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ARTICLE INFO ABSTRACT

Phytophthora capsici is a phytopathogen causing a destructive pepper blight. To control this disease, 77 isolates of
Trichoderma spp. were isolated from rhizosphere soil and 15 isolates showed high antagonistic activity. Based on
the analysis of the rDNA internal transcribed spacers (ITS), translation elongation factor 1-a (TEF1) and RNA
polymerase II subunit B (RPB2) gene sequence data and morphological traits, the isolates were identified as T.
brevicompactum, T. atroviride, T. afroharzianum, T. koningiopsis, T. citrinoviride, T. asperellum, T. harzianum, T.
virens and a new species. A new species was described as T. dorothopsis. The in vitro antagonistic assay and
analysis of metabolite fractions indicate that the T. virens HZA14 could cause colony collapse and degradation of
P. capsici. A high activity compound was identified as gliotoxin by spectrometric analysis. The biocontrol tests
demonstrated that the T. virens HZA14 delayed the occurrence of chili pepper blight and significantly reduced
the disease incidence and severity by 62.64% and 64.20%, respectively. Hence isolate HZA14 could be con-
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sidered for developing potential biocontrol agent for management of P. capsici in pepper.

1. Introduction

Phytophthora disease caused by Phytophthora capsici is the most
destructive disease on pepper plants grown in greenhouses and fields
(Granke et al., 2015). The disease usually occurs in the underground
parts of a plant, leading to root and crown rot of pepper. During a
serious disease epidemic, pathogen dispersal causes aerial blight of
leaves, fruit and stems (Callaghan et al., 2016). The white mycelia with
zoosporangia often produce on the water-soaked lesions under the
humid conditions (Foster and Hausbeck, 2010). Irreversible pepper
blight generally develops quickly, resulting in the plant death. Pepper
blight is one of important diseases on chilli and bell pepper in Zhejiang
province and it occurs severely each year (Jiang et al., 2016a).

For management of the diseases, agricultural and chemical
methods, such as crop rotation, resistant varieties and the use of fun-
gicides are widely applied. However, among these strategies, the crop
rotation is not widely chosen due to the limitation of agricultural areas
and long-term survival of pathogen oospores that are resistant to

desiccation, cold temperatures, and other extreme environmental con-
ditions in soil (Quesada-Ocampo et al., 2009; Roberts et al., 2008). In
relation to genetic resistance, the availability of resistant varieties is not
common (Foster and Hausbeck, 2010). Moreover, highly resistant
pepper cultivars showed susceptibility or moderate resistance when the
plants were inoculated with P. capsici (Dunn and Smart, 2015).
Management of P. capsici relies on use of common-use fungicides
metalaxyl and mefenoxam, resulting in the development of fungicide
resistance in the P. capsici (Barchenger et al., 2018; Parra and Ristaino,
2001) and environmental or human health problems (Hausbeck and
Lamour, 2004). Biological control is a promising and sustainable ap-
proach for the effective management of phytopathogenic fungi. Tri-
choderma species, such as T. asperellum (Jiang et al., 2016a), T. har-
zianum (Ezziyyani et al., 2007; Sid Ahmed et al., 1999), T. koningiopsis
(Ramirez-Delgado et al., 2018), have been shown to be particularly
effective in management of P. capsici. However, the introduction of new
strains of Trichoderma in the soils has had limited success, probability
due to the poor competition and adaptation ability, and the complexity
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of the soil environment (Hyakumachi et al., 2013; Savazzini et al.,
2009).

Trichoderma spp. possess many antagonistic mechanisms against
pathogens of crops, such as lytic enzymes, mycoparasitism, competition
for nutrients and space and so on, for their successful colonization
(Harman, 2006; Mukherjee et al., 2012). For example, Jiang et al.
(2016a) revealed that the hyphae of T. asperellum isolate CGMCC 6422
could penetrate the hyphae and oospores of P. capsici by mycopar-
asitism, leading to the degradation of hyphal cells. Mycoparasitism
involves cell wall degrading enzymes (CWDEs), which allows myco-
parasitic fungi to bore holes into other fungi and extract nutrients for
their own growth (Cao et al., 2009). Also, Trichoderma strains produce
antibiotics or low-molecular-weight compounds, which inhibit the
growth of plant pathogens such as 6-pentyl-pyrone (Jeleri et al., 2014),
viridiofungin (El-Hasan et al., 2009), gliotoxin (Roberts and Lumsden,
1990), etc. However, the mechanisms by which the Trichoderma spp.
suppresses different types of pathogens are different among species and
strains. In particular, the ability to produce the antibiotics vary between
isolates of the same species as well as between isolates of different
species (Dennis and Webster, 1971). So for different pathogens,
screening the isolates of Trichoderma spp. with highest antagonistic
activity and characterizing their antagonistic mechanisms are becoming
more and more common for their application as biocontrol agents
(Vinale et al., 2008).

In this study, therefore, we screened native isolates of Trichoderma
spp. with antagonistic activity against P. capsici, with the specific aims
to (i) identify these isolates by morphological characteristics and mo-
lecular sequences (ITS, TEF1, and RPB2) and (ii) evaluate the under-
lying mechanisms such the production of antagonistic compounds. This
will provide the potential isolates for developing of the effective bio-
control agents against pepper blight by P. capsici that will work in the
region.

2. Materials and methods
2.1. Pathogen isolate

The Phytophthora capsici HZ07 was a highly aggressive isolate and it
was isolated previously from the diseased roots of Capsicum annuum cv.
Hangxian No. 3 and identified as the A2 mating types (Jiang et al.,
2016a). It was deposited at 11-12 °C in the Culture Collection of Bio-
technology Institute, Zhejiang University, Zhejiang Province, China.

2.2. Isolation of Trichoderma spp.

Forty soil samples were collected from the rhizosphere of bell or
chili pepper plants in the heavily infested fields by P. capsici from eight
different farms near to Hangzhou city, China. All soil samples were
stored at 4 °C in the laboratory. Serial dilutions were made with each
soil sample. For this, 1 g of soil was added into 9 ml of sterile distilled
water, the suspension was shaken and then a series of dilutions were
carried out. An aliquot of 1 ml of each diluted soil suspension was
uniformly spreaded on the surface of a Trichoderma selective medium
(TSM: MgSO47H,0 0.2 g; K, HPO,4 0.9 g; KC1 0.15 g; NH4NO3 1.0 g;
glucose 3.0 g; chloramphenicol 0.25 g; rose-bengal 0.15 g; agar 20 g
with 1 L water) (Elad et al., 1981) and the plates were incubated at
27 =+ 1 °C for four days. Colonies grewing on TSM were transferred to
the potato dextrose agar (PDA) for their single spore isolation. The
single spore isolates were stored at 4 °C for use in this study.

2.3. Screening of antagonistic isolates

The dual culture technique was used to screen the isolates with
highest antagonistic activity against P. capsici HZ07. For this, a disc (5-
mm diameter) from the margin of a three-day-old colony of a
Trichoderma isolate was put on one side on a PDA plate (9-cm
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diameter), with another 5 mm of five days old mycelia of P. capsici was
placed on the opposite side. Each treatment was replicated three times.
The plates were incubated at 25 #+ 1 °C. Degree of antagonism was
assessed for each isolates on a scale of classes 1-5 (1 = Trichoderma sp.
grew completely on the pathogen and covered the whole surface of the
culture medium; 2 = Trichoderma sp. grew on at least two-thirds of the
culture medium; 3 = each Trichoderma sp. and the pathogen colonized
nearly half of the culture medium and no organism dominated the
other; 4 = at least two-thirds of the culture medium was colonized by
the pathogen and the pathogen resisted encroachment of the antago-
nist; 5 = the pathogen grew completely on the Trichoderma sp. and
colonized the whole surface of the culture medium) (Zhang et al.,
2015).

2.4. Molecular identification

The fungal isolates were cultured in a 250 ml flask containing
100 ml potato dextrose broth (PDB), shaken at 150 rpm at 27 * 1 °C
for four days. The mycelia were filtered and grounded to a fine powder
in liquid nitrogen. Genomic DNA was extracted using a protocol de-
scribed by Zhang and Li (2009). The obtained genomic DNA was re-
suspended in 50 pL TE buffer and stored at —20 °C. Three DNA frag-
ments were amplified in an automated thermal cycler (Eppendorf AG,
Germany). The primer pairs ITS5 and ITS4 were used for amplification
of rDNA ITS regions (Jiang et al., 2016b), the primers EF1-728F (
5’-CATCGAGAAGTTCGAGAAGG-3’) (Carbone and Kohn, 1999), and
TEF1LLErevR (5-AACTTGCAGGCAATGTG G-3’) (Samuels et al., 2002)
for the translation elongation factor 1 a (TEF1) gene and primers RPB2-
5F (5-GAYGAYMGWGATCAYTTYGG-3’) and RPB2-7cR (5-CCCATRG-
CTTGYTTRCCCAT-3’) for the RNA polymerase II subunit B (RPB2) gene
(Jiang et al., 2016a). The purified PCR products were submitted to the
Sangon Biotech Company Limited (Shanghai, China) for sequencing in
both directions.

2.5. Phylogenetic analysis

The sequences were edited by BioEdit 7.1.3.0 (Hall, 1999) and
analyzed by the nucleotide BLAST search in the GenBank database.
They were deposited in GenBank and reference sequences were
downloaded from GenBank (Supplementary Table 1). Phylogenetic tree
was constructed by using the three-locus combined ITS, TEF1, and RPB2
dataset with 60 in group taxa and two outgroup taxa (Nectria ber-
olinensis and N. eustromatica) (Supplementary Table 1). The sequences
of each region or genes were aligned with MAFFT v7.273 (Katoh and
Standley, 2013) and edited by the BioEdit. The resulting sequences
were analyzed by Gblocks 0.91b for eliminating the ambiguously
aligned positions and divergent regions prior to phylogenetic analyses
(Katoh and Standley, 2013). The model of evolution for each alignment
was estimated by using jModel Test 2.1.7 (Darriba et al., 2012) and the
model chosen according to the Akaike information criterion. The best
TrNef + I + G model was selected for TEF1 and CTR + I + G for RPB2
and TrNef + I + G for ITS.

The molecular phylogenies of Trichoderma spp. were analyzed by
Maximum likelihood (ML) and Bayesian inference (BI). ML analyses
were implemented with RaxmlGUI v. 1.5 (Silvestro and Michalak,
2012). ML bootstrap (ML- BS) analysis of each ML tree completed with
a fast 1000 bootstrap frequency with the same parameter settings using
the GTR + I + G model of the nucleotide substitution. The 80% values
were showed on a tree for significantly supported nodes. BI analyses are
conducted with MrBayes v. 3.2.6 (Ronquist et al., 2012). The MCMC
(Markov-chain Monte-Carlo) used to seek in four chains; these branches
have been run on 10 million generations with 100 tree samples every
generation. The remaining trees merged into one tree with 50% ma-
jority rule consensus tree. BI posterior probability (BI-PP) values equal
or above 0.95 were found to be significant.
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2.6. Morphological observation

The isolates were cultured on PDA, cornmeal dextrose agar (corn-
meal agar 20 g, dextrose 20 g, agar 20 g with 1 L distilled water) and
synthetic low nutrient agar (KH,PO,4 1.0 g, KNO3 1.0 g, MgSO,7H,0
0.5g,KCl10.5 g, glucose 0.2 g, sucrose 0.2 g, agar 15.0 g with 1 L water)
and incubated at 20-25 °C under an alternating cycle of 12 h light and
12 h darkness (Jaklitsch, 2009). The fungal asexual structures such as
conidiophores, phialides, conidia and chlamydospores were observed
and measured using a Zeiss Axiophot 2 microscopy with Axiocam CCD
camera and Axiovision digital imaging software (AxioVision Software
Release 3.1., v.3-2002; Carl Zeiss Vision Imaging Systems). The closely
related species on phylogenetic tree were morphologically compared by
taxonomic characteristics.

2.7. Detection of activity metabolites

To evaluate active metabolites produced by 15 isolates of
Trichoderma against P. capsici, a mycelia-disc (5 mm) obtained from the
isolate cultured on PDA was transferred into a 250 ml flask containing
100 ml PDB and the flasks were incubated in a ZWY-211B rotary shaker
for 14 days. After filtering mycelium from the culture liquid with
cheesecloth, the used culture medium was centrifuged and 50% (V/V)
and 20% culture liquids were prepared by dilution and then sterilized
by filtration through millipore membrane with 0.22 pm pore size. One
ml of each culture liquid was added into a 9-cm-diameter plate con-
taining 10 ml molten PDA, and then a mycelia-disc (0.5 cm) of five days
old P. capsici was placed into the centre of a plate. Plates with PDA but
without culture liquid were used as the controls. Each treatment was
replicated five times. The plates were kept at 25 °C, and the diameter of
the colonies was measured when the diameter of control colonies
reached the plate edge. Inhibition percentage of mycelial growth was
calculated using the formula: IP (%) = [(C — T)/C)] X 100, where IP is
the inhibition percentage, C is the control hyphal growth diameter, T is
the hyphal growth diameter in the culture liquid-treated plates.

2.8. Purification and identification of active fractions

Based on the results of the previous experiments, the highest active
fractions produced by the Trichoderma isolates were purified and their
chemical structures were identified. The isolates screened were in-
oculated into a flask containing PDB and incubated in a rotary shaker
for 14 days, as descibed above. Two litres of culture liquid were ob-
tained and the metabolites were extracted using ethyl acetate. The
solvent was evaporated under reduced pressure. The residue was pur-
ified by silica gel column chromatography (particle size 200-300 mesh)
and different fractions were purified by preparative silica gel TLC
(GF2s4). A small amount of each fraction was dissolved in DMSO (di-
methyl sulfoxide) for bioactive determination. Aliquots of 1 ml of each
fraction (100 pug/ml) were added into 10 ml of molten PDA in each
plate then, a mycelia-disc (5 mm) of P. capsici was placed onto the plate
centre. The active fractions were determined by observing of pathogen
growth onto the plates (absence or presence) after incubation at 25 °C
for four days. To identify chemical structures, the active fractions were
purified further with a Waters 600 HPLC instrument fitted with a Shim-
pack Prep ODS column (20 X 250 mm). The eluent was monitored with
a Waters 2487 Dual A absorbance detector at 254 nm. Good semi-
preparative separation of the active fraction peaks was obtained with a
flow rate 6 pL/minutes by isocratic elution with the mixture of me-
thanol and distilled water (1:1, V/V). The mass spectrum of active
fraction was analyzed with a VG Autospec-3000 mass spectrometer
(VG, Manchester, UK) and API QSTAR Pulsar 1 (Applied Bio-systems,
Foster City, USA). For further bioactive determination, the purified
compound was dissolved in DMSO and different mother solutions were
obtained. For this, they were mixed with a molten V8 medium and
seeded onto plates at final concentration of 0.5, 1.0, 5.0, 10.0 and
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15.0 pg/ml. Mycelial discs (5 mm) of P. capsici were placed into the
centre of V8 media plate. Each treatment was replicated five times. The
plates were kept at 25 °C for four days and colony diameters were
measured when the diameter of control colonies reached the plate edge.
Inhibition percentage of mycelial growth was calculated, as described
above.

2.9. Effect of antagonistic isolates against chili pepper blight

Based on previous experiment results, the Trichoderma isolates were
used for in vitro tests of biocontrol against chili pepper blight. Seeds of
chili pepper (Capsicum annuum L. cv Jizua) were sterilized with 2%
sodium hypochlorite solution, placed into the surfaces of the wet ster-
ilized filter papers that were in a plate, and the plates were incubated at
25 °C for 5-6 days. The germinated seeds were sowed into the pots
(11 x 11 x 11 cm) containing the soil mixture (peat: vermiculite:
farmyard soil in a 2:1:1 ratio) and incubated at 28-30 °C and relative
humidity level of 80-90%. Trichoderma isolates were cultured in the
flasks containing wheat grains autoclaved and incubated at 25 °C with a
12 h photoperiod for 15 days for fungal conidial production. One
hundred of mL of sterile water was poured into each conical flask and
vortexed vigorously to dislodge the spores. Spore suspensions were
collected in a container. Spores were counted using a hemocytometer.
For soil inoculation, the 10-ml conidial suspension (about 1 X 107
spores/mL) was applied around the root zone of each seedling with six
to eight leaf stage. One week after inoculation, each pot was inoculated
with 5 ml of zoospores suspension (about 2 x 10° zoospores/mL) of P.
capsici (Bosland and Lindsey, 1991). For preparation of pathogenic in-
ocula, the five mycelia discs of P. capsici were put into a plate with
10 ml of sterile distilled water and incubated at 25 °C under light
condition for three days for zoosporangial production. The zoospores
suspension was prepared by incubating plates at 4 °C for 30 min for
zoospore release, filtration with cheesecloth and quantification with a
hemocytometer, as described by Ristaino (1990). Seedlings inoculated
only with zoospores suspension were used as control. Each treatment
(with 25 plants) was repeated three times. The plants were observed
daily and disease incidence (DI %) and disease severity (DS %) were
recorded after 15 days from inoculation. Disease severity was assessed
using a scale of classes 0-4, where 0 = no symptoms, 1 = wilting of the
plant, without a stem lesion, 2 = wilting and stem lesion without
girdling, 3 = girdled plant stem, 4 = dead plant (Ristaino, 1990).

All statistical analyses were done using SPSS software version 16
(SPSS, Chicago, IL, USA) and the level of significance for the LSD test
was set at P < 0.05.

3. Results
3.1. Isolation and screening of antagonistic isolates

A total of 77 isolates of Trichoderma spp. were obtained from the
rhizosphere soil. Among them, 19.5% (n = 15) of Trichoderma isolates
showed the highest antagonistic activity with antagonism class 1, while
80.5% of the isolates had antagonism classes for 2-5. The 15 isolates
with antagonism class 1 (Fig. 1) were chosen as the antagonistic can-
didates and they were designated as HZA1-HZA15. A distinct interac-
tion zone of hypha disappearance of P. capsici HZ07 in the interaction
between P. capsici and Trichoderma sp. isolate HZA14 was observed
(Fig. 1). For confirming this phenomenon, the repeated test showed that
colonization of the HZA14 was able to lead to a clear interaction zone of
hypha disappearance of P. capsici HZ07 (Fig. 2). Microscopic observa-
tion showed that near margin of a interaction zone of P. capsici hyphal
disappearance, the hyphae of P. capsici were penetrated and encircled
by hyphae of T. virens, leading to its hyphal degradation (Fig. 3B and
3C). Especially, it was found that the part of a hypha of P. capsici was
killed but it’s another part was normal yet (Fig. 3A). In addition,
complete disintegration of P. capsici hyphae was common in the
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Fig. 1. Antagonistic effect of 15 isolates (bottom) with antagonism class for 1 on the hyphae of P. capsici (upper parts) on PDA five days after inoculation. A. HZA1. B.
HZA2. C. HZA3. D. HZA4. E. HZAS. F. HZA6. G. HZA7. H. HZAS8. 1. HZA9. J. HZA10. K. HZA11. L. HZA12. M. HZA13. N. HZA14. O. HZA15.

Fig. 2. The isolate HZA14 causing the interaction zone (*) of hyphal dis-
appearance of P. capsici.

interaction zone (Fig. 3D).
3.2. Sequence and phylogenetic analysis

The genomic DNA of 15 isolates amplified by primer pairs ITS6 F/
ITS4 R, EF1-728F/TEF1LLErevR and RPB2-5F/RPB2-7cR produced the
fragments of approximately 630 bp (ITS), 1300 bp (TEF1 region) and
1077 bp (RPB2), respectively. Sequences of each Trichoderma isolate
were aligned, edited, analyzed and deposited in the GenBank database
(Supplementary Table 1).

To delineate species boundaries, phylogenetic analysis was carried
out by using the three-locus combined ITS, TEF1 and RPB2 dataset.
After removing the ambiguously aligned regions, the alignments were

Fig. 3. Antagonism of T. virens HZA14 against P.
capsici HZ07 in a collapsed interaction region
after hyphae of T. virens overgrowing the colony
of P. capsici. A. A partially killed hypha of P.
capsici (P). B. A hypha of T. virens (T) around a
disintegrated hypha of P. capsici (P). C. A hypha
of T. virens (T) encircling a disintegrated hypha
of P. capsici. D. Lots of disintegrated hypha of P.
capsici. Scale bars = 10 um.
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Fig. 4. Maximum likelihood (ML) tree generated from the combined ITS, TEF1 and RPB2 sequences of 62 taxa of Trichoderma. The tree is rooted with Nectria
berolinensis and N. euchromatica. Clades with 100% ML bootstrap branch support and 1.00 Bayesian posterior probabilities (BPP) are indicated by thick black lines.
Clades with > 80% ML-BS (left) and 0.95 BPP (right) are indicated by the corresponding support values. Dashes indicate support values lower than 80% ML-BS and
0.95 BPP. Species isolated from the rhizosphere of pepper plants are shown in bold.
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2034 characters, of which 609 were phylogenetically informative. The
parsimony informative characters were 243 in TEF1 alignment, 277 in
RPB2 and 89 in ITS, respectively. The phylogenetic tree showed that all
studied isolates were separated into different clades (Fig. 4). The to-
pology of the best scoring ML tree analysis was congruent with the BI
tree for the concatenated three-locus dataset. The relationship of most
all reference isolates could be clearly distinguished on the level of
species. The isolates HZA13, HZA1 and HZA2 clustered with T. atro-
viride SB6, T. atroviride TRW, H. atroviride CBS 119499 and T. atroviride
TRS 26 as a clade with high ML-BS (100%) and high BI-PP (1.00)
support. The isolates HZA8, HZA5 and HZA15 clustered as a distinct
clade with high ML-BS (100%) and high BI-PP (1.00) support, forming a
sister clade with tested isolate HZA6 and T. koningiopsis 7745 to the
well-supported clade with higher ML-BS (84%) and higher BI-PP (0.98)
support. The phylogenetic analysis indicated that isolates HZA8, HZA5
and HZA15 have a close relationship, and T. koningiopsis being more
closely related to the HZA6. Similarly, HZA4, HZA7 and HZA12 clus-
tered as a distinct clade with high ML-BS (100%) and high BI-PP (1.00)
support, forming a sister clade with T. brevicompactum TRS859 with
high ML-BS (100%) and high BI-PP (1.00) support. In addition, HZA10,
HZA9, HZA14, HZA11 and HZA3 clustered with T. asperellum TRS705
and TRS746, T. citrinoviride TRS745 and TRS750, T. virens TRS106 and
TRS112, T. aff. harzianum TRS861, T. harzianum T5 and T. harzianum
T18, and T. afroharzianum TRS835 as a distinct clade with high ML-BS
(100%) and high BI-PP (1.00) support, respectively.

3.3. Taxonomy

3.3.1. Trichoderma dorothopsis A.A. Tomah & J.Z. Zhang, sp. nov.

MycoBank: MB 831,879 Fig. 5

Holotype: CHINA, ZHEJIANG PROVINCE: Shaoxin, from Soil,
30°18’3“N, 120°51’3“E, 5.7 M, 2 Jun. 2017, A.A. Tomah and J.Z. Zhang
(HOLOTYPE dry culture HMAS 248251 and ex-type living culture
CGMCC3.19672 = HZAS).

Etymology: “dorothopsis” in reference to the similarity to T. dor-
otheae with phialides tending to proliferate percurrently to form new
phialides.

Description: The optimum temperature for growth on PDA and SNA
is 27-30 °C. Colonies grown on PDA producing conidia within 96 h,
with abundant aerial mycelium without the concentric rings (Fig. 5A);
on CMD abundant yellowish conidia in the aerial mycelium forming
differentiated concentric rings (Fig. 5B); on SNA conidia beginning to
form small pustules in a ring around the original inoculum in marked
concentric rings (Fig. 5C). No diffusing pigment or distinctive odour
detected on any medium. On SNA, conidial masses green to deep green.
Conidial production nearly continuous with a tendency to form highly
compact to cottony, 1-2 mm diam pustules (Fig. 5D — 5E). Often long,
entirely fertile branches visible in the pustules (Fig. 5F). Conidiophores
comprising a recognizable main axis; fertile branches arising along the
length of the main axis, more or less paired with longer or shorter in-
ternodes (Fig. 5G). The longer branches near the base and short bran-
ches or solitary phialides arising near the tip (Fig. 5H); branches re-
branching or producing directly phialides (Fig. 5I); sometimes several
phialides arising from the same point and crowded (Fig. 5K). Phialides,
(9.76-) 9.69-11.43 (-11.92) x (2.54-) 3.06-3.89 (-4.36) um, narrowly
lageniform, straight, only slightly swollen in the middle. In some cases,
phialides tending to proliferate percurrently to form new phialides
(Fig. 51 — 5J). Conidia, (3.19-) 3.34-3.91 (-4.18) (avr. 3.63) X (2.86-)
3.07 x 3.48 (-3.56) (avr. 3.28) um, globose to subglobose, occasionally
ellipsoidal, smooth (Fig. 51). Chlamydospores, abundant, terminal to
intercalary, globose to subglobose (Fig. 5M).

Specimens examined: CHINA, ZHEJIANG PROVINCE: Hangzhou,
from Soil, 30°3’36”N, 120°49’22”E, 5.7 M, 2 Jun. 2017, J.Z. Zhang
(living culture CGMCC3.19673 = HZA8, CGMCC3.19674 = HZA15).
The living cultures HZA5, HZA15, and HZA8 were deposited in the
Culture Collection of Biotechnology Institute, Zhejiang University,

Biological Control 145 (2020) 104261

Zhejiang Province, China.

Comments: Trichoderma dorothopsis is characterized by main axis
branched conidiophores, lush aerial mycelium production on CMD,
narrowly lageniform phialides tending to proliferate percurrently to
form new phialides, smooth, globose to subglobose conidia but with
yellow coloration on CMD. It has a closest phylogenetic relationship
with T. koningiopsis and T. koningii and clusters with T. koningiopsis
(Fig. 4), which is morphologically distinct. T. dorothopsis producing lush
aerial mycelium on CMD, being different from T. koningii and T. ko-
ningiopsis with very little aerial mycelium (Samuels et al., 2006). It has
narrowly lageniform phialides but lacks intercalary phialides com-
paring with T. koningiopsis. Unlike T. koningii with oblong conidia and T.
koningiopsis with ellipsoidal conidia, T. dorothopsis has globose to sub-
globose conidia. In addition, T. dorothopsis produces phialides tending
to proliferate percurrently to form new phialides, being similar to T.
dorotheae (Samuels et al., 2006).

3.3.1.1. Identification of other species. The isolates HZA4, HZA7 and
HZA12 grown on CMD or SNA, conidiophores pyramidally verticillately
branched in the Pachybasium-type patterns (Bissett, 1991). Phialides
mostly broadly ampulliform with a short slender neck. Conidia,
2.6-3.1 X 2.1-2.9 um, subglobose to short ellipsoidal. Based on
morphological characteristics, they were identified as T.
brevicompactum described by Degenkolb et al. (2008), and Kraus et al.
(2004). Isolates HZA1, HZA2 and HZA13 grown on CMD had similarly
morphological characteristics. Conidiophores typically unilateral
although paired branches. Phialides straight or sinuous, wide at the
base, typically flask-shaped and enlarged in the middle, constricted to
the tip. Conidia, 2.5-3.5 X 2.4-3.2 um, subglobose to ovoidal. They
were identified as T. atroviride, being identical with description by Dodd
et al. (2003). Similarly, based on morphological characteristics, isolate
HZA3 was identified as T. afroharzianum (Chaverri et al., 2015), HZA6
as T. koningiopsis (Samuels et al., 2006), HZA9 as T. citrinoviride (Bissett,
1984), HZA10 as T. asperellum (Samuels et al., 1999), HZA11 as T.
hargianum (Samuels et al., 2002), and HZA14 as T. virens (Chaverri
et al., 2001).

3.4. Inhibitory activity of culture liquid against P. capsici

The inhibitory activity of 15 isolates metabolites against the hyphae
growth of P. capsici was assessed. All metabolites from different isolates
indicated different levels of inhibitory activity (p < 0.05) (Table 1).
The metabolites produced by T. virens HZA14 completely inhibited the
hyphae growth after diluted 20 or 40-folds, showing the highest in-
hibition percentage (100%), followed by T. afroharzianum HZA3 with
44.85% (20-folds) and 78.96% (40-folds) inhibition and T. citrinoviride
HZA9 with 42.445% (20-folds) and 77.81% (40-folds) as well as T.
dorothopsis HZA5, HZA8 and HZA15 with 34.67-39.59% (20-folds) and
71.0-771.33% (40-folds) and T. koningiopsis HZA6 with 37.29% (20-
folds) and 72.18% (40-folds). While the lowest inhibition percentage
was found in T. atroviride HZA1, HZA2 and HZA13, T. asperellum HZA10
and T. hargianum HZA11 with 0.62-1.59% (20-folds) and 5.18%- 6.29%
inhibition.

3.5. Purification and identification of active metabolites

Based on the results of inhibitory activity, potentially active com-
pounds produced by T. virens HZA14 were extracted and separated to
give four fractions (A, B, C and D). Different amounts of factions A, B, C
and D were recovered. The activity tests showed that only fraction C
dissolved in DMSO had the strong inhibitory activity against hypha
growth of P. capsici.

The fraction C was purified with a HPLC instrument, and analyzed
by the mass spectrometer. Fullscan MS showed a ion at m/z 349 cor-
responding to the sodium adduct of gliotoxin [M + Na]™ (Fig. 6),
which produced its single major daughter ion at m/z 263 corresponding



A.A. Tomah, et al.

Biological Control 145 (2020) 104261

Fig. 5. Trichoderma dorothopsis grown on PDA or CMD or SNA in 9-cm-diam Petri dishes under 12 h darkness /12 h light for four days. A. On PDA. B. On CMD. C. On
SNA. D-M. On CMD. D-F. Conidial pustules. Individual plumose conidiophores can be seen in the pustule (F). G-K. Conidiophores and phialides. The percurrently
proliferated phialides can be seen in (I and J) (arrows). L. Conidia. M. Chlamydospores. Scale bars: D and E = 1 mm; F = 500 ym; G-M = 10 pum.

to the dethiogliotoxin [M-2S]™, as reported in previous MS studies of
gliotoxin by electronic impact mass spectrometry (Bose et al., 1968;
Grovel et al.,, 2002). The isotopic distribution of this daughter ion
confirmed a lack of two sulphur atoms in its composition (Bose et al.,
1968). The ions at m/z 245 correlated to [M—2S—H,0]" (Grovel
et al., 2002), being attributable to a fragmentation of the daughter ions
of the m/z 285 ion (Svahn et al., 2012).

Subsequently, the activity test using purified gliotoxin was con-
ducted on the plates containing V8 media (Fig. 7). The activity tests

showed that 0.5 pg/ml of gliotoxin inhibited in 40% mycelial growth
after incubation for 4 d, 1.0 ug/ml in 66%., while 5.0 ug/ml and more
completely inhibited the pathogen growth.

3.6. Inhibitory efficacy against chili pepper blight

Inoculation tests showed that the T. virens HZA14 was able to delay
disease occurrence and significantly reduced the disease incidence and
severity. Five days after inoculation, dark brown lesions were observed
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Table 1
Inhibitory activity of metabolites produced from 15 Trichoderma isolates
against hyphae growth of P. capsici.

Isolates “ Inhibition Percentage (%)
b 40-folds 20-folds

HZA1 1.11 * 0.62° 6.29 + 0.05°

HZA2 111 * 0.62° 6.18 + 0.02°

HZA3 44.85 + 0.44° 78.96 + 1.05"
HZA4 15.93 = 0.77¢ 23.74 = 0.74¢
HZA5 34.67 + 0.21° 71.07 * 0.64°
HZA6 37.29 * 0.50° 72.18 * 0.92°
HZA7 13.51 + 0.56¢ 21.17 + 0.28¢
HZAS8 34.97 * 0.60° 70.92 * 0.19°
HZA9 42.44 + 0.20° 77.81 + 0.72°
HZA10 0.62 = 0.05° 5.92 * 0.11°

HZA11 1.59 + 0.04° 07.40 * 0.16°
HZA12 16.52 + 0.22¢ 20.70 + 0.15¢
HZA13 111 * 0.12° 5.18 * 0.03°

HZA14 100.00 = 0.00° 100.00 * 0.00"
HZA15 39.59 * 0.57° 71.33 * 0.54°

2 Inhibition percentage (%) of diameter growth of P. capsici hyphae on PDA
containing the diluted culture liquid five days after inoculation.

> The culture liquid was diluted 40-folds or 20-folds. Means in the columns
followed by the different letters are significantly different at p < 0.05 ac-
cording to LSD.
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Fig. 6. Fullscan mass spectrum of fraction C. MS spectrum of fraction C showing
loss of the two sulphur atoms leading to dethiogliotoxin at m/z 263.

on stem bases of few seedlings treated only with the zoospores sus-
pension of P. capsici (control). Ten days after inoculation, symptoms of
leaf wilting were observed in control plants but no symptom was found
in plants coinnoculated with the HZA14 isolate and zoospores suspen-
sion. However, typical symptoms appeared on stem bases of plants
coinoculated with the HZA14 and zoospores suspension 12 days after
inoculation. Fourteen days after inoculation, the lesion extension was
obvious on stem bases of plants coinoculated with the HZA14 and
zoospores suspension (Fig. 8A). During this period, wilt and damping-
off occurred seriously on control plants (Fig. 8B). Fifteen days after
inoculation, the disease incidence and disease severity on plants coin-
oculated with HZA14 and zoospores suspension were 29.84 * 2.6%
and 14.18 * 0.6%, respectively, compared with control with
92.48 + 2.1% DI and 88.38 = 2.9% DS, respectively (Fig. 8C). The
HZA14 significantly decreased the disease incidence (62.64%) and se-
verity (64.2%), respectively.

4. Discussion

Trichoderma species have a cosmopolitan distribution and inhabit
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diverse ecological niches, frequently finding on dead wood and bark, on
other fungi, in soil and living within healthy plant roots, stems and
leaves (Du Plessis et al., 2018; Mukherjee et al., 2013). In recent years,
the number of Trichoderma species has dramatically increased. Until
now, more than 290 Trichoderma species have been described (Bissett
et al., 2015; Du Plessis et al., 2018; Zhu et al., 2017). In this study, a
new species T. dorothopsis from soil was found. However, the Tricho-
derma species still will probably increase because fungal soil commu-
nities from many parts of the country have not yet been investigated
widely.

In phylogenetic analysis, T. dorothopsis has a closest phylogenetic
relationship with T. koningiopsis to form a well-supported branch that
separated it from its relatives, while in morphology, it can be dis-
tinguished clearly from T. koningiopsis by globose conidia and percur-
rently proliferated phialides. The molecular and morphological analysis
all confirms that T. dorothopsis is an unreported new species. However,
we also found that several species had a larger base variation range in
their gene sequences. In the isolate HZA4, HZA7, and HZA12, phylo-
genetic analysis displayed that they clustered as a clade, which formed
a sister clade with T. brevicompactum TRS859 (Fig. 4). Although they
had more than 20-base difference comparing with the isolate TRS859
only in TEF1 gene sequences, morphological data did not support to
separate them from T. brevicompactum as a distinct species, showing
that T. brevicompactum had a larger variation range in its gene se-
quences. Similarly, five reference isolates and test isolates (HZA1, HZA2
and HZA13) in T. atroviride indicated a larger base variation rang in
tree-loci sequences as well. So our study provides another demarcation
information about Trichoderma species.

Several species of Trichoderma have been shown to be particularly
effective in controlling pepper blight (Ezziyyani et al., 2007; Osorio-
Hernandez et al., 2011; Sid Ahmed et al., 1999). Our results showed
that 19.5% of Trichoderma species isolates had high antagonistic ac-
tivities against the mycelial growth of P. capsici, especially T. virens
HZA14 caused a distinct interaction zone of hyphal disappearance of P.
capsici HZ07 (Fig. 2). This was considered to be related to its metabo-
lites. A few studies have showed that in interaction between myco-
parasites and plant pathogens, interaction zone of hyphal dis-
appearance are not observed (Cao et al., 2009), as showed in Fig. 1A-M
and O in this study. Although T. virens HZA14 possesses mycopar-
asitism, as showed in Fig. 3B and 3C, rapid colony disintegration is
distinctly related to another mechanism. Microscopic observations de-
monstrated that a partially killed hypha of P. capsici could be related to
antagonistic compounds produced by T. virens in the interaction zone of
P. capsici hyphal disappearance (Fig. 3A). Therefore, antagonistic
compounds produced by T. virens HZA14 may play an important role in
antagonistic mechanisms. Subsequently, in vitro test confirmed that its
culture liquid had high inhibitory activity (Table 1). Chemical structure
of an active fraction obtained from the culture liquid was identified as
gliotoxin. Production of gliotoxin by T. viride has been known since it
was discovered by Brian (1944). Gliotoxin displays a wide range of
biological effects including anti-viral, anti-bacterial and im-
munosuppressive properties (Niide et al., 2006; Prakesh Hebbar and
Lumsden, 1999). Production of gliotoxin by T. virens has been proposed
as an important component in antibiosis (Fravel, 2003). Gliotoxin has
also been reported to act synergistically with chitinase in the anti-
fungal activities of T. virens (Dipietro et al., 1993). Similarly, the iso-
lates producing gliotoxin were more effective in seed treatments for
controlling diseases caused by Rhizoctonia solani (Howell et al., 1993).
These studies showed that gliotoxin may play an important role in re-
ducing pathogen development and disease occurrence, while this study
charactered relationship of gliotoxin with formation of interaction zone
of pathogen hyphal disappearance for first time and revealed its anti-
oomycetes activity. Bioactivity of gliotoxin produced by the HZA14
against hyphal growth of P. capsici was very high in in vitro tests on
PDA. In vivo inoculation tests showed that the HZA14 isolate was able to
delay disease occurrence and significantly reduce disease incidence and
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Fig. 7. The gliotoxin activity against hyphal growth of P. capsici on PDA plates with different concentrations of gliotoxin. A. With 0.5 pg ml~" of gliotoxin. B. With
1.0 ug ml~ ! of gliotoxin. C. With 5.0 pg ml~" of gliotoxin. D. With 10.0 ug ml ™! of gliotoxin. E. With 15.0 pg ml™"' of gliotoxin. F. Control.

W P.capsici ™ T.virens+P.capsici

a

a

Disease Incidence Disease severity

Fig. 8. Effect of inoculation with T. virens HZA14 on the disease incidence and severity of chili pepper blight 14 days after inoculation. A-B. Disease symptoms
14 days after inoculation. A. Coinoculation with isolate HZA14 and zoospores suspension of P. capsici. The lesions spread upward (arrow). B. Inoculation with
zoospores suspension (control). C. Disease incidence and severity 15 days after inoculation. Vertical bars represent standard deviation of the means (n = 3). Bars
followed by the different letters are significantly different at p < 0.05 according to LSD.

severity by 62.64% and 64.20%, respectively. However, inhibitory role
of the HZA14 against pathogen also involves in other mechanisms of
action.

A great number of studies showed that Trichoderma spp. possess the
multiple mechanisms, including mycoparasitism, extracellular enzymes
such as cellulase, amylase, pectinase, protease and chitinase, antag-
onistic compounds and induced resistance, to inhibit pathogens and
reduce diseases (Atanasova et al., 2013; Cherkupally et al., 2017;
Vargas et al., 2014). As showing in Fig. 1, the antagonistic Trichoderma
spp. isolates colonized and degraded the colony growth of pathogen by
means of penetration and encirclement (Fig. 2C and 2D), obviously
being associated with the mechanism of mycoparasitism involving in

production of extracellularly lytic enzymes. Thus the Trichoderma
HZA14 possibly uses multiple mechanisms of action to synergistically
inhibit pathogen, while gliotoxin produced by it could play an im-
portant role in inhibiting pathogen and controlling chili pepper blight.
Our data indicate that the Trichoderma HZA14 and the gliotoxins
that it produces have a great potential using as candidate biocontrol
agent. However, its biocontrol efficacy needs to be confirmed under the
field condition for generating useful products for management of pa-
thogens in the agroecosystem. Therefore, further studies will focus on
its control efficacy in the fields for development of biocontrol agent.
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