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Abstract
To explore the metabolic responses of marine-derived Trichoderma fungi to environmental
stresses, the survivability, metabolism, and antagonism of ten marine isolates have been examined. Their
survival in both freshwater and seawater indicates them to be facultative marine fungi, but they are more
adaptable to marine environment. Most of them feature strain-speciﬁc and positive metabolic responses to
seawater, which also usually result in the higher proportions of heteroatom-bearing and unsaturated units
in mycelial constituents. Seawater factors can promote many strains to produce bioactive metabolites,
including plant pathogen- and marine phytoplankton-inhibitory and marine animal-toxic ones, but the
eﬀects of NaCl are often weak or negative. The inhibition of marine phytoplankton corresponds to the
intracellular accumulation of heteroatom-bearing and unsaturated units under seawater condition, and the
varied toxicities to marine animals further signify the divergences of lipophilic exudates under diﬀerent
conditions. The results may contribute to further understanding and mining the structural diversity and
biological activity of secondary metabolites from marine-derived Trichoderma fungi.
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1 INTRODUCTION
Trichoderma species are widespread as free-living
fungi, mycoparasites, or opportunistic plant symbionts
(Harman et al., 2004). As promising biocontrol agents
in agriculture, those of terrestrial origin have been
investigated for over 80 years and achieved great
success especially to suppress phytopathogenic fungi
(Papavizas, 1985). Following the pioneering work of
Weindling (1932, 1934), a number of Trichoderma
species with the biocontrol potential have been
characterized, and some strains are oﬃcially
registered or even commercially available as
microbicides, such as T. harzianum T22 and KRLAG2, T. asperellum T34 and T211, T. atroviride
I-1237, and T. virens G-41. Their interactions with
pathogens and plants seem complex, and the
production of antibiotic secondary metabolites is
regarded as one of the key antagonistic mechanisms
(Vinale et al., 2008). Up to now, a plethora of
structurally diverse compounds have been isolated

and identiﬁed therein, of which some are responsible
for the ability of Trichoderma to attack or inhibit
pathogenic fungi and other targets, such as bacteria
and weeds (Ghisalberti and Sivasithamparam, 1991;
Reino et al., 2008; Keswani et al., 2014).
Even though Trichoderma is normally considered
as a terrestrial genus, halotolerant strains have been
continuously discovered from marine sediments,
invertebrates, and algae (Ji and Wang, 2016; Blunt et
al., 2018). Marine isolates of Trichoderma species
also produced multifarious new structures, such as
polyketides (Sun et al., 2008; Song et al., 2010),
terpenes (Miao et al., 2012), and peptides (Garo et al.,
2003; Ren et al., 2009; Chen et al., 2013), but most

* Supported by the National Natural Science Foundation of China (No.
31670355), the Natural Science Foundation for Distinguished Young
Scholars of Shandong Province (No. JQ201712), and the Open Fund of
Key Laboratory of Experimental Marine Biology, Chinese Academy of
Sciences (No. KF2017NO4)
** Corresponding author: nyji@yic.ac.cn

526

J. OCEANOL. LIMNOL., 37(2), 2019

Vol. 37

bioassays were focused on pharmaceutical activity
rather than ecological function toward phytopathogenic
fungi and marine organisms. It is worth to mention
that the secondary metabolism of marine-derived
fungi appears sensitive to seawater concentration
(Bugni and Ireland, 2004). However, little attention
has been paid to the eﬀects of seawater factors on the
secondary metabolite production of marine-derived
Trichoderma strains and their applications in
agriculture and mariculture.
In order to gain a view of the survivability,
metabolism, and antagonism of marine-derived
Trichoderma fungi responding to environmental
stresses, the eﬀects of NaCl, NaBr, pH, and natural
seawater (SW) on ten Trichoderma strains, including
Trichoderma sp. dl8, T. pseudokoningii dl11,
T. asperellum dl34 and dl48, T. harzianum dl36 and
lyg12, T. longibrachiatum dl44 and cf11, and
T. koningii dl49 and yt6, have been examined by
analysis of the biomasses, production and NMR signals
of lipophilic metabolites, and their bioactivities against
some phytopathogenic fungi and marine organisms.

1 g/L, MgSO4 0.5 g/L, and pH 7.0) as the control. To
examine the eﬀects of marine environmental factors,
the media with 30.0 g/L NaCl, 86.3 mg/L NaBr, pH
8.0, or 100% natural seawater (salinity 3.0% and pH
8.0) were also used respectively for all the strains.
Static fermentations were performed at 28°C for 30
days, with two replicates for each condition.

2 MATERIAL AND METHOD

2.4 1H NMR determination

2.1 Trichoderma strains

10.0 mg sample of each extract was dissolved in
0.5 mL DMSO-d6 and then subjected to the 1H NMR
determination by a Bruker Avance III 500 NMR
spectrometer (equipped with 5 mm probe) at 298 K.
Chemical shifts (δH) in ×10-6 are referenced to
tetramethylsilane (TMS), and signals in the upﬁeld
(δH (0.5–2.0)×10-6, US), midﬁeld (δH (3.5–5.0)×10-6,
MS), and downﬁeld (δH (5.0–8.0)×10-6, DS) were
integrated, respectively. The integral ratios of midﬁeld
or downﬁeld signals to upﬁeld ones of mycelium and
broth extracts of ten Trichoderma strains under
diﬀerent conditions were calculated.

Following a previous procedure (Wang et al., 2006),
ten marine-derived Trichoderma strains, including
Trichoderma sp. dl8, T. pseudokoningii dl11,
T. asperellum dl34 and dl48, T. harzianum dl36 and
lyg12, T. longibrachiatum dl44 and cf11, T. koningii
dl49 and yt6, were isolated from the inner tissue of the
surface-sterilized marine macroalgae collected oﬀ the
coasts of Dalian, Yantai, and Lianyungang of China.
They were identiﬁed by morphological observation
and by analysis of ITS regions for dl34 (GenBank
accession number KR023953), dl36 (KX235318),
dl44 (KX235319), dl48 (KX235320), and cf11
(JX089966) and 18S rDNA for dl8 (KX235317), dl11
(KX235313), dl49 (KX235314), lyg12 (KX235315),
and yt6 (KX235316), which are preserved at the Yantai
Institute of Coastal Zone Research, Chinese Academy
of Sciences.
2.2 Fermentation
Fresh mycelia of ten Trichoderma strains were
grown on the agar plates, and then they were cut into
small segments and aseptically inoculated into
Erlenmeyer ﬂasks (1 L), each containing 150 mL
freshwater (distilled water)-based media (glucose
20 g/L, peptone 5 g/L, yeast powder 2 g/L, K2HPO4

2.3 Extraction
The lipophilic metabolites in mycelia and broths of
ten Trichoderma strains were extracted using ethyl
acetate (EtOAc). Each culture was ﬁltered to separate
mycelia from broth, and the dried mycelia were
weighted and then extracted with mixed CH2Cl2 and
MeOH (1:1, v/v). The crude extract was further
partitioned between EtOAc and H2O to give the
EtOAc-soluble extract. On the other hand, the broth
was directly extracted with EtOAc. The extracting
and partitioning procedures were repeated for three
times, and the EtOAc extracts of mycelia and broth
were evaporated at 40°C under reduced pressure and
then weighted.

2.5 Statistical analysis
The data were processed using the Microsoft Excel
2010 software, and the error bars were obtained
through the STDEV function. The bioassay results
were calculated based on three independent
experiments. Mycelial weights, weights of extracts,
and integral ratios of signals in the 1H NMR spectra
retained two eﬀective repetitions.
2.6 Bioassays
Antifungal activity against Fusarium oxysporum f.
sp. cubense and F. oxysporum f. sp. cucumerinum
was tested at 75 μg/disk using the disk diﬀusion
method (Schulz et al., 1995), with amphotericin B
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(inhibition zone 12.0 mm for F. oxysporum f. sp.
cubense and 15.0 mm for F. oxysporum f. sp.
cucumerinum) and DMSO as positive and negative
controls, respectively. Brieﬂy, each fungus tested was
incubated in PDA medium for four days, and then its
spores were rinsed and suspended by 4 mL sterile
0.85% NaCl solution (including 0.25% Tween 20).
Inoculum suspension was adjusted to match the 0.5
McFarland turbidity standard and further diluted to
5×105 CFU/mL. On the other hand, each extract was
dissolved in DMSO to a concentration of 15 mg/mL
as the stock solution, and then 5 μL was pipetted onto
a sterile ﬁlter disk (5.0 mm diameter). Subsequently,
eight disks were dispersedly placed onto a PDA plate,
which was precoated uniformly with 200 μL
suspension. Three parallel tests were set for each
sample, and the diameters of inhibition zones were
measured and recorded in millimeter after the
incubation at 28°C for 72 h.
The
marine
phytoplankton
(microalgae)
Prorocentrum donghaiense and Heterosigma
akashiwo were used for antimicroalgal test, according
to the procedure described previously (Chen et al.,
1996). Firstly, each microalga was inoculated for four
days using the sterilized f/2 medium at 20C in an
incubator with the 14 h:10 h light-dark cycle (2 000 lux
light). The culture at exponential growth phase was
diluted to (2–3)×104 cells/mL and then added into 96well microplate with 100 μL in each well. 1.5 μL
sample solution (15 mg/mL) was pipetted into each
well and mixed uniformly. After 12-h inoculation,
10 μL CCK (TransDetectTM cell counting kit) solution
was added and further cultured for 2 h. K2CrO7
(inhibition rate 91.2% for P. donghaiense and 93.7%
for H. akashiwo) and DMSO were taken as positive
and negative controls, respectively, and three replicates
were used for each treatment. Culture ﬁltrate was used
as a blank, which was treated synchronously. The OD
values were recorded at 450 nm, and inhibition rates
were calculated by the following equation.
Inhibition rate

(ODDMSOODDMSO blank)(ODsampleODsample blank)
100%.
(ODDMSOODDMSO blank)

Brine shrimp (Artemia salina) lethality assay
followed the microplate method (Solis et al., 1993).
Brieﬂy, brine shrimp eggs were hatched in natural
seawater for 48 h at 28°C under natural light, and then
some 15 brine shrimp larvae along with 196.7 μL
seawater were placed into each well of a 96-well
microplate. Subsequently, 3.3 μL sample solution
(15 mg/mL) was pipetted into each well and treated
for 24 h. K2CrO7 (lethality rate 100%) and DMSO
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Fig.1 Mycelial weights of ten Trichoderma strains under
diﬀerent conditions (mean±standard deviation)

were used as positive and negative controls,
respectively, and three replicates were set. Died larvae
were identiﬁed and recorded with the aid of an
anatomical lens. For the samples with lethal rates
exceeding 50%, their LC50 values were also determined
by gradually decreasing the concentrations.
Marine mollusc Littorina brevicula larvae were
used for the periwinkle-lethal assay. In spring, the
adult L. brevicula was obtained from the coast of
Yantai and cultured with Ulva pertusa in natural
seawater. The released eggs were deposited on the
vessel bottom, which were collected and further
incubated for a week to aﬀord the larvae tested. Then,
196 μL seawater containing about 15 larvae was
gently pipetted into each well of a 96-well microplate,
followed by the addition of 4 μL sample solution
(0.5 mg/mL). Three replicates were used for each
sample, and DMSO was taken as a negative control.
Treated for 12 h, the larvae were checked through an
anatomical lens, and the dead ones were counted for
the calculation of lethal rates.

3 RESULT
3.1 Eﬀect on biomasses
Prior to examining metabolic responses, the
survivability of ten marine-derived Trichoderma
strains was investigated. All of them grew well under
freshwater (control) and seawater conditions, but the
latter increased the biomasses by 54%–125% cultured
for 30 days (Fig.1). T. asperellum dl34 with the
biomass increased by 125% appeared the most
sensitive to seawater, which along with Trichoderma
sp. dl8, T. longibrachiatum dl44, and T. koningii yt6,
was synchronously promoted by NaCl (30.0 g/L),
NaBr (86.3 mg/L), and pH 8.0. Among these three
factors, NaCl was predominant in the promotion of
Trichoderma sp. dl8, T. harzianum lyg12,
T. asperellum dl34 and dl48, whereas pH 8.0 exceeded

Weight of mycelium extract (mg/flask)

528

J. OCEANOL. LIMNOL., 37(2), 2019
Control

NaCl

95

65

35

5

NaBr

pH 8
Weight of broth extract (mg/flask)

125

dl8

dl11 dl34 dl36 dl44 dl48 dl49 cf11 lyg12 yt6
Trichoderma strain

Vol. 37

SW

50
40

30

20

10

dl8

dl11 dl34 dl36 dl44 dl48 dl49 cf11 lyg12 yt6
Trichoderma strain

Fig.2 Weights of mycelium and broth extracts of ten Trichoderma strains under diﬀerent conditions (mean±standard deviation)

the others to aﬀect the growth of T. longibrachiatum
dl44. NaBr outstood to increase the mycelium yields
of T. pseudokoningii dl11 and T. longibrachiatum
cf11, but they were inhibited by NaCl. Additionally,
the proliferation of T. koningii dl49 only slightly (≤
10%) responded to these three factors.
3.2 Production of lipophilic metabolites
Except for Trichoderma sp. dl8 and T. asperellum
dl48, the strains in seawater-based media aﬀorded
22%–217% more lipophilic metabolites in mycelia
than controls (Fig.2). The yields were improved 113%
for T. asperellum dl34 and reduced 45% for
T. pseudokoningii dl11 by NaCl (30.0 g/L), though it
appeared weak to aﬀect the other strains. Moreover,
NaBr (86.3 mg/L) increased the production of
mycelial
constituents
by
63%–85%
for
T. pseudokoningii dl11, T. asperellum dl34,
T. harzianum dl36, and T. longibrachiatum dl44 and
>200% for T. longibrachiatum cf11 and T. koningii
dl49. The positive eﬀect of pH 8.0 on each strain was
dwarfed by NaCl or NaBr. On the other hand, most of
the strains gave less broth extracts than mycelium
ones (Fig.2). The lipophilic exudates of T. asperellum
dl48, T. longibrachiatum cf11, T. harzianum lyg12,
T. koningii dl49 and yt6 were improved over 30%
under seawater condition. NaBr and/or pH 8.0
appeared eﬀective to raise the production of exudates
for most of the strains, which even exceeded seawater.
To characterize these intra- and extracellular
metabolites, their proton nuclear magnetic resonance
(1H NMR) spectra were determined. The signals were
divided into upﬁeld (δH (0.5–2.0)×10-6, US), midﬁeld
(δH (3.5–5.0)×10-6, MS), and downﬁeld (δH (5.0–
8.0)×10-6, DS) ones, mainly corresponding to the
protons of saturated (alkyl), heteroatom (oxygen,
nitrogen, or halogen)-bearing, and unsaturated (vinyl
or aryl) units, respectively. Their integral ratios (MS/
US and DS/US) preliminarily indicated the structural

characteristics of lipophilic metabolites (Fig.3). More
heteroatom-bearing and unsaturated units were
accumulated in mycelia of eight strains under seawater
condition, especially in those of T. longibrachiatum
dl44 and T. asperellum dl48. On the contrary, their
yields in T. koningii yt6 were dramatically decreased
by seawater. NaBr promoted the production of both
heteroatom-bearing and unsaturated units in mycelia
of Trichoderma sp. dl8, T. harzianum dl36,
T. longibrachiatum dl44, T. asperellum dl34 and dl48.
The MS/US of mycelial constituents was improved
about three times for T. harzianum lyg12 under pH
8.0 condition, which also exceeded the others to
promote the production of unsaturated units by
Trichoderma sp. dl8, T. pseudokoningii dl11,
T. longibrachiatum dl44, and T. koningii dl49.
However, seawater was almost incapable of inducing
the extracellular secretion of heteroatom-bearing and
unsaturated units, and single factor (NaCl, NaBr, or
pH 8.0) was also weak or negative to increase their
exudation.
3.3 Inhibition of phytopathogenic fungi
The lipophilic metabolites of ten Trichoderma
strains cultured under diﬀerent conditions were
evaluated for antifungal activity against two plant
pathogens, Fusarium oxysporum f. sp. cubense and F.
oxysporum f. sp. cucumerinum. Only several exhibited
inhibitory activity against these two pathogenic fungi
at 75 μg/disk, as shown in Tables 1 and 2. The results
were ranked by comparison with those of positive
control (weak ≤1/3, moderate >1/3 and ≤2/3, and
strong >2/3 of the inhibition zone of amphotericin B).
Both F. oxysporum f. sp. cubense and F. oxysporum f.
sp. cucumerinum could be inhibited by the lipophilic
metabolites of Trichoderma sp. dl8, T. harzianum
dl36, and T. asperellum dl48, but only the latter
responded to those of T. pseudokoningii dl11, T.
asperellum dl34, T. koningii dl49 and yt6. Among
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Fig.3 Integral ratios of midﬁeld ((3.5–5.0)×10-6, MS) or downﬁeld signals ((5.0–8.0)×10-6, DS) to upﬁeld ones ((0.5–2.0)×10-6,
US) in the 1H NMR spectra of mycelium and broth extracts (mean±standard deviation)
Table 1 Inhibition at 75 μg/disk against F. oxysporum f. sp.
cubense
measured
as
colony
diameter
(mean±standard deviation)
Straina

dl8

dl36

dl48
a

Extract

Table 2 Inhibition at 75 μg/disk against F. oxysporum f. sp.
cucumerinum measured as colony diameter
(mean±standard deviation)

Inhibition zone (mm)
Control

NaCl

NaBr

pH 8

Straina

SW

Mycelium

0

0

0

0

6.0±0.27

Broth

0

0

0

0

6.4±0.43

Mycelium

0

0

0

7.4±0.15

0

Broth

0

0

8.0±0.23

6.9±0.15

0

Mycelium

0

0

0

0

0

Broth

0

0

0

7.0±0.5

0

dl8

dl11

dl34

The other strains are inactive.

them, T. harzianum dl36 represented the most potent
strain, which in freshwater-based media produced
intra- and extracellular metabolites with strong
inhibitory activity against F. oxysporum f. sp.
cucumerinum. This inhibition was slightly aﬀected by
NaCl (30.0 g/L) but reduced or even removed by the
other factors tested. Additionally, all the other active
extracts are moderate to inhibit F. oxysporum f. sp.
cubense and/or F. oxysporum f. sp. cucumerinum.
3.4 Inhibition of marine phytoplankton
Most mycelium extracts of ten Trichoderma strains
cultured in seawater-based media exhibited more or

dl36

dl48

dl49

yt6
a

Extract

Inhibition zone (mm)
Control

NaCl

NaBr

pH 8

SW

Mycelium

0

0

5.7±0.23

0

5.6±0.08

Broth

0

7.4±0.18 6.2±0.15 5.6±0.02 6.3±0.22

Mycelium

0

7.5±0.53

0

0

0

Broth

0

7.1±0.13

0

0

0

0

0

5.9±0.15

0

Mycelium

0

Broth

0

5.7±0.04 6.8±0.53 6.1±0.03 5.7±0.12

Mycelium 10.6±1.28 9.9±0.75 6.0±0.03
Broth

10.4±0.92 11.6±1.58

0

0

0

5.9±0.08 6.0±0.10

Mycelium

0

9.2±1.00

0

6.4±0.19

0

Broth

0

0

0

7.0±0.29

0

Mycelium

0

0

0

0

0

Broth

6.6±0.08

6.4±0.02

0

0

0

Mycelium

0

0

0

0

0

Broth

0

0

8.0±0.27 6.8±0.15

0

The other strains are inactive.

less inhibition of the marine phytoplankton
Prorocentrum donghaiense and Heterosigma
akashiwo at 220 μg/mL, but it was interesting that
NaCl (30.0 g/L) often prevented the production of
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Fig.4 Inhibition rates of mycelium and broth extracts against P. donghaiense and H. akashiwo at 220 μg/mL (mean±standard
deviation)

inhibitory metabolites (Fig.4). The mycelial
constituents of T. longibrachiatum dl44 under
freshwater condition could promote the proliferation
of P. donghaiense, which was remarkably accelerated
by NaCl. Moreover, the proliferation of H. akashiwo
greatly proﬁted from the mycelial constituents of T.
longibrachiatum dl44 under all the conditions. On the
other hand, some half of the strains positively
responded to seawater in producing extracellular
exudates with inhibition of P. donghaiense or H.
akashiwo. Seawater condition eﬀectively stimulated
T. harzianum lyg12 to secrete inhibitory metabolites,
while NaCl signiﬁcantly reduced the inhibitory
activity of T. longibrachiatum dl44 exudates.
3.5 Toxicity to marine animals
All the mycelium and broth extracts of ten
Trichoderma strains cultured in seawater-based media
exhibited over 70% lethal rates against the marine
zooplankton Artemia salina at 250 μg/mL, but several
were less toxic under other conditions (Fig.5). The
extracellular exudates, except for those of T. koningii
dl49, under NaBr (86.3 mg/L), pH 8.0, and seawater
conditions were extremely lethal to A. salina, with
LC50 values ranging from 5.4 to 57.8 μg/mL. However,

those under freshwater and NaCl (30.0 g/L) conditions
were less toxic. Due to the high toxicity of the
exudates of T. harzianum dl36, T. koningii yt6,
T. asperellum dl34 and dl48, they were further
assessed for the lethal eﬀect on the mollusc Littorina
brevicula (Fig.6) that feeds on marine macroalgae
(Xue, 1992). T. asperellum dl48 produced exudates
with signiﬁcant lethality against L. brevicula larvae
under three conditions, but the high lethality of T.
asperellum dl34 relied on NaBr. Moreover, pH 8.0
increased the toxicity of T. harzianum dl36 and T.
koningii yt6 exudates.

4 DISCUSSION
Fungi in the marine ecosystem have been divided
into obligate and facultative ones according to the
necessity of seawater during their growth and
sporulation (Bugni and Ireland, 2004). The survival in
both freshwater- and seawater-based media suggests
ten Trichoderma strains tested to be facultative marine
fungi rather than obligate ones. The larger biomasses
under seawater condition imply that these strains
prefer to propagate in marine environment, though
they are possibly terrigenous. In contrast, the true
terrestrial-derived Trichoderma strains tend to be

No.2

SONG et al.: Metabolic responses of Trichoderma to seawater
Control

NaCl

Mycelium extract against A. salina

110

pH 8

SW
Mycelium extract against A. salina

200

90

150
LC50 (μg/mL)

Lethal rate (%)

NaBr

531

70

100

50

50

30
10

0
dl8

dl11

dl34 dl36 dl44 dl48 dl49 cf11 lyg12 yt6
Trichoderma strain
Broth extract against A. salina

110

dl8

dl11

dl34 dl36 dl44 dl48 dl49 cf11 lyg12 yt6
Trichoderma strain
Broth extract against A. salina

250

LC50 (μg/mL)

Lethal rate (%)

200
80

150
100

50

50
20
dl8

dl11

dl34

dl36 dl44 dl48 dl49
Trichoderma strain

cf11 lyg12

yt6

0

dl8

dl11

dl34

dl36

dl44 dl48 dl49
Trichoderma strain

cf11 lyg12

yt6

Fig.5 Lethal rates at 250 μg/mL and LC50 values of mycelium and broth extracts against A. salina (mean±standard deviation)

NaBr

pH 8

SW

100

Lethal rate (%)

inhibited by high-level salt and pH (Lejeune et al.,
1995; Yin et al., 2013). Trichoderma fungi tested
adapt well to seawater, but the inﬂuences of seawater
factors on their growth vary with species and strains.
Although the eﬀects of halides (30.0 g/L NaCl and
86.3 mg/L NaBr) and/or pH (8.0) of seawater are not
always positive, each strain enjoys at least one of
them. There are other constituents in seawater, such
as metal ions (Cacciola et al., 2015), which may also
contribute more or less to the growth. Based on the
low or negative eﬀects of NaCl, NaBr, and pH 8.0 on
T. harzianum dl36 and T. koningii dl49, their extra
biomasses are deduced to be even dominated by the
other factors. The competition for space and nutrients
is one of the key antagonistic mechanisms of
Trichoderma species (Vinale et al., 2008), which
undoubtedly proﬁts from the rapid proliferation to
some extent. Thus, marine isolates of Trichoderma
seem suitable for the biocontrol in agriculture at the
saline lands of costal zones.
Fungal lipophilic metabolites are mainly produced
through secondary metabolism, and those of
Trichoderma origin exhibit high structural diversity
and various biological activities (Reino et al., 2008).
Marine environment has added the diversity to some
extent (Blunt et al., 2018), but its roles need to be
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Fig.6 Lethal rates of broth extracts against L. brevicula at
10 μg/mL (mean±standard deviation)

further cleared. It is notable that the eﬀects of NaCl
(30.0 g/L), NaBr (86.3 mg/L), pH 8.0, and seawater
on the yields of lipophilic metabolites of Trichoderma
strains tested are not always parallel to those on
biomasses. Most of them feature positive metabolic
responses to seawater, producing more intra- and
extracellular lipophilic metabolites. Although NaCl
and pH 8.0 outstand to inﬂuence several strains, they
are less common than NaBr to eﬀectively promote the
production of lipophilic metabolites. Single factor
tested often exceeds seawater to increase the yields,
which suggests that other components in seawater
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may play a negative role. Seawater tends to increase
the production of heteroatom-bearing and unsaturated
units in mycelia, which often proﬁts from NaBr and/
or pH 8.0. Trichoderma species feature the ability to
produce halogenated compounds in seawater-based
media (Garo et al., 2003; Yamazaki et al., 2015),
which probably contribute to the large portions of
heteroatom-bearing units. Those can also be improved
by polyols and amino compounds that have been
indicated to respond to the high osmotic pressure
(Bugni and Ireland, 2004). Alkaline condition (pH
8.0) has been evidenced to beneﬁt the enzyme activity
of some fungal dehydrogenases (Liu et al., 2006),
which may help these Trichoderma strains to produce
unsaturated units. It has been demonstrated that metal
ions are able to induce the gene expression of
Trichoderma (Puglisi et al., 2012; Cacciola et al.,
2015), which likely promote the production of
heteroatom-bearing units in T. harzianum dl36 and T.
longibrachiatum cf11 in view of the weak or negative
contribution of NaCl, NaBr, and pH 8.0. Despite the
improved production of heteroatom-bearing and
unsaturated units in mycelia under the seawater
condition, their exudation seems restricted, which
may be partially caused by the high osmotic pressure
of seawater.
The bioactivities of lipophilic metabolites of
Trichoderma strains tested also vary with culture
conditions, as is the case with other marine-derived
fungi (Masuma et al., 2001; Tarman et al., 2011).
Many strains play a fungicidal role depending on
NaCl (30.0 g/L), NaBr (86.3 mg/L), pH 8.0, or
seawater condition, and their eﬀects diﬀer slightly
from each other. T. harzianum represents one of the
most eﬀective fungicides in agriculture (Ghisalberti
and Sivasithamparam, 1991), but marine-derived
strains remain less explored. Although T. harzianum
dl36 and lyg12 belong to the same species, only the
former is active to plant pathogens tested. Especially,
its activities rely more greatly on culture conditions
and exhibit higher strain-speciﬁc property than the
others. The majority of extracellular exudates are
more active to inhibit the proliferation of marine
phytoplankton tested than mycelial constituents,
which demonstrates the diﬀerences between
intracellular metabolites and extracellular exudates.
For most mycelial constituents produced in seawater,
their higher inhibition of marine phytoplankton than
those produced in freshwater is deduced to correlate
with the larger portions of heteroatom-bearing and
unsaturated units (Fig.3). On the other hand, NaBr,
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pH 8.0, and seawater, rather than NaCl, permit the
production of highly marine animal-toxic exudates,
but it is not the common case with intracellular
metabolites. The diﬀerences in toxicity also suggest
varied components of exudates responding to seawater
factors, which are not obviously reﬂected by 1H NMR
(Fig.3). Moreover, the extra heteroatom-bearing and
unsaturated units in mycelial constituents produced
under the seawater condition appear not highly toxic
to marine animals. All Trichoderma strains tested
were isolated from marine macroalgae, which live in
the ocean faced with pathogenic fungi (Kubanek et
al., 2003), feeding herbivores (Xue, 1992), and
phytoplankton competition for space and nutrients
(Nan and Dong, 2004). Their interactions with
macroalgae remain little understood, but the
algicolous Trichoderma strains that are antagonistic
to pathogenic fungi, phytoplankton, and marine
animals probably contribute to the survival of host
macroalgae. Marine phytoplankton, represented by P.
donghaiense and H. akashiwo (Tyrrell et al., 2002; Lu
et al., 2005), have often resulted in harmful algal
blooms that damage marine ﬁsheries, and some
Trichoderma strains may be developed as the eﬀective
agents to control them.

5 CONCLUSION
Overall, ten marine isolates of Trichoderma grow
positively responding to seawater, which suggests
they are more adaptable to marine environment. High
yields of lipophilic metabolites often match the large
biomasses, but heteroatom-bearing and unsaturated
units tend to be accumulated in mycelia in response to
the seawater condition. Single factor, NaCl, NaBr, or
pH of seawater, may play a positive or negative role
in the growth of mycelia and production of lipophilic
metabolites, and one of them often exceeds seawater
to increase the metabolism. Seawater factors can
promote many strains to produce bioactive
metabolites, but the eﬀects of NaCl are often weak or
negative. The larger portions of intracellular
heteroatom-bearing and unsaturated units produced in
seawater may be responsible for the inhibition of
marine phytoplankton rather than toxicity to marine
animals, and the varied toxicities to marine animals
further signify the divergences of extracellular
exudates produced under diﬀerent conditions.
Although four pairs of the strains are regarded as the
same species, respectively, from a mycological
perspective, those in each pair feature diﬀerent
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chemical and bioactive proﬁles. Considering the wide
distribution of Trichoderma fungi in marine
environment, the results may greatly contribute to
further understanding and mining the structural
diversity and biological activity of their secondary
metabolites.

6 DATA AVAILABILITY STATEMENT
The datasets generated and/or analyzed during the
current study are available from the corresponding
author on reasonable request.
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