the manufacturer’s protocol, and then 1 pl of the cDNA was used in
the subsequent PCR.

Real-time PCRs were carried out with an AB Prism 7000 sequence
detection system (Applied Biosystems) in a total volume of 10 wl using the
Brilliant SYBR green QPCR master mix (Roche, Penzberg, Germany) and
a final primer concentration of 300 nM each. Real-time PCRs were per-
formed with the cDNAs of four pooled biological replicates for each con-
dition, with the exception of two pooled biological replicates used to an-
alyze plant defense gene expression from in vitro cultures. All PCRs were
performed in triplicate, and the primers used are given in Table S1 in the
supplemental material. The amplification protocol consisted of an initial
denaturation step (10 min at 95°C) followed by 40 cycles of denaturation
(30 s at 95°C), annealing (1 min 60°C), and extension (1 min 72°C). The
B-tubulin and actin genes were used as Trichoderma and tomato endoge-
nous controls, respectively. Data are expressed using the 24T method
(33).

Growth of T. parareesei in the presence of plant polymers. Mycelial
plugs with a diameter of 0.5 cm of T. parareesei T6 were placed on the
center of petri plates containing MM (30) supplemented with 1.5% agar
plus 0.25% carboxymethylcellulose (CMC) (Sigma-Aldrich), polygalac-
turonic acid (PGA) (Sigma-Aldrich), xylan (Sigma-Aldrich), or pectin
(Sigma-Aldrich). MM plates supplemented only with agar were used as
controls. The growth of T. parareesei was measured after 4 days of incu-
bation at room temperature. Experiments were performed in triplicate.

Growth of T. parareesei in the presence of plant exudates. Plant
exudates were obtained by placing tomato seeds inside Phytatray II boxes
(Sigma-Aldrich) on a sterile gauze sheet over a sterile stainless steel screen
(20 seeds per box), holding them 1 cm above 100 ml of MS medium
supplemented with 1% (wt/vol) sucrose, pH 5.7. The boxes were kept in a
plant growth chamber under conditions of 40% humidity, 22°C, and a
16-h light/8-h dark photoperiod for 12 days. Boxes containing sterile
MS-1% sucrose medium without tomato seeds were maintained under
the above-described conditions for use as controls. The culture media
were filtered through sterile filter paper. Aliquots of medium (120 pl)
from plant exudates or the control were placed in the wells of E plates (96
wells per plate), and then a batch of 2,000 T6 conidia in a total volume of
10 pl water was added to each well and the plates were incubated at 28°C
for 120 h. Fungal growth was calculated by measuring absorbance at 570
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nm and subtracting the respective absorbance basal values, which corre-
sponded to wells containing only plant exudates or MS—1% sucrose with-
out T6 conidia. Experiments were performed in triplicate.

Effect of T. parareesei on tomato plant growth. An in vitro assay was
carried out to analyze the effect of T6 on tomato seedlings. Fungal densi-
ties of 1 X 10° spores were inoculated by placing the spores at the
opposite ends of MS—1% sucrose medium plates, supplemented with
0.8% agar (pH 5.7) and containing 3-day-old germinated tomato seed-
lings (5 seedlings per plate). Plates were cultured in a growth chamber
under conditions of 40% humidity, 24°C, and a 16-h light/8-h dark
photoperiod. MS—1% sucrose plates containing only tomato seedlings,
without Trichoderma spores, were used as controls. Experiments were
performed in triplicate, and the plates were photographed at 4 days after
T6 inoculation.

Salt stress tolerance assays were carried out as indicated above but with
0, 10, or 25 mM NaCl added to the MS—1% sucrose medium. Plants were
grown for 7 days before T6 inoculation and photographed 2 days later.

The ability of T6 to promote the growth of tomato plants was also
evaluated in in vivo assays, as previously described (15). To analyze the salt
stress tolerance of tomato plants grown from T6-treated seeds or un-
treated seeds (control), 4-week-old plants were treated daily with 5 ml of
either water or 100 mM NaCl for 10 days, and measurements of stem
height and main root length were taken at this time.

Quantification of marker genes in tomato. Defense marker gene ex-
pression was checked by real-time PCR in tomato seedlings grown under
in vitro and in vivo conditions. In in vitro assays, sterilized tomato seeds
were sown on 15-cm petri plates containing MS—1% sucrose supple-
mented with 0.8% agar (pH 5.7) and incubated for 1 week as indicated
above. T6 conidia were inoculated on MS—1% sucrose plates containing
7-day-old germinated tomato seedlings (6 seedlings per plate), as indi-
cated above. MS—1% sucrose plates containing only tomato seedlings,
without conidia, were used as controls. The aerial part of each tomato
seedling was collected at 6 days after inoculation with T6 or water (con-
trol), and it was used for RNA extraction with TRIzol reagent. Marker
genes representative of salicylic acid (SA) (isochorismate synthase 1
[ICSI] and pathogenesis-related protein 1 [PR-1]), jasmonic acid (JA)
(lipoxygenase 1 [LOX1]) and ethylene (ET) (ethylene-insensitive protein
2 [EIN2]) signaling pathways and abiotic stress responses (ascorbate per-
oxidase [APXI], abscisic acid [ABA]-responsive element binding protein
2 [AREB?2], and salt overly sensitive 1 [SOSI]) were analyzed by real-time
PCR. In in vivo assays, 4-week-old tomato plants grown in pots incubated
in a greenhouse at 22 * 4°C, as previously described (15), were irrigated
with 2 ml ofa 1 X 10° T6 conidia/ml or 2 ml water (control). The aerial
part of each tomato plant was sampled at 0, 8, 24, and 48 h and 6 days and
used for RNA extraction. ICSI, PR-1, LOX1, EIN2, AREB2,and SOS1 gene
expression was analyzed using real-time PCR. The primer pairs used for
real-time PCR of these genes, under the conditions indicated above, are
shown in Table S1 in the supplemental material.

Effect of T. parareesei on the induction of tomato defenses against
Botrytis. Four-week-old tomato plants were irrigated with 2 ml of 1 X 10°
T6 conidia/ml or 2 ml water (control). After 3 days, plants were leaf inoc-
ulated with B. cinerea B05.10 as previously described (34). The appearance
of necrotic spots was assessed at 4 days after inoculation. Values of 0
(absence of reaction) to 7 (high necrotic reaction more than 1.5 cm diam-
eter) were used to indicate the Botrytis lesion index. Data are shown as the
mean value * standard deviation from three experiments.

Accession numbers. The sequences of the tefl, call, and lasI frag-
ments were deposited in the GenBank database under accession numbers
KF699130, KF699131, and KF699132, respectively. The microarray data
are available at the GEO database with accession number GSE29171.

RESULTS

Molecular characterization of the T6 strain. Strain T6, formerly
identified as T. reesei (34), was subjected to further molecular
analysis considering the present taxonomic frame of the Longibra-
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TABLE 1 Colony growth inhibition of Pythium irregulare, Rhizoctonia
solani, and Botrytis cinerea by hydrolytic enzymes/metabolites from
Trichoderma parareesei T6 grown on cellophane or a 10-kDa-cutoff
dialysis membrane for 2 days

% growth inhibition” on:

Species (time, h) Cellophane Dialysis membrane
P. irregulare (72) 100.0 £ 0.0a 734+ 1.1a
R. solani (72) 61.8 +4.2b 339+59b
B. cinerea (120) 65.0*+6.1b 30.1 £3.7b

“ Values are the means for three replicates with the corresponding standard deviations.
Values followed by different letters are significantly different according to Duncan’s test
(P <0.05).

chiatum clade. The sequences of the tefl, call, and lasI gene frag-
ments were obtained, and the fourth intron of tefl and the second
and third introns of call served to identify strain T6 as T. pararee-
sei.

Antagonistic activity of the T6 strain. Plate confrontation ex-
periments between T6 and the pathogens P. irregulare, R. solani,
and B. cinerea were carried out at 28°C, and plates were observed
after 12 days of incubation (data not shown). The T6 strain antag-
onized the three pathogens in all the dual cultures, although dif-
ferent behaviors were observed: T6 completely overgrew the col-
onies of P. irregulare, partially overgrew (35 to 50% surface) the
colonies of R. solani, and surrounded the colonies of B. cinerea.

Antagonism assays were also performed by growing T6 on cel-
lophane and cellulose (10-kDa-cutoff) membranes to allow the
diffusion of Trichoderma extracellular compounds into the me-
dium. After removal of the membranes containing the mycelium,
the effect of hydrolytic enzymes plus metabolites (cellophane) or
only metabolites (cellulose) on the growth of the three pathogens
was determined. Table 1 summarizes the percentages of growth
inhibition of P. irregulare, R. solani, and B. cinerea by T6. It may be
observed that the inhibition values for the three pathogens on
cellophane were always higher than the inhibition values on cel-
lulose. The highest inhibition values corresponded to P. irregulare
on both types of membranes.

Transcriptional response of T. parareesei at 20 h of interac-
tion with tomato plants. A transcriptomic analysis using a
Trichoderma HDO microarray containing 34,138 probe sets was
performed to ascertain the physiological and biochemical changes
produced in T. parareesei T6 as consequence of 20 h of growth in
the presence of tomato plants in MS—1% sucrose hydroponic cul-
tures. Transcriptomic changes detected in T. parareesei were com-
pared with those observed in a previous study of T. hamatum, T.
harzianum, and T. virens interacting with tomato plants under
identical experimental conditions (15). A total of 250 probe sets
(0.73%) differed significantly (FDR, 0.10) in expression by at least
2-fold after 20 h of fungus-plant interaction. Thirty-three of these
were upregulated, whereas 217 were downregulated. A majority of
the differentially expressed probe sets (57.6% and 80.6% of the
up- and downregulated sets, respectively) belonged to the T. reesei
genome.

GO terms were assigned to 132 of the 250 probe sets (18 up-
and 114 downregulated probe sets). We then examined whether
these differentially expressed probe sets were associated with sim-
ilar GO categories. This analysis revealed that no categories were
significantly overrepresented in T. parareesei T6 in the presence of
tomato plants. Accordingly, all the differentially expressed probe
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TABLE 2 Summary of the physiological processes expressed
differentially for Trichoderma parareesei T6 in response to the presence
of tomato plants in the culture medium in comparison to the basal
medium

Symbiotic T. parareesei-Tomato Interaction

TABLE 3 Colony diameter of Trichoderma parareesei T6 on solid MM
with 2% glucose and solid MM with 2% glucose plus 0.25%
carboxymethylcellulose, polygalacturonic acid, xylan, or pectin

Mycelial growth
Probe set No.  Medium diameter (cm)®
Upregulated MM 279 £039a

Metabolism MM + 0.25% pectin 6.57 £0.37b
Carbohydrate 2 MM + 0.25% PGA 3.15 £ 0.66 a
Lipid and fatty acid 1 MM + 0.25% CMC 342+ 042a
Secondary 3 MM + 0.25% xylan 5.10 = 0.36 ¢
Energy ) ) 1 “ Values are the means for three replicates with the corresponding standard deviations.

Cellular processes and signaling Values followed by different letters are significantly different according to Duncan’s test
Transport 4 (P <0.05).

Posttranslational events 1
Secretion 1
Cell wall and membranes 2
Signaling 3 gal metabolism was decreased in strain T6 after 20 h of interaction

Information storage and processing with tomato plants. Regarding transport processes, although the
Transcription upregulation of two probe sets related to ABC transporters and
Translation (protein synthesis) 1 two probe sets related to the major facilitator superfamily (MFS)

Unknown function 10 transporters was detected, we also observed the downregulation of

D 16 probe sets related to other MFS transporters. In addition, we

ownregulated . . .

Metabolism de.tected the dov.vnregula.tu?n of the genes involved in the metab-
Carbohydrate 28 olism of fatty acids and lipids, amino acids and proteins, nucleo-
Lipid and fatty acid 7 tides and nucleic acids, vitamins, and inorganic and nitrogen
Amino acid 5 compounds, genes involved in energetic and secondary metabo-
Protein 2 lism, and genes involved in several cellular processes, signaling
Nucleotide and nucleic acid 6 (e.g., detoxification, adhesion, regulation, etc.), and information
Vitamin 3 storage and processing.

Secondary 6 Of the 18 upregulated probe sets with assigned GOs, some were
Energy 9 . . Lo
. related to enzymes involved in the colonization process (endopo-
Inorganic 3 . . p
Ni lygalacturonase) (34), the biosynthesis of secondary metabolites
itrogen compounds 1 X : X

Cellular processes and signaling or thglr precursors (saccharopine .dehydrogenase, nonribosomal
Transport 1 peptide synthases [NRPSs] and quinate dehydrogenase) (35), nu-
Detoxification 21 trient uptake (glucan 1,4-a-glucosidase and phospholipase) (36),
Posttranslational events 8 and germ tube elongation and hyphal growth (saccharopine de-
Adhesion 1 hydrogenase) (37).

Cell communication 1 To confirm the microarray results, quantitative real-time PCR
Cell wall and membranes 2 was performed to analyze the expression of 9 genes: 2 that were
Signaling 6 upregulated in the T6-tomato interaction (encoding an ABC
Regulation 1 . . .

. . transporter and a cellulose-signaling related protein) and 7 that

Information storage and processing .

Replication | were downregulated (encoding a phosphoglycerate mutase, a de-
Transcription 15  hydrogenase reductase, an alcohol dehydrogenase, two MES
Translation (protein synthesis) 1 transporters, a cytochrom.e P450 monooxygenase, and a ster91d
Repair 2 monooxygenase). Expression of these genes correlated well with
Unknown function 68 the data from the microarray experiments (see Fig. S1 in the sup-

sets were analyzed independently and then grouped into several
physiological processes, with T6 carbohydrate metabolism and
transport being the most affected (Table 2). More detailed infor-
mation about up- and downregulated probe sets, with indication
of their corresponding orthologous numbering in the genomes of
T. reesei and T. virens, is given in Table S2 in the supplemental
material. The downregulation of a high number of genes involved
in the carbohydrate metabolism and nutritional support of the
fungus (p-galactosidase, alginate-lyase, 3-mannosidase, etc.) and
of genes related to basic cell functions (phosphoglycerate mutase,
glucose dehydrogenase, 6-phosphofructo-2-kinase, 2-hydroxy-3-
oxopropionate reductase, etc.) was observed, indicating that fun-
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plemental material).

Effect of tomato plants on the growth of T. parareesei. An in
vitro assay was performed to evaluate the influence of different
plant polymers on the growth of T. parareesei T6. Fungal growth
was significantly enhanced, in comparison with that on MM
plates, when 0.25% xylan or pectin polymers were added to the
culture medium, with the largest colony size being observed in
cultures containing pectin (Table 3). T6 growth in the presence of
tomato plant exudates was also evaluated on 96-well E plates, as
described in Materials and Methods. Tomato exudates signifi-
cantly favored fungal growth compared to growth in MS—1% su-
crose medium (control) (see Fig. S2 in the supplemental mate-
rial).

Effect of T. parareesei on tomato development. We studied
the effect of T6 on the development of tomato seedling roots using
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FIG 1 Effect of Trichoderma parareesei T6 on tomato seedlings. Three-day-old
germinated tomato seedlings grown on MS medium supplemented with 1%
(wt/vol) sucrose and 0.8% agar (pH 5.7) were inoculated with water (A) and T.
parareesei T6 (B). Photographs were taken at 4 days after inoculating 1 X 10°
T6 conidia.

an in vitro assay. This strain favored seedling root development,
increasing the number and length of the lateral roots compared to
those under the control condition (Fig. 1).

In vivo assay results revealed that there were no significant dif-
ferences in stem and root lengths of 4-week-old tomato plants
between the two conditions (Table 4). Plants from T6 conidium-
treated seeds had stem and root lengths of 28.1 = 2.9 and 25.8 *
3.9 cm, respectively, and plants from water-treated seeds (control)
had stem and root lengths of 27.4 = 3.6 and 25.7 * 3.5 cm, re-
spectively.

Effect of T. parareesei on defense marker gene expression in
tomato plants. To test whether the tomato response to T. para-
reesei T6 involved the differential activation of systemic defense-
related genes, we analyzed markers of the SA (ICSI and PR-1), JA
(LOX1),and ET (EIN2) pathways and markers of the abiotic stress
response (APX1, AREB2, and SOSI) using real-time PCR in to-
mato samples from the in vitro and in vivo assays.

Marker gene expression in tomato seedlings from in vitro as-
says is shown in Fig. 2. In comparison with the control, tomato
seedlings inoculated with T6 showed significantly increased ex-
pression levels of the EIN2 and LOXI genes, whereas the SA re-
sponse PR-1 gene expression level was reduced and the SA biosyn-
thesis ICS1 gene was not significantly affected. These results show
that the JA and ET signaling pathways were induced at 6 days after
T6 inoculation in 7-day-old tomato seedlings, which indicates an
induced systemic resistance (ISR) response provoked by T. para-
reesei. At the same time, two genes related to plant defense to
abiotic stress conditions were upregulated in tomato seedlings
(Fig. 2): the expression levels of the AREB2 and SOS1 genes, which

TABLE 4 Effect of Trichoderma parareesei T6 and salt stress on the
growth of tomato plants

Length (cm)*

Stem Root
Plants Water NaCl Water NaCl
Control 27.45+356b 2333 *465a 25.75*3.54b 21.41 =3.76a
T6 inoculated  28.14 =2.89b  28.69 = 2.71b 25.85*+390b 29.71 = 1.85¢

“ Root and stem length values correspond to 4-week-old tomato plants developed from
untreated (control) or T. parareesei T6-treated seeds, which were treated daily with 5 ml
of either water (water irrigation) or 100 mM NaCl (salt treatment) for 10 days. Values
are the means for two biological replicates and 28 seeds per condition, with the
corresponding standard deviations. In each experimental data set (stem or root), values
followed by different letters are significantly different according to Duncan’s test (P <
0.05).
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FIG 2 Quantitative real-time PCR of the ICSI, PR-1, EIN2, LOXI1, APX1,
AREB2, and SOSI genes in tomato seedlings inoculated with Trichoderma
parareesei T6. Total RNA was extracted from the aerial part of tomato seedlings
at 6 days after inoculation with water (control) or 1 X 10° T6 conidia on plates
containing 7-day-old seedlings. The actin gene was used as a control. Values
correspond to relative measurements against their respective transcripts in
control plates (2727 = 1) and are expressed as log,, relative quantification
(2724€TY_ Error bars represent standard deviations of the mean values for two
biological replicates.

are, respectively, related to ABA responses and salt tolerance, were
increased in tomato seedlings challenged with T6. However, the
expression of the oxidative stress tolerance APX1 marker gene was
not significantly affected in tomato seedlings inoculated with T6.
These results were complemented with a time course in vivo assay
carried out on 4-week-old tomato plants to detect defense re-
sponses at shorter interaction times. The expression of marker
genes in the aerial part of tomato plants sampled at 0, 8, 24, and 48
h and 6 days after T6 inoculation was analyzed (Fig. 3). Depending
on the genes, an undulating expression response (alternately up
and down) was observed along the time course study. Maximum
expression peaks were detected for LOXI, EIN2, ICS1,and SOS]I at
24 h, while PR-1 showed a maximum expression peak at 48 h. In
all cases, upregulation of these genes was observed in the 6-day
samples. AREB2 displayed a different expression pattern, with a
maximum at 8 h, which coincided with the low expression levels of
EIN2 and ICS1.

Effect of T. parareesei on induction of tomato defense
against Botrytis. When 4-week-old tomato plants were inocu-
lated with T6 and were leaf inoculated with B. cinerea 3 days later,
the necrotic spots produced by this pathogen showed a signifi-
cantly lower mean lesion index than that observed in plants not
treated with T. parareesei (see Fig. S3 in the supplemental mate-
rial).

Effect of T. parareesei on salt-stressed tomato plants. In vitro
assays revealed that under 10 or 25 mM NaCl stress, tomato seed-
lings inoculated with T6 developed more and longer lateral roots
than uninoculated seedlings (see Fig. S4 in the supplemental ma-
terial). Although seed germination decreased from 80% to 40%
when NaCl was increased from 10 to 25 mM in the medium, the
beneficial effect of T6 on lateral root development was observed
even at the highest salt concentration.

When Té6-treated, 4-week-old tomato plants were assayed in
vivo for salt tolerance, the stem height and root length values were
significantly higher than those measured in the control plants (Ta-
ble 4). In addition, the T6-treated plants displayed a lower degree
of chlorophyll bleaching, indicative of a better tolerance to this
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FIG 3 Relative expression analysis of defense-related genes in 4-week-old tomato plants inoculated with Trichoderma parareesei. Total RNA from the aerial part
of tomato plants inoculated with strain T6 was subjected to real-time PCR to quantify six genes related to different plant defense responses: ICSI (SA
biosynthesis), PR-1 (SA signaling pathway), EIN2 (ET signaling pathway), LOX1I (JA signaling pathway), AREB2 (ABA signaling pathway), and SOSI (salt
tolerance). The actin gene was used as a control. Values correspond to relative measurements against their respective uninoculated controls (2744¢T = 1) and
are expressed as log, , relative quantification (2~ *2¢T). Error bars represent standard deviations of the mean values for three technical replicates from a cDNA of

four pooled biological replicates.

abiotic stress, than that observed in the untreated plants (see Fig.
S5 in the supplemental material).

DISCUSSION

In recent years, molecular plant-Trichoderma interactions have
been explored in different species and plant systems (5, 7). Most
studies have been carried out with known biocontrol strains, and
with a few exceptions, such as T. pseudokoningii (25), they have left
the abilities of Longibrachiatum clade members practically un-
touched. The present study attempted to fill that gap by analyzing
the mutualistic interactions between T. parareesei and tomato
plants in terms of fungal transcriptomic changes and hyphal
growth as well as plant stimulation of defense and development.
Mycoparasitism is an ancestral property of the genus Trichoderma,
and genomic data indicate that T. reesei partially lost the ability to
antagonize, parasitize, or even kill other fungi (38, 39). A recent
study has confirmed the reduced mycoparasitic potential of T.
reesei compared with those of the strongly mycoparasitic species
T. atroviride and T. virens (40). Despite the close genetic position
of T. reesei and T. parareesei, T. parareesei has kept an antagonistic
potential (21). In the present study, in vitro assays carried out with
strain T6 against three phytopathogens confirm the antagonistic
abilities of T parareesei. As would be expected due to the powerful
production of cellulolytic enzymes by T. parareesei, the greatest
antagonistic control was detected against the oomycete P. irregu-
lare, a pathogen with a cell wall composed mainly of cellulose.
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Although similar R. solani and B. cinerea growth inhibition by T6
was recorded in the cellophane or cellulose membrane assays, dif-
ferent mycoparasitic behaviors were observed in the dual cultures,
as R. solani colonies were overgrown while B. cinerea colonies were
surrounded by T6. Interestingly, four strains of T. parareesei had
previously shown a conserved pattern of mycoparasitic activity
against B. cinerea, overgrowing the colonies of this pathogen (21).

The rhizosphere is among the most common ecological niches
for Trichoderma spp., and it provides opportunities for both biot-
rophy and saprotrophy on plant roots (39). As could be expected
from a rhizosphere-competent fungus, T. parareesei T6 showed
increased growth when plant polymers were added to MM or a
liquid medium containing root exudates. The significant increase
in T6 growth that was detected in the presence of pectin, xylan, or
other substrates released from the mucigel supports the notion
that root-derived nutrients are attractors for T. parareesei to col-
onize the rhizosphere and develop interactions with roots as a
symbiotic lifestyle with plants. The ecophysiological adaptation to
the rhizosphere niche is in agreement with the carbon source uti-
lization plasticity described for this species (21). Sucrose is a main
component of root exudates and can be used as a carbon source by
T. parareesei, as previously observed (21) and now confirmed in
the present work, with T6 growth in MS—1% sucrose.

To facilitate comparisons with other Trichoderma species, a T6
transcriptomic analysis was performed at 20 h of interaction with
tomato plants, using the same Trichoderma microarray system
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and experimental conditions as in a previous study with strains of
T. hamatum, T. harzianum, and T. virens colonizing tomato roots
(15). A major limitation of this microarray approach was the DNA
chip used; although it contained 374,874 probes representing a
total of 34,138 gene transcripts from 14 Trichoderma strains, it
lacked T. parareesei probe sets, which could lead to false-negative
results. However, the complete genome of T. reesei, the closest
species to T. parareesei, was deposited in the DNA chip. In this
sense, among the 250 probe sets differing significantly in expres-
sion, 57.6% of those upregulated genes and 80.6% of those down-
regulated genes were orthologous to T. reesei. Another limiting
factor may be the standardization of culture conditions in the
fungus-plant interactions when the objective is to analyze tran-
scriptomic changes in the fungus. While T. parareesei was inocu-
lated in a chemically defined MS-1% sucrose medium as a con-
trol, mycelia for the test condition were obtained in a complex
medium in the presence of tomato seedlings in MS—1% sucrose
plus the modification of the MS medium and sucrose content due
to the germination of tomato seeds sowed 15 days before plus the
exudates released from the seedlings. Thus, the appropriate
amount of nutrients available for fungal growth to achieve ade-
quate control was difficult to estimate. This limitation would not
affect comparisons with previous Trichoderma microarrays per-
formed under the same conditions.

In T6, relatively few genes were upregulated, and the number
of differentially expressed probe sets was very different from those
obtained for the three known biocontrol strains in which upregu-
lated probe sets were predominant (15). Among these, carbohy-
drate metabolism and transport processes were overrepresented
in T. hamatum, T. harzianum, and T. virens during their interac-
tions with tomato plants, whereas no GO categories were signifi-
cantly overrepresented in T6 at 20 h under identical conditions.
Unlike the marked metabolic upregulation observed in T. harzia-
num (15), T6 displayed the downregulation of a large number of
genes involved in carbohydrate metabolism, nutritional support,
and basic cell functions, indicating that carbohydrate flow be-
tween the fungus and the plant was significantly low at 20 h of
interaction between these two partners. The predominance of
downregulated transport genes suggests that after hyphal root at-
tachment and colonization, T. parareesei T6 nutrient uptake
would be limited, at least at an early stage, as also described for T.
hamatum during interaction with tomato plants (15). However,
these results are not in agreement with the upregulation of trans-
port genes detected in the transcriptomes of T. harzianum and T.
virens in interaction with plants (14-16). Despite the low metab-
olism of T6 at 20 h, this strain was able to increase the lateral root
development of tomato seedlings in the first 2 to 4 days after ap-
plication; this increase was similar to the increases observed with
T. hamatum- or T. harzianum-inoculated tomato seedlings (15).
This would certainly mean that a positive interaction occurs be-
tween T6 and the tomato plant. Although the fungus is somewhat
inactive metabolically at 20 h, two ABC transporters and two MFS
transporters were upregulated in tomato-colonizing T6. Pro-
teomic and macroarray studies have reported that an ABC trans-
porter is also upregulated in T. atroviride and T. harzianum when
the fungi interact with plants (9, 14).

Interestingly, the reduced number of upregulated probe sets
included a gene orthologous to Thpgl, encoding a T. harzianum
endopolygalacturonase involved in efficient root colonization and
the induction of plant defenses (34). We also observed the upregu-
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lation of a probe set corresponding to a phospholipase. This class
of enzymes is ubiquitous and is involved in diverse cellular re-
sponses, including membrane disruption processes during host
cell invasion (41). Recently, the upregulation of a T. harzianum
phospholipase A2 during the colonization of tomato-germinating
seeds has been reported (36).

Another upregulated probe set showed homology with the chi-
meric enzyme spermidine synthase/saccharopine dehydrogenase,
which is involved in spermidine biosynthesis and lysine metabo-
lism and plays a role in the alpha-aminoadipic acid pathway. In-
creasing levels of spermidine are required by Aspergillus nidulans
for the transitions from germ tube to hyphal growth mode to
tissue differentiation and secondary metabolite production (37).
Saccharopine dehydrogenase activity is involved in the step from
lysine to pipecolic acid, which can be used by NRPSs as a substrate
to synthesize secondary metabolites. Curiously, an NRPS of T6
was upregulated in interactions with the tomato plant, as well as a
quinate dehydrogenase, which plays a major role in the shikimate
pathway for aromatic amino acids and SA biosynthesis. The cho-
rismate mutase gene, which also is involved in the shikimate path-
way, was upregulated in T6 in interaction with tomato roots (E.
Pérez, unpublished data).

Although it could be expected that hydrophobin and hydro-
phobin-like (ceratoplatanin) proteins related to fungal interac-
tion with the environment (42), root colonization (43), and the
induction of systemic defense in plants (44, 45) would be upregu-
lated in T. parareesei, hydrophobin downregulation due the pres-
ence of plants has also been reported in T. virens (15).

As observed in the mycelia of the three known biocontrol
strains, it was evident that the T6 mycelium was attached to the
roots at 20 h after inoculation. The relatively low metabolism de-
tected in T6 during the plant-fungus interaction, with respect to
its control, could be the result of the tomato plants modifying the
composition of the medium. It may be difficult to compare the T6
interaction with other Trichoderma-plant interactions because the
optimal growth temperature range described for T. parareesei (22)
is higher than that of the biocontrol species of Trichoderma.

In contrast to a report that both T. parareesei and T. reesei
inhibited the growth of garden cress (Lepidium sativum) seedlings
in plate assays (22), our in vitro results for the T6-tomato interac-
tion show a typical auxin effect on increased lateral root develop-
ment (Fig. 1), as has already been demonstrated for other
Trichoderma spp. (46), and also show systemic modifications in
the plant, observed as expression changes of genes related to de-
fense against pathogens and abiotic stresses (Fig. 2 and 3). The
discrepancy between the studies could be due to different experi-
mental approaches. Root colonization by Trichoderma triggers a
systemic response signaled by JA/ET in a way similar to that de-
scribed for rhizobacteria (47). Systemic defenses induced by
Trichoderma are also signaled by SA (48, 49), though they vary
depending on the plant genetic background, the interaction time,
and the strain and inoculum size (5, 50). In the present study, the
in vitro assay showed that T. parareesei triggers defense responses
against pathogens and salt stress in tomato seedlings. The time
course in vivo analysis showed that such responses undulate in the
tomato plants, which is compatible with the model proposed in
Arabidopsis, where temporal phases of hormone signaling under-
pin the establishment of systemic immunity (51). Expression
peaks observed at 24 or 48 h for JA/ET or SA signaling gene mark-
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ers are in agreement with a previously reported model of mutual
antagonism between the SA and JA/ET signaling pathways (52).

Because in vitro and in vivo growth are two markedly different
systems with distinct experimental conditions, gene expression
comparisons between these two assays should be cautiously inter-
preted. Nevertheless, with the exception of PR-1 expression, the
expression of the tested genes (ICSI, EIN2, LOX1, and AREB2)
was significantly upregulated at 6 days in both systems.

A previous study of the T. harzianum-Arabidopsis interaction
(12) showed an initial downregulation of SA-related genes, fol-
lowed by an increase in their expression; this agrees with the PR-1
expression pattern observed in the tomato plants during the first
48 h after T6 inoculation. The relatively low PR-1 expression at 8
and 24 h and the ICSI expression increase at 24 h, followed by a
marked PR-1 expression increase at 48 h, would support the hy-
pothesis that these patterns take place to limit the penetration of
the fungus into the first few layers of root cortical cells, as previ-
ously described for other Trichoderma spp. (14, 53).

In accordance with previous studies in which root application
of T. harzianum or T. atroviride was able to reduce the leaf lesion
area caused by B. cinerea (49, 54, 55), T. parareesei T6 also trig-
gered ISR against this foliar pathogen.

The beneficial effects of Trichoderma are more apparent in
plants subjected to some type of stress (7), although the mecha-
nisms controlling multiple plant stress factors are still being ex-
plored. Tomato seed treatment with T. harzianum confers protec-
tion against oxidative damage, alleviating the biotic, abiotic, and
physiological stresses of germinating seeds and seedlings (56). We
had observed the upregulation of several genes related to re-
sponses against abiotic stresses in Arabidopsis after 24 h of incu-
bation in the presence of T. harzianum (12), and a recent study
reported that Trichoderma can induce the expression of APXI in
salt-stressed Arabidopsis plants (57). The slight APX1 upregula-
tion observed in in vitro assays and the absence of significant ex-
pression changes in the time course study (data not shown) could
be due to the absence of salt-stressed plants in these assays. How-
ever, the salt tolerance SOSI gene (58) displayed an undulating
expression pattern, similar to that observed for LOX1 (Fig. 3),
which could agree with the salt tolerance observed in tomato
plants that were inoculated with T6 (Table 4; see Fig. S4 and S5 in
the supplemental material).

AREB2 is a transcription factor that requires ABA for full acti-
vation of the response and tolerance to salt stress (59), and the
transcription factor EIN2 is a cross-link node in the ET, ABA, and
stress signaling pathways (60). The time course expression pattern
of AREB2 observed in T6-challenged tomato plants was mutually
antagonistic with the patterns detected for EIN2 and ICSI. An
explanation for this behavior could be that EIN2 acts as a negative
regulator of ABA biosynthesis during early growth under normal
conditions (60), and in turn, a suppressive effect of ABA on the SA
signaling pathway has been previously reported (61). This could
also explain why T. parareesei T6-treated tomato plants subjected
to salt stress showed better growth than uninoculated tomato
plants, because an EIN2 downregulation induced by salt stress
could lead to an increase in ABA levels.

The antagonistic potential and the positive effects of T6 on
plants observed in the present study could suggest the use of T.
parareesei in plant protection as a biocontrol agent and/or as a
plant-beneficial microbe. However, because T. parareesei has an
optimal growth temperature of between 35 and 40°C and is closely
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related to human pathogens (i.e., T. longibrachiatum), risk assess-
ment studies are needed before considering any in vivo application
of this species in commercial agriculture. In any case, the present
study will serve as a basis for further investigations into biocontrol
and plant biostimulation of the so-far-neglected Trichoderma spe-
cies within the major Longibrachiatum clade.
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