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Abstract   Lycium barbarum, is a medicine-food 
homology plant, so sustainable control of the post-
harvest Goji berry black mold caused by Alternaria 
alternata is particularly critical. In this paper, the 
impact of dimethyl trisulfide (DMTS) on A. alternata 
was studied, as well as the effects of DMTS on hypha 
ultrastructure, membrane permeability, reactive oxy-
gen production, and essential enzymes of the cellular 
defense system. DMTS was shown to significantly 
inhibit the spore germination and hyphal growth of A. 
alternata in a concentration-dependent manner. The 
results of scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) showed that 
A. alternata cells were separated between cytoplasm 

and cell wall, organelles such as mitochondria were 
vacuolate or even disappeared, and the cytoplasm was 
fused. PI staining, conductivity measurements, and 
intracellular nucleic acid and protein content meas-
urements showed that the permeability of the cell 
membrane changed after DTMS treatment, leading to 
the leakage of intracellular nucleic acid and protein. 
DMTS could also cause the accumulation of hydro-
gen peroxide (H2O2) and malondialdehyde (MDA), 
thus causing membrane oxidative damage. Through 
directly destroying the fungal cell and indirectly 
inducing membrane damage, DMTS can control the 
postharvest Goji berry black mold, and is a poten-
tial application prospect in the control of postharvest 
diseases.
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H2O2	� Hydrogen peroxide
ROS	� Reactive oxygen species

Introduction

Lycium barbarum, a medicine-food food homol-
ogy plant from the Solanaceae family, is distributed 
mainly in Northwest China, such as Ningxia, Qing-
hai, and Gansu (Muatasim et  al., 2018). Seven spe-
cies of L. barbarum have been reported in China, of 
which L. barbarum is considered to have the best 
medicinal value. As one of the pillar industries of the 
Ningxia economy, L. barbarum plays an important 
role in the increase of local farmers’ income (Zhang 
et  al., 2022). Meanwhile, due to its high nutritional 
value and medicinal value, L. barbarum is desired 
by consumers at home and abroad (Huang et  al., 
2022). For a long time, the dried fruit of L. barba-
rum was the primary commodity in circulation. With 
the growing interest in natural and fresh fruits, there 
is an increased need for market share of fresh fruit 
of L. barbarum, especially in Central and North-
ern Europe, where the nutritional value and sensory 
acceptance of fresh berries are highly valued (Costa 
et al., 2019; Schiassi et al., 2020; Zhao et al., 2015).

As berry fruits, L. barbarum is high in sugar con-
tent and juicy, so it is difficult to store and transport 
due to decay. Research has shown that the primary 
pathogenic fungi of decay in postharvest L. barbarum 
is Alternaria alternata (Liu et  al., 2017). This fun-
gus includes latent infection and the ability to infect 
at low temperatures, which can limit the develop-
ment of postharvest storage and cold chain logistics 
of fresh fruit (Belbahi et al., 2016). At the same time, 
after infection with A. alternata, L. barbarum fruit 
produced alternariol, alternariol monomethyl ether, 
alternanene, tengxin and other toxins, which are 
harmful to the human body and threaten the health of 
consumers (Xing et  al., 2020). Therefore, the effec-
tive control of A. alternata is key to the development 
of the L. barbarum industry. For a long time, tradi-
tional physical methods such as refrigerated atmos-
phere storage and ionizing radiation etc., have been 
used to control postharvest decay. However, none 
of these methods can effect complete control (Ali 
et  al., 2019; Strano et  al., 2022; Zhao et  al., 2020). 
On the other hand, chemical fungicides, includ-
ing imazalil and kresoxim-methyl, have been shown 

to have substantial effects on postharvest diseases 
(Lahlali et  al., 2022). However, the extensive use of 
these fungicides causes many problems, such as the 
production of fungicide residues, pathogen resistance, 
and environmental pollution (Luo et  al., 2023; Saito 
et  al., 2019). Consequently, there is an urgent need 
to develop novel agents to satisfy the strong require-
ments of public acceptance and environmental safety. 
Recently, the use of biological control agents (BCAs) 
seems to be a promising approach, which involves 
natural plant essential oils or antifungal organic 
compounds, and is considered an effective, safe, and 
environmentally friendly approach against pathogens 
(Dukare et al., 2019; Rahman et al., 2023; Zhao et al., 
2022).

Garlic is famous for its good antimicrobial activ-
ity, and garlic oil and ethylicin have successfully been 
used to control agricultural fungal and bacterial dis-
eases (Nakamoto et  al., 2020; Tavares et  al., 2021). 
With further research, other plants of the Alliaceae 
family, such as Allium cepa and Allium tuberosum, 
have also been shown to significantly inhibit many 
kinds of microorganisms (El-Sayed et  al., 2017; Li 
et  al., 2016; Vukovic et  al., 2023). The essential oil 
and aqueous extract of Allium mongolicum, a charac-
teristic xerophytic plant of Allium, has also showed 
broadspectrum antimicrobial activity.

Dimethyl trisulfide (DMTS), a new type of anti-
fungal compound, can be produced from the vola-
tile oil of Allium species, such as leeks and onions, 
as well as from broccoli, cabbage, limburger cheese, 
and some bacteria and fungi (Bastaki et al., 2021; Li 
et al., 2014). DMTS has shown inhibitory effects on 
plant pathogenic fungi using a fumigation method, 
such as Penicillium italicum, Fusarium oxysporum, 
and Colletotrichum gloeosporioides on mango (She-
oran et  al., 2015; Sun et  al., 2022). Compared with 
traditional fungicides, the mode of action of DMTS 
without direct contact with the control object is more 
suitable for the disease control of postharvest fruits. 
Therefore, the effect of DMTS on the control of Goji 
berry black mold is in accordance with the concept 
of green biological control. Our previous experi-
ments also found that DMTS has an excellent inhibi-
tory effect on the mycelial growth of A. alternata on 
L. barbarum in vitro. The in vivo inhibitory effect of 
DMTS on A. alternata on L. barbarum and the inhi-
bition mechanism still need to be explored. There-
fore, the present study aims to systematically evaluate 
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the antifungal effects of DMTS on A. alternata on 
L. barbarum and attempt to explore the underlying 
mechanism involved in the DMTS inhibitory effect. 
This work could provide an adequate basis for devel-
oping biopreservation agents to control A. alternata 
efficiently. In addition, it could broaden the biological 
protection pathways of postharvest fruits.

Materials and methods

Materials

DMTS was purchased from Shanghai Aladdin Bio-
Chem Technology Co., Ltd., which was pure with 
a quality fraction of 98%. The strain of A. alternata 
was obtained from the Key Laboratory of Storage and 
Processing of Plant-Based Agriculture Products and 
conserved in our laboratory before the experiment. 
All reagents were analytical grade.

Antifungal activity of DMTS against A. alternata

Screening of DMTS against A. alternata in vitro

Using the fumigation method (Rangsuwan et  al., 
2021), the effect of DMTS on the mycelial growth of 
A. alternata was determined in the laboratory. DMTS 
was dissolved in 5% tween 80 to form different con-
centrations of compounds, and every sterile filter 
paper (diameter 7  cm) contained 1  mL of the solu-
tion in a 9 cm petri dish, the base of which contained 
PDA, with A. alternata inoculated onto the base. The 
cap of the petri dishes were placed with filter paper 
to achieve inner reagent concentrations of 0.001 μL 

mL−1, 0.0015 μL mL−1, 0.002 μL mL−1, 0.0025 μL 
mL−1, 0.003 μL mL−1, 0.006 μL mL−1, 0.0125 μL 
mL−1, 0.025 μL mL−1, 0.05 μL mL−1, and 0.1 μL 
mL−1. For control treatments, the cap of the petri 
dishes without DMTS was treated similarly. The petri 
dishes were sealed with paraffin film and cultured 
at 28 ± 1  °C. The experiments were repeated three 
times. The radial growth diameter of the tested A. 
alternata were measured, and the inhibition rate was 
calculated as described in Eq. (1). The half inhibitory 
concentration (EC50) was defined as the concentration 
of dimethyl trisulfide corresponding to a 50% inhibi-
tion rate.

where C represents the radial growth of pathogen on 
untreated PDA, and T represents the radial growth of 
pathogen on treated PDA.

Viability of conidia in vitro

The experimental method was designed according 
to the literature (Rangsuwan et al., 2021). To test the 
viability of conidia of A. alternata, 10 μL conidium 
suspensions (1.5 × 106 spore/ml) of A. alternata were 
spread on the surface of the center of a concave slide 
containing water agar medium. The concave slide was 
then placed inside petri dishes (diameter 9 cm) with 
different concentrations (0.0015 μL mL−1, 0.003 μL 
mL−1 and 0.006 μL mL−1) of DMTS, then cultured 
for 2, 4, 6, and 8  h at 28  °C, separately, as well as 
a control group without DMTS. The separate experi-
ments were carried out in triplicate. Spore germina-
tion of A. alternata was observed and recorded under 
the microscope, and the conidial germination rate was 
calculated using Eq. (2).

(1)Inhibition rate (%) = (C − T)∕(C − 4) × 100%

(2)Conidial germination rate (%) = Number of germinated spores ∕ Total spores × 100%

Inhibitory effect of DMTS on A. alternata of Goji 
berry fruit

The Goji berry fruits were surface-sterilized with 75% 
alcohol and dried naturally on an ultra-clean bench. 
Each culture plate had 8 Goji berry fruits place on 
them, which were then punctured with a vaccination 
needle in equator of each fruit (1 mm ×  1 mm) and 
inoculated with 2 uL 1.5 ×  106 spore/ml suspension. 

The Goji berry fruits inoculated with pathogens were 
then fumigated with 0 μL mL−1, 0.0015 μL mL−1, 
0.002 μL mL−1, 0.003 μL mL−1, 0.004 μL mL−1, 
0.005 μL mL−1, and 0.006 μL mL−1 DMTS respec-
tively at room temperature for 24 h, after which the 
culture plates were balanced in the ultra-clean bench 
for 6  h and cultured in a 28  °C incubator. Each 
treatment was repeated 6 times, the diameter of the 



648	 Eur J Plant Pathol (2025) 171:645–660

Vol:. (1234567890)

pathogen was observed and measured, and the inhibi-
tion rate was calculated according to Eq. (3).

where C represents the radial growth of the pathogen 
on the Goji berry fruit, and T represents the radial 
growth of the pathogen on treated Goji berry fruit.

Ultrastructural observation of mycelia by TEM and 
SEM

Before treatment with DMTS, the hyphae were cul-
tured for 48  h in a PDA medium. The hyphae sam-
ples were treated with DMTS, at concentrations of 
0 μL mL−1, 0.0015 μL mL−1, 0.003 μL mL−1, and 
0.006 μL mL−1, respectively (Wang et  al., 2021). 
After treatment for 4 days, the mycelium was sampled 
and prepared for observation by scanning electron 
microscope (SEM, Hitachi SU8100) and transmis-
sion electron microscope (TEM, Hitachi HT7800), 
respectively.

Disruption of A. alternata cell membrane structures 
by DMTS

PI staining experiment

The method described in Liu et al. (2010) was slightly 
modified for this experiment. Propidium iodide (PI) 
was used in this study to determine the membrane 
integrity of hypha of A. alternata. PI can only cross 
the membranes of dead cells, which exhibit red fluo-
rescence when stained with PI. After incubation for 2 
d on PDA medium, the A. alternata was treated with 
DMTS of different concentrations 0 μL mL−1 (control 
group), 0.0015 μL mL−1, 0.003 μL mL−1 and 0.006 
μL mL−1 for 3 d. The mycelium was then collected 
and suspended in PI with a concentration of 2.5 mg. 
mL−1, after which the mixtures were maintained at 
28 °C for 10 min in the dark, centrifuged at 8000 × g 
for 2  min at 4  °C and the precipitates were washed 
several times with phosphate buffered saline (PBS) to 
ensure that residual dye was removed. Samples were 
then resuspended again in PBS and these suspensions 
were placed on slides. Unstained mycelium suspen-
sions were used as controls. Samples were observed 
and photographed under a fluorescence microscope. 
(LEICA DM3000, Germany).

(3)Inhibition rate (%) = (C − T)∕C × 100%

Cytoplasmic leakage assays of A. alternata

The experiment was designed according to the 
methods in Wang et  al. (2020) with minor modifi-
cations. The 0.5  mL A. alternata spore suspensions 
were added to 100 mL PDB medium at 28  °C on a 
rotary shaker. After 2 d of incubation, mycelia were 
harvested by centrifugation (8000 × g, 10  min) and 
washed with sterile distilled water. Then 1  g myce-
lia were resuspended in different concentrations of 
DMTS and cultured at 28  °C on a rotary shaker for 
0 min, 30 min, 60 min, 90 min, and 120 min. A clear 
supernatant of the cultures was gained by centrifu-
gation at 8000 × g for 5 min and used for cell mem-
brane permeability determination through an electric 
conductivity meter. A sample prepared as described 
above but without A. alternata was used as an appro-
priate blank. The absorbance of nucleic acids and 
protein at 260 nm (OD260) and 280 nm (OD280) were 
measured using enzyme calibration (Thermo Varios-
kan LUX, Finland). All experiments were performed 
in triplicate.

Effect of DMTS on MDA and H2O2 content in 
mycelia of A. alternata

The relative substance content of A. alternata myce-
lia treated with different concentrations of DMTS was 
determined. The content of MDA and H2O2 of myce-
lium was determined by the TBA method according 
to MDA kit (A003-1) and OFR kit (S0038) respec-
tively, which were all produced by Suzhou Comin 
Biotechnology Co., Ltd. Each treatment was repli-
cated thrice.

Effect of DMTS on POD, SOD, and CAT contents in 
mycelia of A. alternata

The activities of SOD and CAT in mycelium were 
determined by the SOD kit (SOD-1-W) and CAT 
kit (CAT-1-Y) of Suzhou Comin Biotechnology Co., 
Ltd., respectively. Peroxidase (POD) activity was 
determined by the POD (BC0090) kit of Beijing 
Solarbio Science & Technology Co., Ltd. Each treat-
ment was replicated thrice.
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Statistical analysis

The data were analyzed using Microsoft Excel 2013 
and SPSS 22.0. The standard deviations were calcu-
lated as well as Duncan’s multiple difference signifi-
cance analysis, and the difference is significant when 
p < 0.05.

Results and discussion

Results

The antifungal activity of DMTS against A. alternate

Hyphae inhibition of DMTS on A. alternata in 
vitro  The experimental results are shown in Fig. 1. 
The inhibition rate against A. alternata was positively 
correlated with the DMTS concentration. DMTS at 
0.006 μL mL−1 could wholly inhibit mycelial growth, 

Fig. 1   Inhibitory effect of 
different DMTS concen-
trations on mycelium of 
Alternaria alternata. Note: 
According to Duncan’s mul-
tiple comparisons, different 
letters indicate significant 
differences (P < 0.05)

Fig. 2   The variation of 
spore germination rate 
of Alternaria alternata 
affected by different DMTS 
concentrations. Note: 
h-hour; According to Dun-
can’s multiple comparisons, 
different letters indicate 
significant differences 
(P < 0.05)
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and the EC50 of DMTS against A. alternata was 
0.0021 μL mL−1.

Viability testing of conidia of in vitro  As shown 
in Fig. 2, the germination rate of the spores gradually 
increased, which was related to the duration of treat-
ment, but the spore germination rate was significantly 
lower than that of the control in each period. After 8 h 
treatment with 0.006 μL mL−1 DMTS, survival rates 

of spore reduced to 15%. In contrast, the survival rate 
in the control group was 94%, significantly different 
than the treatment group (P < 0.05). These results 
demonstrated that DMTS could cause serious damage 
to the viability of conidia.

The inhibition effect of DMTS against A. alternata 
in vivo  After fumigation with different concentra-
tions of DMTS for 24  h, the inhibition effect on A. 

Fig. 3   Inhibitory rate of 
different DMTS concen-
trations on Alternaria 
alternata of “Ningqi 1” 
Goji berry fruit with time in 
vivo. Note: d-day; Accord-
ing to Duncan’s multiple 
comparisons, different 
letters indicate significant 
differences (P < 0.05)

Fig. 4   Inhibitory effect of different DMTS concentrations on Alternaria alternata of “Ningqi 1” Goji berry fruit with time in vivo. 
Note: d-day
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alternata of "Ningqi 1" Goji berry fruit depended on 
the concentration of DMTS (Fig.  3 and Fig.  4). On 
the 2nd day, treatment with 0.004 ~ 0.006 μL mL−1 
DMTS could completely inhibit the growth of the 
pathogen on Goji berry fruit. On the 4th day, the 
Goji berry fruits in the control group were almost 
completely covered with vigorous mycelium of the 
fungus. However, in the treatment group subjected 

to 0.006 μL mL−1 DMTS, only small black spots 
appeared at the inoculation place, and there was 
almost no hypha expansion (Fig. 4). On the 4th day 
after inoculation, after being treated with 0.0015 μL 
mL−1, 0.002 μL mL−1, 0.003 μL mL−1, 0.004 μL 
mL−1, 0.005 μL mL−1, and 0.006 μL mL−1 DMTS, 
the inhibition rates of A. alternata on Goji berry 
fruits were 26.86%, 30.76%, 39.6%, 82.74%, 90.75% 

Fig. 5   Inhibitory rate of 
different DMTS concentra-
tions on Alternaria alter-
nata of “Ningnongqi 15” 
Goji berry fruit with time in 
vivo. Note: d-day; Accord-
ing to Duncan’s multiple 
comparisons, different 
letters indicate significant 
differences (P < 0.05)

Fig. 6   Inhibitory effect of different DMTS concentrations on Alternaria alternata of “Ningnongqi 15” Goji berry fruit with time in 
vivo. Note: d-day
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and 94.08%, respectively compared with the control 
group (Fig. 3).

The inhibitory effect of DMTS on A. alternata 
of “Ningnongqi 15” Goji berry fruit was as follows 
(Fig.  5). The diameter of the pathogen in the treat-
ment group was significantly smaller than that of the 
control group, and the high concentration treated with 
0.004 ~ 0.006 μL mL−1 DMTS only showed a small 
disease spot at the inoculation site (Fig.  6). After 
being treated with 0.0015 μL mL−1, 0.002 μL mL−1, 
0.003 μL mL−1, 0.004 μL mL−1, 0.005 μL mL−1 and 
0.006 μL mL−1 DMTS, the inhibition rates of A. 
alternata on Goji berry fruit were 22.43%, 29.15%, 
34.62%, 53.76%, 59.97% and 72.4%, respectively, 
compared with the control group (Fig. 5).

Ultrastructural observation of mycelia by TEM 
and SEM

The morphological photos of A. alternata hyphae 
observed by SEM are shown in Fig.  7. The hyphae 
before treatment (Fig. 7, A1) presented a normal and 
intact tubular shape with a smooth cell wall. The 
tubular hyphae were substantial and well-rounded. 
However, the hyphae showed some damage after 
being treated with 0.0015 μL mL−1, 0.003 μL mL−1, 

and 0.006 μL mL−1 DMTS for 4 d (Fig. 7, A2, A3, 
A4). As the treatment concentration increased, the 
hyphae gradually wrinkled, collapsed, and folded. 
The cytoplasmic loss occurred in the hyphae treated 
with DMTS.

The photographs of the internal structure of 
DMTS-treated A. alternata hyphae observed by TEM 
are shown in Fig.  7. The hyphae before treatment 
(Fig. 7, B1) exhibited a well-preserved ultrastructure, 
including uniform cell walls, plasma membranes, 
mitochondria, and vacuoles. In contrast, after treat-
ment with different concentrations of DMTS, the A. 
alternata hyphae were destroyed to various degrees. 
Gaps were observed between the cell walls and the 
plasma membranes, which allowed for protoplasm 
leakage and promotion of vacuolar formation in some 
sections of hyphae. Mitochondria were distributed in 
the cytoplasm, and seemed to be intact and normal 
for the control group but vacuolated in the treatment 
group (Fig.  7, B2, B3). Particularly in those treated 
with 0.006 μL mL−1 DMTS, the organelles such as 
mitochondria became unclear or even disappeared 
and black round particles appeared (Fig. 7, B4).

Fig. 7   Effects of different DMTS concentrations on hyphae morphology of Alternaria alternata. (up: × 1500, down: × 4000; the con-
centrations of DMTS from left to right were 0 μL mL−1, 0.0015 μL mL−1, 0.003 μL mL−1 and 0.006 μL mL−1.)
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Disruption of A. alternata cell membrane structures 
by DMTS

Propidium iodide staining experiment for determi-
nation of membrane integrity  After being treated 
with different concentrations of DMTS, the hyphae 
were stained with PI, and the results are shown in 
Fig.  8. PI could hardly enter A. alternata by pen-
etrating the integrated cell membrane and binding to 
nucleic acid, so very few of the A. alternata cells in 
the control group were stained. In contrast, as shown 
in Fig. 8, the proportion of A. alternata cells stained 
increased with increasing concentrations of DMTS, 
in a dose-dependent manner. These results indicate 
that DMTS takes an action on the plasma membrane 
structure and disrupts cell membrane integrity, caus-
ing PI to flow into cells and bind to DNA, increasing 
the red fluorescence of the hyphae (Trilisenko et al., 
2021).

Cytoplasmic leakage assays of A. alternata  To 
further study the damage to the cell membrane of A. 
alternata, the conductivity, protein (OD280) content, 
and nucleic acid (OD260) of the medium was meas-
ured after DMTS treatment. Compared with the con-
trol group, after DMTS treatment, the permeability of 

the mycelium membrane was increased with the treat-
ment duration and DMTS concentration. After being 
treated with 0.006 μL mL−1 DMTS for 120 min, the 
conductivity of the culture was 4 times that of the 
control (Fig.  9A). The protein and nucleic acid and 
nucleic acid leakage stayed at a deficient level in 
mycelia incubated in a medium without DMTS dur-
ing the experiment. In contrast, as shown in Fig. 9B 
and Fig.  9C, leakage of nucleic acid and protein in 
A. alternata mycelia was detected in treatments with 
DMTS, and the leakage increased with time and 
DMTS concentration. At the first 30 min, nucleic acid 
leaked markedly in the DMTS treatments, and the 
leakage increased slowly after 30 min. The leakage of 
protein exhibited a similar trend as nucleic acid.

Effect of DMTS on MDA and H2O2 content in mycelia 
of A. alternata

The relationship between the MDA content and 
the concentration of DMTS is shown in Fig.  10A. 
After the mycelia of A. alternata were treated with 
DMTS, the MDA content was positively corre-
lated with the concentration of DMTS. After being 
treated with 0.0015 μL mL−1, 0.003 μL mL−1, 
and 0.006 μL mL−1 of DMTS, MDA content was 

Fig. 8   Effects of different DMTS concentrations on hyphae 
membrane integrity of Alternaria alternata mycelium (× 40) 
through fluorescence microscopy. (The concentrations of 

DMTS from left to right were 0 μL mL−1, 0.0015 μL mL−1, 
0.003 μL mL−1 and 0.006 μL mL−1.)
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2.17  nmol  g−1, 5.12  nmol  g−1 and 6.97  nmol  g−1 
higher than that of the control, respectively, and 
there were significant differences among the dif-
ferent treatment groups (P < 0.05). As shown in 
Fig.  10B, after 0.0015 ~ 0.006 μL mL−1 DMTS 
treatment, H2O2 content in mycelia was significantly 
higher than that of the control group. A gradually 

increasing trend with the increase of DMTS con-
centration was found. Compared with the control 
group, H2O2 content in mycelia was about 2.5 times 
higher after 0.006 μL mL−1 DMTS treatment. Based 
on the results above, the mycelia of A. alternata 
treated with DMTS could lead to the collection of 
H2O2 and MDA, accompanied by oxidative damage.

Fig. 9   The variation of electrical conductivity (A), nucleic acid leakage (B) and protein leakage (C) of Alternaria alternata affected 
by different DMTS concentrations with time. Note: standard deviation was showed on the curve as ‘I’

Fig. 10   Effect of different DMTS concentrations on MDA (A) and H2O2 (B) content in mycelia of Alternaria alternata. Note: 
According to Duncan’s multiple comparisons, different letters indicate significant differences (P < 0.05)
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Effect of DMTS on POD, SOD and CAT content 
in mycelia of A. alternata

Figure  11A shows that POD activity exhibited an 
increasing trend after DMTS treatment and increased 
with the increase of DMTS concentration. The POD 
activity of mycelium treated with 0.0015 μL mL−1, 
0.003 μL mL−1, and 0.006 μL mL−1 were 7.46 U 
g−1, 44.91 U g−1, and 69.28 U g−1 higher than that 
of the control group, respectively. The trend in the 
change of SOD after DMTS treatment was consist-
ent with that of POD, and SOD activity was signifi-
cantly increased, with significant differences among 
different concentrations (p < 0.05). The SOD activity 
treated with 0.0015 μL mL−1, 0.003 μL mL−1 and 
0.006 μL mL−1L DMTS were 79.52 U g−1, 232.77 U 
g−1, and 395.77 U g−1 higher than that of the control 
group, respectively (Fig. 11B). However, after DMTS 
treatment, CAT activity showed a decreasing trend, 

especially when treated with a high concentration of 
0.006 μL mL−1, the CAT activity was 90.58 U g−1 
lower than that of the control group (Fig. 11C).

Discussion

L. barbarum is a medicine-food homology plant 
that contains a variety of polysaccharides, phenols, 
organic acids, and so on. It is mainly distributed in 
China’s Ningxia, Gansu, and other northwest regions 
(Teixeira et al., 2023). As one of the main economic 
crops in Ningxia, the healthy development of the L. 
barbarum industry is crucial to increasing farmers’ 
income. Goji berry black mold can infect Goji berry 
fruits, especially during postharvest storage. When 
contaminated with black mold, the appearance and 
internal quality of L. barbarum is seriously affected. 
At the same time, the toxin produced by the black 
mold is harmful to the human body. Therefore, it is 

Fig. 11   Effect of different DMTS concentrations on POD (A), SOD (B) and CAT (C) content in mycelia of Alternaria alternata. 
Note: According to Duncan’s multiple comparisons, different letters indicate significant differences (P < 0.05)



656	 Eur J Plant Pathol (2025) 171:645–660

Vol:. (1234567890)

of great significance to strengthen the control of Goji 
black mold to improve the quality of L. barbarum 
(Zhao et al., 2023).

Plant essential oil is a kind of secondary metabo-
lite with substantial volatility in plants, offering cru-
cial antifungal activity and low toxicity. It has been 
proven to be a potential safety measure for control-
ling postharvest diseases (Wu et  al., 2023). Before 
this experiment, based on the reported good antifun-
gal activity of volatile oils from Allium plants such as 
garlic and onion (Vukovic et al., 2023), we obtained 
46 compounds through the analysis of volatile oils 
from A. mongolicum, in which sulfide accounted for 
a large proportion, and the highest content of DMTS 
was 15.25%. It was reported that DMTS has good 
antimicrobial activity against Colletotrichum gloe-
osporioides and Botryosphaeria dothidea (Tang 
et al., 2019), which provides a basis for DMTS appli-
cation in preventing and controlling fungal diseases. 
Therefore, we conducted preliminary research on the 
inhibitory effects of DMTS on F. solani, A. solani, 
V. mali, F. graminearum, C. cassiicola, A.alternata, 
F.oxysporum and F. sulphureum, and the inhibition 
EC50 were 0.00123 μL mL−1, 0.00182 μL mL−1, 
0.00240 μL mL−1, 0.00094 μL mL−1, 0.00042 μL 
mL−1, 0.00212 μL mL−1, 0.00143 μL mL−1 and 
0.00208 μL mL−1, respectively, and DMTS exhibits 
good broad-spectrum antifungal activity.

Traditionally, Goji berries are mainly distributed 
in the market as dried fruits. With the change of 
consumption concept and the development of breed-
ing technology, the market share of fresh Goji berry 
fruits has gradually increased in recent years (Ge 
et al., 2018). As a direct edible fruit, black mold of L. 
barbarum affects its quality, so control of black mold 
should choose a greener and more volatile antimi-
crobial agent, which is more in line with the require-
ments of safe production. This study found that the 
volatile compound DMTS can act against A. alternata 
by inhibiting mycelial growth and spore germination. 
DMTS exists naturally in Allium plants such as A. 
mongolicum, garlic, and chives, which have always 
been used as food (Sun et al., 2022). Therefore, using 
DMTS to control Goji berry black mold disease is 
safe for humans, animals, and the environment, and 
provides a possible new pathway to prevent Goji 
berry black mold. In this experiment, consequently, 
we selected “Ningqi 1” and “Ningnongqi 15” to ver-
ify the inhibitory effect of DMTS on Goji berry black 

mold in postharvest fruit in vivo. The results showed 
that on the 4th day after inoculation with the patho-
gen, the surface of the fruit in the control group were 
completely infected with hypha, but 0.006 μL mL−1 
of DMTS can almost completely control A. alternata 
on Goji berry fruit. Therefore, it suggests that DMTS 
can be used as a potential alternative compound to 
control Goji berry black mold efficiently.

To further clarify the inhibitory effect of DMTS on 
A. alternata, the antifungal mechanism of DMTS was 
explored in this study. Ultrastructural observations 
on the hyphal cells of A. alternata demonstrated that 
DMTS caused damage to the mycelium of A. alter-
nata, making it grow slowly or even die. DMTS also 
reduced the infection rate of A. alternata on fruits in 
vivo and effectively inhibited Goji berry black mold. 
Previous studies have shown that essential oils can 
penetrate the plasma membrane due to their lipo-
philicity (Feng et al., 2019; Wu et al., 2022). At the 
same time, essential oils can cause depolarization of 
organelles such as the mitochondrial membrane, and 
its permeability between the inner and outer mem-
branes of mitochondria can also seriously be dam-
aged, or even disappear, leading to cell death (Li 
et al., 2013; Yan et al., 2021). Through transmission 
electron microscopy and scanning electron micros-
copy, we found that with the increase of DMTS con-
centration the plasma membrane of the mycelium 
was indeed separated from the cell wall, and even 
part of the mitochondria was ablated. Previous stud-
ies have also shown that DMTS can inhibit fungi 
such as Colletotrichum gloeosporioides and bacteria 
such as Escherichia coli O157:H7 by destroying the 
cell wall, plasma membrane, mitochondria, and other 
subcellular structures (Tang et  al., 2020). In the PI 
staining and conductivity measurement experiments, 
compared with the control group, the conductivity 
of the treatment group increased with the increase 
of DMTS concentration, and the PI staining was also 
aggravated, which was consistent with the results of 
the ultrastructural observations that DMTS destroyed 
the cell membrane of A. alternata. The damage to cell 
walls and membranes can lead to macromolecular 
leakage and fragmentation (Wu et al., 2022). Nucleic 
acids control the growth, development, and heredity 
of fungi (Ning et al., 2019). Proteins provide crucial 
functional components and indispensable nutrient 
substances for the growth and development of liv-
ing fungi. In this experiment, the nucleic acid and 
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protein content in mycelial cells was determined, and 
the results showed that the content of nucleic acid and 
protein increased with the increase of DMTS concen-
tration and treatment time.

ROS are a by-product of cell metabolism. The 
accumulation of large amounts of ROS in cells 
under stress is one of the leading causes of mem-
brane oxidative damage. In addition, ROS can also 
attack biological macromolecules, leading to protein 
denaturation or DNA damage (Furukawa & Sakuda, 
2019; Zhang et al., 2019). H2O2 is one of the stable 
sources of ROS in cells, so its content can reflect the 
degree of cell injury (Yin et al., 2021). As one of the 
products of lipid peroxidation decomposition in cell 
membranes, MDA is used to quantify the degree of 
lipid peroxidation and the damage of microorganisms 
under stressed conditions (Zheng et al., 2023). In the 
experiment, after being treated with 0.0015 ~ 0.006 
μL mL−1 DMTS, the H2O2 and MDA contents in 
mycelia were significantly higher than those in the 
control group and showed a gradual increasing trend 
with the increase in DMTS concentration. This indi-
cates that DMTS, as an exogenous substance, has 
caused varying degrees of damage to the mycelial 
cells, furthering the cells’ oxidative damage, affecting 
the normal metabolism of A. alternata.

Under normal environmental conditions, the pro-
duction and removal of reactive oxygen in biological 
cells of microorganisms is in a dynamic equilibrium 
state. However, when it is adversely affected by exter-
nal influences, the equilibrium state of intracellular 
ROS production and removal will be disturbed, thus 
triggering a series of oxidative stress reactions. SOD, 
CAT and POD are necessary intracellular antioxidant 
enzymes, which can clear ROS and reduce membrane 
lipid peroxidation (Wen et al., 2021), thus maintain-
ing the normal function of cells. The research has 
shown that SOD is an essential protective enzyme that 
can remove toxic superoxide anion free radicals, lead-
ing to the production of H2O2 and O2 in the decompo-
sition process of superoxide free radicals, and is the 
first line of defense against ROS (Jaikua et al., 2016). 
The decomposition of H2O2 into O2 and H2O is cat-
alyzed by CAT, which protects cells from excessive 
oxidative stress to a great extent (Gao et  al., 2016). 
POD is also one of the main antioxidant enzymes, 
which can catalyze the decomposition of H2O2 and 
prevent cell death caused by excessive accumulation 

of H2O2 (Ballester et al., 2010; Shi et al., 2022). Fig-
ure 11 showed that after the mycelia of A. alternata 
were treated with DMTS, the SOD and POD activi-
ties were significantly increased, which could regu-
late the membrane lipid peroxidation process and 
prevent oxidative damage of mitochondria through 
increased antioxidant activity. However, CAT activity 
showed a sharp decline, resulting in excessive accu-
mulation of hydrogen peroxide and ROS, leading to 
membrane oxidative damage, and finally the death of 
microorganisms.

In conclusion, DMTS showed broad-spectrum 
antifungal activity and had good in vitro and in vivo 
inhibitory effects on the black mold of the medicine 
food homology L. barbarum postharvest fruit. As 
a volatile liquid, DMTS can inhibit the growth of 
the pathogen by directly destroying the cell mem-
brane, destroying mitochondria, and affecting the 
activities of a variety of stress-resistant enzymes. 
The research laid the foundation for developing new 
antifungal agents against Goji black mold. Also, it 
provided the basis for studying the mechanism of 
DMTS inhibiting other types of pathogens. In the 
next step, molecular biology and omics technology 
will be used to identify the critical action target of 
DMTS to provide the basis for developing new anti-
fungal agents.

Conclusion

Based on the significant inhibitory effect of DMTS 
on the hypha growth of A. alternata and the occur-
rence of Goji berry black mold in vivo, it may pro-
vide an efficient, safe, and environmentally friendly 
method for controlling Goji berry black mold dis-
ease in practice. Furthermore, the preliminary 
research into the antifungal mechanisms in this 
paper has laid a foundation for the further study of 
DMTS antifungal targets.
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