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Abstract. Trichoderma species are ubiquitous filamentous fungi with significant
ecological versatility and impacts on agricultural and environmental systems.
These fungi are predominantly found in soil, growing in the root system, as well
as on wood and bark. Their diverse capabilities include enhancing plant growth,
promoting nutrient uptake, and acting as biocontrol agents against a wide range
of plant pathogens. They produce a plethora of bioactive secondary metabolites
including peptaibiotics. These short, linear peptides are composed of unusual
amino acid residues synthesized by non-ribosomal peptide synthetases. This
study aimed to explore the peptaibiotics production of Trichoderma citrinoviride
isolated from litter sources in Mongolia. An optimized HPLC separation coupled
with high-resolution mass spectrometric (HRMS) detection was used to identify
their peptaibiotic production. Based on the MS/MS fragmentation patterns, the
key amino acid (o-aminoisobutyric acid, Aib) and amino alcohols were found in
samples revealing the presence of specific peptaibiotics. As a result, 19- and 20-
residue peptaibols, as well as 7-residue lipopeptaibols were identified from 7.
citrinoviride. Among these, certain peptaibols were identified as previously re-
ported, while all the 19-residue peptaibols represent potentially novel com-
pounds, proposed to be named brevilongibrachins. This study shows the meta-
bolic potential of Mongolian Trichoderma species and contributes to the growing
knowledge of fungal peptaibiotic diversity.

Keywords: Trichoderma citrinoviride peptaibiotics, UHPLC-ESI-HRMS, pep-
taibol, lipopeptaibol.
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1 Introduction

Genus Trichoderma has attracted significant attention in the field of mycology since
Weindling et al. first discovered its ability to parasitize other fungi and control plant
diseases [1]. Currently, Trichoderma is considered one of the largest genera of Fungi
with more than 400 recognized species according to the Index Fungorum [2].
Trichoderma species are mostly saprophytic fungi on plant litter and soil organic matter
living primarily in soil and root systems, growing on wood, bark, and enormous
countless substrates [3-4]. These filamentous fungi also have the unique ability to
colonize plant tissues, above and underground, acting as endophytes that inhabit in the
intercellular spaces of living cells. Beyond their role as antagonistic fungi, Trichoderma
species contribute to plant health, enhance plant growth, induce resistance against
phytopathogens, increase abiotic stress tolerance, and solubilize essential nutrients,
also, they are involved in the bioremediation of heavy metals and environmental
pollutants [5-6]. Certain species of the genus, T. longibrachiatum and T. citrinoviride
are also clinically important as opportunistic human pathogens [7]. Nevertheless, T.
citrinoviride is able to create biosurfactants with antifungal activity emerging the
species as a promising natural agent for biocontrol and plant protection while
considering its clinical relevance [8].

Trichoderma species are prominent in production of a wide range of secondary
metabolites including peptaibiotics. Peptaibols, the largest subgroup of peptaibiotics,
are short, linear peptides typically ranging from 5 to 20 amino acids in length and
exhibit a diverse array of bioactivities [9] (Table 2, 3). Highly lipophilic peptaibols,
acylated at the N-terminus with fatty acids such as octanoic, decanoic or (Z)-dec-4-
enoic-acid, are known as lipopeptaibols [10] (Table 4, 5). The biosynthesis of
peptaibiotics in fungi is facilitated by large, multi-modular non-ribosomal peptide
synthetases (NRPS), which are complex enzymes that assemble peptide chains in a non-
ribosomal way, allowing their structural diversity [11-13]. Peptaibols are characterized
by an often acetylated N-terminal amino acid, and the presence of non- proteinogenic
amino acids such as a-aminoisobutyric acid (Aib) or isovaline (Iva), and C-terminal 1,2
amino alcohol. The presence of the Aib-Pro bond is common among these peptides and
is known 2 fragment in the ion source during mass spectrometry (MS) [14]. The
mechanism of action of peptaibols is associated with forming ion channels within lipid
bilayers, as it disrupts membranes [15-16]. This property is crucial for their
antimicrobial activity leading to compromise of the integrity of target cell membranes
[17]. Currently, a microheterogenous mixture of 20-residue peptaibols isolated from an
endophytic biocontrol strain of 7. citrinoviride has been also demonstrated to have
antifungal activities against several important forest tree pathogens, and thus
implicating their role in biocontrol [18].

Given the dual roles of T. citrinoviride, ecological significance, clinical relevance,
as well as their ability to produce bioactive peptaibiotics, this study focused on the
investigation of peptaibiotic production of strains isolated from natural habitats of
Mongolia.
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2 Materials and Methods

2.1  Strains and culturing conditions

Three strains (SZMC 28784, SZMC 28785, SZMC 28786) identified as T. citrinoviride
were obtained from the Mongolian National Culture Collection of Microorganism
(MNCCM) at the Institute of Biology, Mongolia. Identification was performed on the
bases of the Internal Transcribed Spacer (ITS) region. They were all isolated from litter
sources, SZMC 28784 was collected from Arkhangai in Mongolia, while SZMC 28785
and SZMC 28786 were collected from Uvurkhangai.

2.2 Antimicrobial activity test of the 7. citrinoviride isolates

The strains were cultured on potato dextrose agar (PDA) (24¢g I'! potato dextrose broth,
20g I agar in distilled water) for 7 days at 25°C. Common microbes (Gram-positive
and -negative, yeast and filamentous fungi based on) were used to assess their antimi-
crobial activity [19]. After incubation, 6 mm plug was aseptically cut from the culture
and placed on agar plates pre-seeded with the test organisms, Escherichia coli SZMC
0582, Staphylococcus aureus SZMC 0579 and Bacillus subtilis SZMC 0209 were cul-
tured on nutrient agar (5g 1! peptone, 3g I'! beef extract, 5g I NaCl, 15g I"! agar) while
yeast Candida albicans SZMC 1532 and fungi Aspergillus niger SZMC 20888 on PDA.
Antimicrobial activity is assessed by measuring the diameter of the inhibition zones
[20].

2.3  Culturing and extraction for peptaibiotic examinations

The strains were cultured on malt extract agar (MEA) medium (30g I'! malt extract, 3g
I'! soy peptone, 15g 1! agar in distilled water) for 7 days at 25°C. After incubation on
MEA, the cultures were flooded three times with 5 ml chloroform/methanol (2:1, v/v)
solution and the extracts were collected into test tubes. The organic solvents were evap-
orated using a rotary evaporator then the dry extracts were dissolved in 1 ml of HPLC
grade methanol and centrifuged at high speed (13 000 rpm, 10 min) for further analysis
[13].

2.4  Analytical procedures of HPLC/MS analysis

The samples were measured using an ultra high-performance liquid chromatography -
Electrospray lonization - High Resolution Mass Spectrometry (UHPLC-ESI-HRMS)
instrument with an DionexUltimate 3000 UHPLC system and a QExactive Plus hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Scientific) controlled by Trace Finder
4.0 software (Thermo Scientific). The system was equipped with a binary pump, a vac-
uum degasser, an autosampler and a column heater. Peptaibol separation was carried
out on a Purospher STAR RP-18 HPLC column (100 mm x 2.1 mm, 2 pm; Merck,
Budapest, Hungary). Solvent A was water/methanol/acetonitrile 8/1/1 (v/v) with 0.1%
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(v/v) acetic acid and 5 mM ammonium acetate, while Solvent B was acetonitrile/meth-
anol 1/1 (v»v) 0.1% (v/v) acetic acid and 5 mM ammonium acetate. The flow rate was
set to 0.2 ml min’!, the gradient program for Solvent B to 65% - 0 min, 65% - 2 min,
80% — 19 min, 90% - 24 min, 95% - 24.5 min, 95% - 27.5 min, 65% - 28 min, 65% -
32 min, the column temperature to 30 °C and the injection volume to 3 ul. The ESI-
HRMS instrument was a Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrom-
eter (Thermo Scientific) with HESI source in positive mode. The HESI parameters were
set in a positive mode to the following values: probe heater temperature 300°C, ion
transfer capillary temperature 300°C, spray voltage 4.5 kV, sheath gas flow rate 30
arbitrary unit, auxiliary gas flow rate 12 arbitrary unit and S-lens RF level 90 arbitrary
unit. The mass spectrometer acquired data using a full-scan/data-dependent MS/MS
method (Full MS/ddMS?). The full scan MS spectra were acquired at a resolution of
70,000 from m/z 150 to 2000 with a maximum injection time of 100 ms. For every full
scan, 10 ddMS?2-scans were carried out with a resolution of 17,500, fixed first scan at
m/z 80, AGC target — 1e6, maximum injection time — 50 ms and a minimum automatic
gain control target of 1.00x10°. The isolation window was 1.0 m/z, and the collision
energy — 25 NCE. The acquired data were evaluated with the Xcalibur 4.2 software
(Thermo Scientific).

2.5 Nomenclature of peptaibiotics

The peptaibol compounds were named on the basis of their similarity to the closest and
earliest identified and published compounds, longibrachins. Since no amino acid anal-
ysis was performed to distinguish between the Val/lva and Leu/lle isomers, the
Vxx/Lxx notation was used in the peptaibiotic sequences. This also served as the ra-
tionale for naming the peptaibols as longibrachin-like compounds. As the N-terminal
modification could not be determined in lipopeptaibols, the compounds were referred
to as 7. citrinoviride lipopeptaibols. Roman numerals were attached to all compound
names according to their elution order on the UHPLC-ESI-HRMS system.

3 Results and Discussion

3.1 Antimicrobial activity of the T. citrinoviride isolates

Among the three strains tested, one exhibits antimicrobial activity against S. aureus and
B. subtilis, producing an inhibition zone of 10 mm in diameter. Another strain showed
activity only against B. subtilis, while the third strain did not posses antimicrobial ac-
tivity. None of the strains inhibited E. coli, A. niger, or C. albicans. Since S. aureus and
B. subtilis are Gram-positive bacteria and E. coli is Gram-negative, differences in their
cell wall structure probably influence their sensitivity to antimicrobial activity [13].
Several studies have shown that peptaibols possess a broad spectrum of antimicrobial
activity, particularly against Gram-positive bacteria. For instance, trichokinins, a pep-
taibol derived from 7. longibrachiatum, exhibit antimicrobial activity against both B.
subtilis and S. aureus [21]. Similarly, peptaibols such as paracelsins [22] and alamethi-
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cin [23] have demonstrated greater effectivity against Gram-positive bacteria. In con-
trast, peptaibols generally do not show antibacterial activity against Gram-negative bac-
teria, with a few exceptions, such as the Gram-negative pathogen Xanthomonas oryzae
pv.oryzae (Xoo) or Rhizobium radiobacter [21;24]. In the test against fungi, the T.
citrinoviride strains did not exhibit any inhibition zones. However, peptaibols are not
the only secondary metabolites produced by Trichoderma species. Other compounds
such as sorbicilinoids [25], biosurfactants [8], and polyketides [8] also possess antimi-
crobial properties. Sorbicilinoids from Trichoderma exhibits strong antibacterial activ-
ity against both Gram-positive (S. aureus and B. subtiltis) and Gram-negative (E. coli)
bacteria as well as against fungi (4. niger, A. flavus, Colletotrichum lagenarium, C.
fragariae, Botrytis cinerea and Fusarium spp.) [26-27]. Biosurfactants from Tricho-
derma also strongly inhibit the growth of filamentous fungi [8], while polyketides from
T. lentiforme showed higher biological activity against the filamentous fungus Penicil-
lium italicum, than bacteria [28].

Table 1. Antimicrobial test of SZMC 28784, SZMC 28785, and SZMC 28786 T. citrinoviride
strains

Tested microbial strain 28784 28785 28786
Bacillus subtilis SZMC 0209 +++ - ++
Staphylococcus aureus SZMC 0579 ++ - -

Escherichia coli SZMC 0582 - - -
Candida albicans SZMC 1532 - - -
Aspergillus niger SZMC 20888 - - -
I — absence of inhibition; diameter of inhibition zone: +, 5~7 mm; ++, 7-9 mm, +++, 9—11
mm,; ++++, 11-13 mm diameter; +++++, 13—15 mm.

3.2 Mass spectrometric analysis of peptaibols detected from 7. citrinoviride
isolates

The sequences were identified based on the characteristic ion fragmentation composi-
tion at specific retention times [13]. The full mass spectra of the strains revealed that
all strains of 7. citrinoviride produced 19- and 20-residue peptaibols, as well as 7-resi-
due lipopeptaibols (Table 2). Peptide fragmentation occurred primarily at Aib-Pro
bonds, resulting in major fragment ions, including y¢ and y7, as well as b3 ion frag-
ments, which correspond to the 19- and 20-residue peptaibols, respectively. According
to MS spectra, all 19-residue peptaibols exhibited ygions with m/z 641.36 and 655.37,
while 20-residue peptaibols displayed y7 ions at m/z 788.46 and 774.45, containing a
Pheol residues at the end of the sequences. Meantime, b ions were observed with m/z
values of 1149.66, 1163.68, 1177.70, and 1197.71 (Table 2).

Out of the 28 peptaibol sequences identified, seven 19-residue peptaibols were
classified and named as brevilongibrachins. They generally differ from the known 20-
residue longibrachins [29] in one less Gln residue before the amino alcohol at their C-
terminus (Table 2). These 19-residue peptaibols showed high similarity to the 19-
residue trichorzin PA VI, which was originally identified from T.harzianum [30].
However, key differences were observed at several positions: the serine (Ser) residues
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at 2" and 3" positions were replaced by alanine (Ala) and Aib, respectively (Table 3).
The 20-residue longibrachin-like sequences were identical with longibrachins,
trichoaureocins, trichobrachins, trichokonin, trilongins, metanicins, gliodeliquescins,
hypophellins, and Pept-A sequences [29; 31-38]. These peptaibols were generally
identified from species of clade Longibrachiatum, in which 7. citrinoviride is also
categorized, therefore, all published sequence names most probably refer to the same
peptaibol subgroup. The lipopeptaibols were identical to the previously reported
Trichobrachin III B a [32]. They mostly differ from each other at R4, and the
modification of the first aminoacids, which latter could not be identified (Table 3). The
mass differences at the N-terminus are Am/z 182, 196, 208, 210, 22 and 224 Da,
pointing to branched or hydroxylated acyl chains. Lipopeptaibols produced by Tricho-
derma species exhibit N-terminal acylations with fatty acid chains ranging from 8 to 15
carbon atoms, including branched and hydroxylated variants [39]. Based on the
literature, several sequences were also published only giving the mass of the modified
aminoacids, such as trichobrachin III B a with a Am/z 210 Da, , Trichoderma
asperellum sequences” with Am/z 270 and 280, ,,Trichoderma inhamatum sequences”
with Am/z 185, 242 and 256 Da, as well as ,,Trichoderma stromaticum sequences” with
Am/z 284 Da masses at their N-terminus [32;40]. The closest modified N-terminus in
lipopeptaibols by certain Trichoderma species exhibited a fragment ion at m/z 198 at
the R1 position, which was tentatively assigned to an a- or y-branched, saturated C6
fatty acid residue [10].

The peptaibols ratios produced by the three strains (SZMC 28784, SZMC 28785,
SZMC 28786) were the same compared to each other with minor fluctuation. The most
produced peptaibol compound was longibrachin-like XVII owning 25-27% of the total
peptaibol production, which were followed by longibrachin-like XI, XIV, IX and XIX
covering ~18-20%, 15-18%, ~9-10% and ~5-6% of the total peptaibol production, re-
spectively. All other compounds were produced mostly around 1%. All brevilongi-
brachins were produced below 1% by the three strains (Table 2). However, the lipopep-
taibol production of the strains differed in their ratio from each other, SZMC 28786
produced 67.26% of the total lipopeptaibol production of T. citrinoviride lipopeptaibol
VI, while SZMC 28784 and SZMC 28785 only ~56-60%. This only compound ac-
counted for more than half of total production (56-67%) in all strains. This was followed
by T. citrinoviride lipopeptaibol XVI, which was produced by SZMC 28784 strain in a
higher quantity (18.86%) compared to SZMC 28785 and SZMC 28786 (~8-13%). T.
citrinoviride lipopeptaibol III was produced the most by SZMC 28785 (10.74%), while
SZMC 28784 and SZMC 28786 produced it in lower quantities (~8%). The other se-
quences were produced at the same ratios by the three strains, 7. citrinoviride lipopep-
taibol VII at ~4-5%, XVII at ~3-4%, XV at ~3-4%, and VIII at ~1-2%. The remaining
lipopeptaibols were each produced at levels below 1% (Table 4).
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3.3  Comparative analysis of the compounds produced by T. citrinoviride
isolates

The microheterogeneity within the peptaibiotics sequences identified from 7. citrino-
viride occurs at the positions where one amino acid is replaced by another one. The N
terminus varied at positions R2, R5, R6, R8 and R9, while the C-terminal end of all
peptaibols was conserved (Table 6). Interestingly, brevilongibrachins followed strictly
the consensus sequence only differing at R6. Moreover, the most produced brevilongi-
brachin VI also differed from it, Aibs was detected instead of Alag. The conserved motif
of longibrachin-like sequences was the Aib1oGly:1Lxx12Aib13Pro14VxxisAibis and the
Gln;3GInjoPheolyy motives at the C-terminus. In the 7-residue lipopeptaibols, most var-
iants showed a single amino acid substitution at one of the positions R1, R3, R4, R5, or
R6, out of which R1 and R4 varied the most (Table 5). The strictest positions were
observed at R2, R5 and R7 with conserved Gly,, Glys and Lxxol; amino acids, respec-
tively (Table 5).
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4 Conclusion

This study provides a comprehensive characterization of peptaibols and lipopeptaibols
produced by Trichoderma citrinoviride from natural habitats. The peptaibiotic produc-
tion of 7. citrinoviride strains isolated from Mongolia exhibited a diverse profile re-
vealing seven 19-residue and twenty-one 20-residue peptaibols, as well as seventeen 7-
residue lipopeptaibols. The 20-residue peptaibols corresponded to previously described
peptaibols, while the novel group of 19-residue peptaibols was named as brevilongi-
brachins differing from longibrachins by a missing Gln residue at the C-terminus. Se-
quence microheterogeneity of longibrachins occurred primarily at the N-terminal re-
gion, whereas the C-terminal motives were highly conserved. Brevilongibrachins
showed limited variability, while lipopeptaibols displayed broader substitution patterns
at positions R1 and R4. The peptaibol production ratios were generally consistent
among the three strains, while the lipopeptaibol production ratios differed in the strains
with T. citrinoviride lipopeptaibol VI as comprising the majority of lipopeptaibols. This
work expands our understanding of the rich chemical diversity and metabolic potential,
particularly its peptaibiotic productions of T. citrinoviride in the Mongolian environ-
ments. This study also enables future research activities to be conducted for specific
bioactivity tests with purified peptaibiotic compounds.
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