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Abstract

The biological membrane lipid composition has been demonstrated to greatly influence the secretion of secondary metabo-
lites. This study was conducted to investigate the periodical alterations of whole cellular lipids and their associations with
secondary products in Trichoderma brevicompactum. An electrospray ionization—mass spectrometry-based lipidomics strat-
egy was used to acquire the metabolic profiles of membrane lipids during fermentation. Univariate analyses showed that most
fungi glycerophospholipids were significantly altered at the early phase compared with the late phase. In addition, correla-
tion analyses showed high correlations between phosphatidylcholine alterations and fermentation duration. In addition, the
fermentation-associated alterations of phosphatidylcholines were found to be in accordance with the degrees of unsaturation
of acyl-chains. Harzianum A reached a maximum on the 12th day, while trichodermin and 6-pentyl-2H-pyran-2-one showed
the highest abundances on the 9th day, both of which were inclined to correlate with the alterations of phosphatidylcholines
and phosphatidylethanolamines, respectively. These findings demonstrated that the alterations of the membrane lipid species
in Trichoderma spp. were associated with the fermentation phases and might influence the secretion of specific secondary
products, which may be useful in studying the optimization of secondary products in Trichoderma spp.
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Introduction

Trichoderma spp. are a category of free-living fungi that
are widely found in root, soil and foliar environments [31].
They are known by their applicable characteristics, includ-
ing excreting antibiotic substances, competing with other
microorganisms for ecological niches, producing enzymes
to degrade fungi cell walls, and so on [3, 12, 20, 21]. As
reported, the use of small molecules secreted by 7. brevi-
compactum, such as trichodermin, gliotoxin, small peptides,
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volatile pyropes and lactones, is a primary mechanism for
biocontrol in forest protection [22, 35, 36]. Several studies
have demonstrated the correlation between the secretion of
small molecules and the membrane fluidity of fungi, the
latter of which is strongly associated with the biochemical
compositions of the membrane lipids [17, 34]. Thus, the
characterization of the periodic alterations of the membrane
lipids in fungi is of great significance to maximize product
yields for biocontrol.

Lipidomics, a new branch of metabolomics, refers to
the qualitative and quantitative determinations of stimuli-
dependent changes of the lipid species in organisms [10, 24,
33]. As one of the primary membrane lipids, glycerophos-
pholipid (GPL) plays a critical role in cell signaling and the
change of material during various biological events [11, 19].
For instance, phosphatidylethanolamines (PEs) are known
for their participation in membrane fusion and fission steps
during endocytosis, exocytosis, cytokinesis, and vesicle traf-
ficking. Phosphatidylserines (PSs) and phosphatidylinositols
(PIs) have been shown to continuously interact with many
regulatory factors during cellular signaling transduction [13,
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30]. Xia et al. found that alterations in lipid compositions
tended to disturb membrane fluidity, resulting in changes in
the fermentative productivity of Saccharomyces cerevisiae
424A (LNH-ST) and its parental strain 4124 [34]. Similarly,
the yields and classes of secondary metabolites in Tricho-
derma spp. were also found to vary during the fermentative
cycle, which would undoubtedly influence the production
of applicable secondary metabolites [2, 23]. Nevertheless,
knowledge relevant to the association between the periodical
changes of products in Trichoderma spp. and the composi-
tions of membrane lipids is still lacking.

In the present study, to investigate the alterations of the
whole cellular lipids associated with fermentative peri-
ods and secondary products, the primary membrane lipids
involving PCs, PEs and PSs in sequential growth phases in
T. brevicompactum were characterized using an electrospray
ionization—mass spectrometry (ESI-MS)-based lipidomics
strategy. Meanwhile, fermentation media were also char-
acterized with ultra-performance liquid chromatography
coupled to mass spectrometry (UPLC-MS) to observe the
changes of secondary metabolites due to fermentative peri-
ods. Principle component analysis (PCA) was conducted
to observe the global alterations of GPLs during growth.
Student’s ¢ test was applied to characterize the differential
significance of lipids between the early and late phases. The
double bond equivalent versus carbon number plot (DVC)
was also constructed to characterize the alteration patterns
regarding to the diversity of the lipid structures. Correlation
network analysis was conducted to reveal the relationships
between the primary products and the altered lipid species.
In summary, this study hopefully provides helpful references
for optimizing biocontrol strategies and helps to clarify the
relationship between lipid compositions and the secretion of
secondary products.

Materials and methods
Reagents and chemicals

Potatoes were obtained from local retail stores in Harbin,
China. Dextrose and agar were purchased from Sanland
(Los Angeles, CA, USA). Methanol and acetonitrile (HPLC
grade) were provided by Fisher Scientific (Waltham, MA,
USA). Isopropanol, ammonia water, and formic acid (HPLC
grade) were purchased from Fluka (St. Louis, MO, USA).
Deionized water was produced by a Milli-Q ultrapure water
system (Millipore, Billerica, USA). Methyl tert-butyl ether
(HPLC grade) was provided by Aladdin (Shanghai, China).
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Culture media and fungal strain
Potato dextrose agar (PDA) medium (g/L)

Potato, 200 g; dextrose, 20.0 g; agar, 20.0 g; distilled water,
1000 mL, adjusted to pH 6.0 before autoclaving (at 121 °C
for 20 min).

Potato dextrose (PD) medium (g/L)

Potato, 200 g; dextrose, 20.0 g; distilled water, 1000 mL,
adjusted to pH 6.0 before autoclaving (at 121 °C for 20 min).

Fungal strain

The fungal strain T. brevicompactum strain separated from
soil was sponsored by the Forest Department at the North-
east Forest University (Harbin, China), and identified using
16S rDNA sequence and morphology analysis. The selected
fungi were stored on PDA slants at 4 °C for further use.

T. brevicompactum culture

Fresh mycelia were picked and inoculated on PDA plates
in the dark for 4 days at 28 °C. Then, three young myce-
lial pieces (6-mm diameter) grown on PDA were cut from
the margins of the colony and placed into 350-mL flasks
containing 100 mL PD medium. The pieces were further
cultured at 28 °C in a rotary shaker at 150 rpm. The negative
control was prepared by mixing three PDA pieces (6-mm
diameter) with 100 mL PD medium under the same con-
ditions. For the cultivation time, the fungal biomass was
periodically harvested from the 3rd day to the 15th day in
3-day intervals. Each harvesting group had three replicates.

Sample preparation

Trichoderma brevicompactum mycelia and fermentation
media were separated via centrifugation at 4 °C, 12,000g for
15 min and the mycelia were further dried via freeze-drying.
For the extraction of whole cellular lipid species, 5 mg of
dried mycelia were added by 450 pL of 75% methanol and
cracked by sonication at 30 Hz for 2 min in ice-water bath.
After being centrifuged at 12,000g for 15 min, 400 pL of the
supernatant was isolated and added by 1000 pL of methyl
tert-butyl ether (MTBE), followed by incubation in oscilla-
tor at 1000 rpm for 10 min. Then, the mixture was added by
250 pL of deionized water and mixed by vortexing for 1 min.
After being centrifuged at 12,000g for 15 min, 800 pL of the
upper layer supernatant was isolated from the mixture and
dried by rotating vacuum. Fermentation media were filtered
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by a 0.45-pm disposable polytetrafluoroethylene (PTFE)
filter, and 2 mL of the filtered media were dried by freeze-
drying. At last, both dried residues were stored at — 80 °C
until analysis.

ESI-MS analysis

The dried fermentation media harvested at the start of the
fermentation (as the background) and the dried mycelia
residuals were dissolved in chloroform:methanol 1:2 (v:v)
for direct infusion injection. Prior to analysis, formic acid
was added by 0.1% (v/v), and the solution was injected into a
Quattro Micro triple quadrupole mass spectrometer (Micro-
mass, Manchester, UK) equipped with a dual electrospray
ionization (ESI) source at a flow rate of 10 pL/min. PCs,
PEs and PSs were analyzed in positive mode at collision
energy values ranging from 25 to 30 eV in the precursor ion
scan mode based on specific fragments of the correspond-
ing lipid species. Argon was used as the collision gas. The
(Lyso)PCs were acquired by the product ion of m/z 184,
while PEs and PSs were acquired by neutral losses of 141
and 87, respectively. The mass spectra were processed by
MassLynx software (Waters, Milford, USA). The lipid spe-
cies were abbreviated as follows: lipid abbreviation (total
carbon number in the chains: total number of double bonds
in the chains).

UPLC-MS analysis

The dried fermentation media of cultivation times were
redissolved in 100 pL of acetonitrile and 5 pL of the super-
natant and were injected after centrifugation.

The chromatographic separation was performed using an
ultra-performance liquid chromatography (UPLC) system
(Waters, Milford, USA) equipped with a column of BEH
Cig 2.1 mmx 100 mm, 1.7 pm (Waters, Milford, USA). The
mobile phase A was acetonitrile containing 0.1% formic
acid, and the mobile phase B was deionized water contain-
ing 0.1% formic acid for the positive ion mode, while 0.1%
ammonium hydroxide was added into both phases for the
negative ion mode.

For chromatographic separation, a linear gradient was
run at a flow rate of 300 pL/min and compiled as follows:
1% A was held from the initial start to 0.5 min; 1-15% A
was held from 0.5 to 4.0 min; 15-55% A was held from
4.0 to 4.5 min; 55-90% A was held from 4.5 to 11.5 min;
90-99% A was held from 11.5 to 12.0 min followed by an
isocratic elution at 99% A for 3 min; and the gradient was
then changed back to 1% A from 15.0 to 15.1 min, followed
by an equilibration for 1 min. During the analyses, the col-
umn temperature was set at 40 °C.

Statistical analysis

Student’s ¢ tests were performed to characterize the differen-
tial significances of lipids between the groups. The correla-
tion coefficients were measured with Spearman correlation
analysis. Both PCA and PLS-DA were constructed to reveal
the global clustering layouts of GPLs between the different
fermentation phases. Double bond equivalence (DBE) versus
carbon number plot was built upon the lipids of each indi-
vidual species to explore the changing patterns associated
with the chain length and degree of unsaturation (DOU).
Based on a logistic model, the growth curve over the 15 days
was established to explore the growth pattern of 7. brevi-
compactum. The correlation network was constructed by
cytoscape v.3.5.1. PCA and PLS-DA were performed with
Ezinfo 2.0. DVC plots were realized using Origin 8.0. Other
computational and statistical methods were conducted with
R platform v.2.14.2.22.

Results
Lipidomics profiling analysis

Based on the shotgun lipidomics strategy, 128 lipid species
including 5 LysoPCs, 7 LysoPEs, 11 LysoPSs, 41 PCs, 30
PEs, and 34 PSs were identified (Table S1), and nearly, no
lipid species were detected in the dried fermentation media
at the start of the fermentation, indicating no exogenous
lipids existed in the culture environment.

To globally evaluate the metabolic alterations of GPLs
of whole cellular during the different growth phases of 7.
brevicompactum, both PCA and PLS-DA models were con-
structed based on 128 GPLs. As shown in the PCA score
plot (Supplementary Fig. S1), no obvious outliers could be
observed, demonstrating the robustness of the dataset. In the
PLS-DA score plot (Fig. 1a), the clustering pattern showed
that samples at the same fermentation times were located
together, whereas samples from different phases were sep-
arated from each other. The grouping trend was arranged
orderly along with the extension of fermented days. In detail,
the samples of the early phase were located on the left side
of the first principal component (PC1), the samples of the
middle phase were near the geometry, and the samples of
the late phase were scattered on the right. The correspond-
ing validation plot (Supplementary Fig. S2) illustrated that
no overfitting emerged in the PLS-DA model. Notably, the
trend from the 3rd day to the 6th day was opposite to the
overall trend, demonstrating the unsteady metabolism during
the early phases.

The loading biplot mainly showed the grouping contribu-
tions of different types of GPLs to the grouping layout. As
shown in Fig. 1b, d, LysoPCs and PCs mainly gathered on
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Fig.1 Score plot and loading bi plots of PLS-DA model constructed
with 128 lipid species in 7. brevicompactum mycelia. a Score plot;
b loading bi plot with LysoPCs and PCs indicated; ¢ loading bi plot
with LysoPEs and PEs indicated; d loading bi plot with LysoPSs and

the right side of PC1, while LysoPSs and PSs scattered at
the bottom, demonstrating that GPLs of different categories
exhibited different alteration patterns as the fermentation
proceeded. LysoPCs were mainly excreted on the 12th day,
while PCs were excreted on the 9th day, the 12th day and the
15th day. PSs and LysoPSs were mostly secreted on the 6th
day. Comparably, PEs and LysoPEs distributed more widely
along with PC1 (Fig. 1c). PCs and LysoPCs were positively
correlated with PC1, while PSs and LysoPSs were gener-
ally negatively correlated with PC1. Therefore, it could be
deduced that (Lyso)PCs, (Lyso)PSs, and (Lyso)PEs gener-
ally revealed increased, decreased and call-back tendencies,
respectively, during fermentation.

Differential significances of GPL species
during the fermentation growth phases

Student’s ¢ test and Spearman correlation analysis were con-
ducted on each GPL species and category for the characteri-
zations of differential tendencies and significances of GPLs
in T. brevicompactum along fermentation.

The 6th day and the 15th day were chosen to present the
early and late growth phases, because they were scattered at
the left and right ends of the PCA score plot, respectively.
As shown in Fig. 2a, majority of PCs, PEs, and PSs revealed
significant changes (p <0.05) between the 6th day and the
15th day.
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PSs indicated. Black, red, green, blue, yellow boxes indicate the T
brevicompactum mycelia collected on the 3rd day, the 6th day, the 9th
day, the 12th day, and the 15th day, respectively during fermentation.
Black triangles represent lipid species (color figure online)

To further evaluate the correlations between the altera-
tions in the GPLs and the sequential fermentation periods,
Spearman correlation analysis was carried out based on each
GPL at the different fermentation periods. As presented in
Fig. 2b, PCs showed high correlations with days of fermen-
tation (average correlation coefficient=0.655), while the
average correlation coefficients of PEs and PSs were 0.447
and 0.432, respectively. The above results were generally
consistent with the performances that PCs, PEs, and PSs
revealed in the loading biplot, indicating that the alterations
of the majority of the GPLs were correlated with fermenta-
tion duration.

DVC analysis

To more specifically characterize the alteration diversity
associated with the acyl-chain structures of the lipids in
each category, carbon numbers (CNs) and DBEs in the
acyl-chains of each lipid were summarized to construct the
DVC plots, in which the fold-change (FC) values between
the 6th day and the 15th day of GPLs were imported for
visualization.

As shown in Fig. 3, the FC values of PCs with the same
CNs exhibited significant DBE associated alterations. Spe-
cifically, in the PCs with CNs of 34 and 40, the FC values
increased as the DBEs increased (from O to 4). For the PCs
with a CN of 36, FC values showed a clear call-back ten-
dency as DBE increased that the FCs increased from DBE
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values of 1-3 and decreased from DBE values of 3—6. These
findings demonstrated that the alterations of the FCs in PCs
varied in accordance with the structural diversity of the acyl-
chains. However, no clear fermentation duration-associated
manners were observed in the DVCs of PEs, PSs, and other
CNs of PCs. (Supplementary Fig. S3).

Secondary products in the fermentation media

A total of three metabolites were identified in the fermenta-
tion media, i.e., harzianum A, trichodermin, and 6-pentyl-
2H-pyran-2-one, which have been proven to play active roles
in the application of Trichoderma spp. for biocontrol.

As shown in Fig. 4a—c, the secretion of the three sec-
ondary metabolites exhibited similar pattern along with fer-
mentation phase, in which all three metabolites presented
increased and decreased tendencies during fermentation,
respectively. Harzianum A reached its maximum on the
12th day, while 6-pentyl-2H-pyran-2-one and trichodermin
reached their peak values on the 9th day, and all metabo-
lites showed gradual decreases in the following phases. The
growth curve based on the logistic model (Fig. 4d) revealed
an overall growth process. The first phase is the lag phase,
in which no changes in dry weight were measured and the
growth rate was relatively low. The second phase was the log
phase, in which a rapid increase in the biomass dry weight
was observed and the growth curve reached its maximal
slope. The third phase was the deceleration phase, in which
the slope of the growth curve continuously decreased. The

last phase was the stationary phase, where there were no
changes in the biomass dry weight [7].

Network analysis and correlation analysis

To further investigate the influences of lipid compositions on
the release of the secondary products, Spearman correlation
analyses were conducted between the lipid species and the
excreted products. Correlation networks were further con-
structed based on the criteria of the absolute values of the
correlation coefficients being larger than 0.8. Consequently,
three LPCs, seventeen PCs, three LPEs, three PEs, and three
PSs were highly correlated with harzianum A in the network
diagram. In addition, trichodermin and 6-pentyl-2H-pyran-
2-one were connected with each other, and meanwhile, four
PEs, two PCs, one LPE, three PSs were linked with tricho-
dermin, while seven PEs, three PCs, one PS, and one LPS
were associated with 6-pentyl-2H-pyran-2-one (Fig. 5a).
We also found most PCs were correlated with harzianum
A (average correlation coefficients =0.645), and most PEs
were inclined to be correlated with trichodermin (average
correlation coefficients =0.521), suggesting the potential
relationship of the secretion of these compounds with the
GPLs components (Supplementary Fig. S4).

The correlation coefficients between the secondary
metabolite secretion and growth phases were also calculated
to explore the component pattern over time (Supplemen-
tary Fig. S5b). Harzianum A was highly associated with
the growth phase (average correlation coefficients =0.890),

Fig.4 Alterations of second- (a) (b)
ary metabolites in the media of 8.0 101 4.0 x 1047
different fermentation phases. = X - -
a 6-Pentyl-2H-pyran-2-one; 3 , 5 3.0x 101
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min and d growth curve for 7. o $
brevicompactum for 15 days % 4.0x 10%4 2 2.0 x 10% 1
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while there was no such manner observed with the other
two metabolites.

Discussion

Trichoderma spp., as biological control agents, have proven
to be capable of secreting a spectrum of active biochemi-
cals [3]. However, only a small number of Trichoderma spp.
have been studied for their biocontrol activities. As thus,
the metabolite secretion pattern and biocontrol mechanisms
need to be fully understood, as both play important roles

PCs, PEs, and PSs, respectively. Yellow boxes indicate the second-
ary metabolites. b Numbers of lipid species with correlation coeffi-
cients > 0.8. Pea green, purple, red, pink, blue, green represent LPSs,
LPCs, LPEs, PCs, PEs, and PSs, respectively (color figure online)

in improving biocontrol capabilities. This present study
initially demonstrated that the GPL profiles were signifi-
cantly altered in Trichoderma brevicompactum during the
fermentation periods and presented the close association
between the membrane lipid compositions and the three key
biocontrol-related metabolites (harzianum A, trichodermin,
and 6-pentyl-2H-pyran-2-one).

GPLs, mainly PCs, PEs and PSs, have varied structures
with different polar heads at the sn-3 position of the glycerol
backbone. Among them, PCs and PEs are the most abundant
GPLs in the biological membranes. PCs normally act as the
bilayer-stabilizing lipids for membrane construction, and
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PEs also have a strong propensity to form nonbilayer hexag-
onal phases [19]. Therefore, PCs and PEs play crucial roles
in maintaining membrane integrity and cellular functions
[32]. As another important GPL, PSs are mainly produced
by the transformation with PEs and PCs via the exchanges
of head groups [19]. These GPL species have been dem-
onstrated to greatly influence the cellular functionalities of
organisms, including mammalian cells and fungi. Xia et al.
found that PSs were closely related to the fungi growth rate,
and PCs, PEs were also capable of affecting the glucose
utilization rates in the yeast strain Saccharomyces cerevisiae
424A (LNH-ST) and its parental strain 4124 [34]. Bernat
et al. found that ROS generation in the filamentous fungi
Cunninghamella elegans treated with tributyltin might be
correlated with the variation of lipid profiles [4]. Gao et al.
demonstrated that cellular phospholipid homeostasis had the
ability to regulate fungal growth, cell polarity, differentia-
tion, and virulence [11]. In addition, the production of phos-
pholipid molecular classes was found to be phase-dependent
[18]. In this study, different lipid metabolic patterns proved
to be correlated with fermentation periods, while three
important biocontrol metabolites varied in accordance with
the alterations of the GPLs. These results may reveal that
lipid compositions have significant impacts on metabolite
secretion and may further reflect fungi functionalities.

The chain length and degree of unsaturation of acyl-chain
are the basic characteristics of lipids and play key roles in
the determination of many cellular functions, such as cell
protection, recognition, and material transition [25, 26]. Yan
et al. compared the DBE features of the membrane lipid spe-
cies in three different strains to explore the ecophysiological
diversity among them [37]. Kabelitz et al. demonstrated that
the changes in the degree of saturation of membrane lipids
associated with the membrane fluidity of Acinetobacter cal-
coaceticus after stimulation by aliphatic alcohols [16]. In
this study, PCs with specific CNs revealed altering patterns
with the increases of DBE values that might be associated
with the alterations in membrane fluidity.

Among the volatile antifungal compounds produced by
the Trichoderma strains, the most well-documented is 6-pen-
tyl pyrone, a polyketide with a sweet coconut-like aroma
[27]. 6-pentyl pyrone and its derivates have been known
for inhibiting the growth of several plant—pathogenic fungi,
such as Armillaria mellea (Tarus et al. [27]) [15]. Simi-
larly, 6-n-pentyl-2H-pyran-2-one was reported to block the
production of deoxynivalenol by Fusarium graminearum
(Cooney et al. [8]) [8]. Trichodermin is another promising
inhibitor of protein synthesis via the blockage of the pep-
tidyltransferase center of the 60-S subunit of the 80-S type
ribosomes, resulting in the antifungal activity against many
phytopathogenic fungi, such as B. cinerea [6, 28, 35, 38].
Xu et al. investigated the inhibitory activity of trichodermin
against the mycelial growth of plant—pathogenic fungi that
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suggested its potential in agricultural applications [36]. Har-
zianum A is structurally similar to trichoverroid, which is
mainly isolated from 7. harzianum fermentation, and shows
the strongest activity in the inhibition of fungi C. albicans
and S. cerevisiae [9]. The primary bottleneck in the appli-
cation of secondary metabolites for biocontrol is the low
yield during fermentation. Therefore, the optimization of
the fermentation factors, especially the harvesting time, is of
great applicable significance for the production of secondary
metabolites in biocontrol. In the present study, harzianum A
reached the highest yield on the 9th day, while trichodermin
and 6-n-pentyl-2H-pyran-2-one reached the highest concen-
trations on the 12th day. Notably, the fermentation phase
from the 9th day to the 12th day was the deceleration phase
in the growth curve of T. brevicompactum, which was typi-
cally considered the right time to extract secondary metabo-
lites. In addition, the secretion of these compounds was also
correlated with the alterations of GPLs during fermenta-
tion. For the knowledge regarding to the association between
membrane lipid components and secondary metabolite pro-
duction, GPLs have been proven to play active roles in the
secretion of metabolites [17]. A potential explanation for this
manner is that the fermentative metabolic enzymes are often
compartmentalized to specific organelles, membrane lipids
of which periodically alter during fermentation, resulting in
the correlated alterations of the metabolites in amount and
category [34]. Besides, compositions and spatial distribu-
tions of lipid species can also modulate membrane biophysi-
cal properties including fluidity, flexibility, and thickness,
which may affect the secretion of small molecules during
specific biological events [5, 14, 29]. In addition to the GPLs
presented in this study, there are many other lipids such as
sterol and fatty acids have been proven to be associated with
membrane fluidity [1]. Therefore, studies focusing on sub-
cellular organelle lipidomics and other kinds of lipids would
be of great significance in understanding the correlation
between lipid alteration and the cell fermentative capacity.

Conclusion

In the present study, an ESI-MS-based lipidomics strat-
egy was conducted to explore the metabolic alterations of
GPLs in Trichoderma brevicompactum during fermentation.
Majority of the GPLs including PCs, PEs, and PSs were cor-
related with fermentation duration, and presented significant
alterations between early and late growth phase. Structural
diversity of the acyl-chains was associated with the altera-
tions in some kinds of GPL species. Three main biocontrol-
related metabolites were detected in the media and their
secretion patterns during fermentation were correlated with
specific GPLs. This study may provide researchers with
the reference for optimizing biocontrol strategies and helps
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to clarify the relationship between lipid compositions and
the secretion of secondary products.
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