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Biocontrol activity of volatile organic compounds from Streptomyces 
alboflavus TD-1 against Aspergillus flavus growth and aflatoxin pro-
duction

Aspergillus flavus is a saprophytic fungus that contaminates 
crops with carcinogenic aflatoxin. In the present work, the 
antifungal effects of volatile organic compounds (VOCs) from 
Streptomyces alboflavus TD-1 against A. flavus were investi-
gated. VOCs from 8-day-old wheat bran culture of S. albo-
flavus TD-1 displayed strong inhibitory effects against my-
celial growth, sporulation, and conidial germination of A. 
flavus. Severely misshapen conidia and hyphae of A. flavus 
were observed by scanning electron microscopy after expo-
sure to VOCs for 6 and 12 h, respectively. Rhodamine 123 
staining of mitochondria indicated that mitochondria may 
be a legitimate antifungal target of the VOCs from S. albo-
flavus TD-1. Furthermore, the VOCs effectively inhibited 
aflatoxin B1 production by downregulating genes involved 
in aflatoxin biosynthesis. Dimethyl trisulfide and benzena-
mine may play important roles in the suppression of A. fla-
vus growth and production of aflatoxin. The results indicate 
that VOCs from S. alboflavus TD-1 have tremendous poten-
tial to be developed as a useful bio-pesticide for controlling 
A. flavus.
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Introduction

Aspergillus flavus, a common pathogen in agriculture, is ubi-
quitously distributed in agricultural crops, especially in pea-
nuts (Wu et al., 2016) and corn (Hong et al., 2010; Garcia 
et al., 2012), causing severe crop damage and compromising 
food security. A. flavus infection is commonly considered a 
serious health hazard for humans and animals due to the 

threat of aflatoxins, which are highly toxic, carcinogenic, and 
teratogenic secondary metabolites (Razzaghi-Abyaneh, 2013). 
Aflatoxin B1 has been classified as class 1 carcinogen by the 
International Agency for Research of Cancer (WHO and IARC, 
1993). Aflatoxins that occur in food or livestock feed via fun-
gal contamination can bio-accumulate in humans and animals 
(Kumar et al., 2017). It is estimated that aflatoxins may con-
tribute to 4.6–28.2% of all global hepatocellular carcinoma 
cases (Liu and Wu, 2010). Therefore, the control of aflatoxin 
contamination is an urgent task around the world.
  Prevention of aflatoxin-producing fungi is an effective stra-
tegy for controlling the presence of aflatoxin in foods (Mel-
lon et al., 2012). Traditionally, the prevention of A. flavus is 
mainly reliant on fungicides. However, the use of agroche-
micals has been the subject of public concern in considera-
tion of environmental and health concerns (Pimentel, 2005; 
Da et al., 2015), as well as the development of resistant strains 
due to the indiscriminate use of the chemical substances (Da 
et al., 2013). Moreover, the use of agrochemicals is becoming 
increasingly restricted because new synthetic pesticides are 
becoming expensive and increasingly difficult to synthesize 
(Glare et al., 2012). For reducing the negative effects gener-
ated by the abuse of chemical pesticides, biotechnological 
tools are currently considered as a viable alternative to com-
bat fungal pathogens to agrochemicals (Heydari and Pessar-
akli 2010; Shams-Ghahfarokhi et al., 2013; Kifle et al., 2017).
  Volatile organic compounds (VOCs) from microorganisms 
present enormous and fascinating potential to control fungal 
pathogens (Schalchli et al., 2016). VOCs typically constitute 
a complex mixture of low-molecular weight compounds that 
easily evaporate under environmental conditions (Hung et 
al., 2015). Consequently, they can be applied to protect crops 
without direct contact. These metabolites are more eco-fri-
endly and innocuous than chemical agents, in addition to 
being rapidly biodegradable in the environment (Schalchli 
et al., 2016).
  Numerous literature reports have shown that VOCs have 
significant antifungal activity against fungal pathogens (Min-
erdi et al., 2009; Ando et al., 2010; Glare et al., 2012; Cordo-
vez et al., 2015; Gotorvila et al., 2017). Up to now, the most 
investigated VOC-producing species belong to the fungal 
genera Muscodor and Trichoderma (Schalchli et al., 2016). 
The VOCs emitted by the endophytic fungus Muscodor albus 
have been effectively applied to control several pathogens, in-
cluding Botrytis cinerea, Penicillium expansum, Sclerotinia 
sclerotiorum, Fusarium sambusinum, and Helminthosporium 
solani (Ramin et al., 2005; Corcuff et al., 2011). In addition, 
some other microorganisms have shown great potential bio-
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activity against plant pathogens via the emission of VOCs, 
such as the bacteria Streptomyces spp. (Li et al., 2010; Wu et 
al., 2015) and Bacillus spp. (Kong et al., 2014; Gao et al., 2017; 
Gotorvila et al., 2017).
  For the control of A. flavus growth and aflatoxin produc-
tion, efforts have been made with VOCs produced by She-
wanella algae YM8 (Gong et al., 2015) and Pichia anomala 
WRL-076 (Hua et al., 2014). Streptomyces spp. are the most 
noteworthy producers of versatile and diverse antibiotics, 
including VOCs (Berdy, 2005). However, there is little liter-
ature concerning the control of A. flavus using VOCs from 
Streptomyces spp. Previously, we isolated a new strain, Stre-
ptomyces alboflavus TD-1, from the soil surrounding a gra-
nary in Tianjin, China. The VOCs emitted by S. alboflavus 
TD-1 showed great capacity to control various pathogens 
(Wang et al., 2013). Nevertheless, limited information is avail-
able on the activity of VOCs from S. alboflavus TD-1 against 
A. flavus. Therefore, the aim of this study was to evaluate the 
antifungal effects of VOCs from S. alboflavus TD-1 against 
A. flavus growth and aflatoxin production.

Materials and Methods

Microorganisms
Streptomyces alboflavus TD-1 used in this study was isolated 
from soil surrounding a granary in Tianjin (China) and was 
identified by morphological, physiological, and 16S rDNA 
sequencing (GenBank accession No.: JX915780). The strain 
was maintained on Gause’s synthetic agar slants (Wang et 
al., 2013), which were supplemented with 20% glycerol and 
placed at -80°C for long-term storage. The strain was sub- 
cultured on fresh Gause’s synthetic agar slants at 28°C for 
up to 5 days prior to use. For the preparation of volatile sub-
stances, autoclaved wheat bran in conical flasks (250 ml) were 
inoculated with a spore suspension of S. alboflavus TD-1 at 
a rate of 2 ml (1 × 106 conidia/ml) per 10 g of wheat bran, and 
the flasks were incubated at 28°C for 8 days.
  Aspergillus flavus was purchased from the China Center of 
Industrial Culture Collection (CICC NO. 2219). The strain 
was cultured on potato dextrose agar (PDA) in Petri Dishes 
at 28°C for 3 days. The conidia were harvested and sus-
pended in sterile distilled water containing 0.05% (v/v) Tween 
80. Then, the suspension was filtered through eight layers of 
autoclaved medical gauze. The conidia concentration was 
adjusted by a hemocytometer to a final concentration of ap-
proximately 1 × 106 conidia/ml.

Antagonistic activity of VOCs from S. alboflavus TD-1 against 
A. flavus
The efficacy of the VOCs generated by S. alboflavus TD-1 
against the mycelial growth and conidial germination of A. 
flavus was tested in two inverse face-to-face Petri Dishes ac-
cording to Wu et al. (2015). The bioassay system was set up 
using the bottoms of two lidless Petri Dishes (60 mm in di-
ameter). The upper plate contained 5 ml of PDA inoculated 
with a 6-mm-diameter fungal plug. The lower plate contained 
different amounts of wheat bran culture of S. alboflavus TD-1. 
The two base dishes were sealed immediately with double 

layer of parafilm to obtain a chamber with 75 ml of airspace 
and incubated at 28°C for 3 days. The colony diameter of each 
plate was measured in millimeters and the number of con-
idia per plate was assessed. Each treatment consisted of three 
replicates, and the experiments were performed in triplicate. 
The fungal growth inhibition was calculated using the fol-
lowing equation:
  Fungal growth inhibition (%) = (Rc - Rt) / Rc × 100%
  Where Rc is the colony diameter of the control and Rt is 
the colony diameter of the treatment.
  To study the inhibition of VOCs on conidial germination 
of A. flavus, the inverse face-to-face Petri Dishes setup was 
used as described above. The difference was that the top dish 
containing PDA was laid over sterilized cellophane mem-
branes onto which 100 μl of A. flavus conidial suspension 
at 1 × 106 conidia/ml were spread. After 6, 9, and 12 h post 
inoculation at 28°C, the germination per 100 conidia was ob-
served for each plate using an optical microscope at 400× 
(Olympus CX41, Olympus Co.). Plates with equivalent amounts 
of autoclaved wheat bran were used as control. The conidia 
were considered germinated when the germ tube was at least 
twice the length of the conidia (Li and Xiao, 2008). The per-
centage inhibition of conidial germination was calculated 
according to the following equation:
  Inhibition of conidial germination (%) 

= (Gc - Gt) / Gc × 100%
  Where Gc is the germination rate of the control and Gt is 
the germination rate of the treatment.

Morphological changes of the A. flavus treated by VOCs
Samples were prepared using the inverse face-to-face Petri 
Dishes setup as described above. For the observation of con-
idial morphology, 100 μl of conidial suspension at 1 × 106 
conidia/ml was spread evenly on the top plate and wheat bran 
culture at a concentration of 40 g/L was placed in the lower 
plate. The samples were collected 6 h later. To obtain hyphae, 
100 μl of conidial suspension was first incubated on PDA 
medium at 28°C for 16 h to allow the spores to completely 
grow into hyphae; then, the fresh hyphae were treated by the 
wheat bran culture. Samples were collected after 12 h.
  The conidial and hyphal morphology of A. flavus was ob-
served using a scanning electron microscope (SEM) (Li et al., 
2015). 6-mm-diameter fungal plugs were cut from the PDA 
medium described above and then fixed with 2.5% gluta-
raldehyde at 4°C overnight. The materials were rinsed with 
phosphate buffer solution (0.1 M PBS, pH 7.2) three times 
and dehydrated in an ethanol gradient (at concentrations of 
30, 50, 70, 80, 90, and 100%). Then, the fungal plugs were 
dried by utilizing vacuum freeze-drying method. Finally, the 
samples were sputter-coated with gold using an ion sputter 
(E-1010, Hitachi) and examined with the SEM (Su1510, 
Hitachi).

Determination of the mitochondrial membrane potential
The mitochondrial membrane potential was measured by 
staining with rhodamine-123 (Perry et al., 2011). In this as-
say, 100 μl of conidial suspension of A. flavus was pre-cul-
tured for16 h on PDA medium and then treated by wheat 
bran culture of S. alboflavus TD-1 for 12 h. Treated mycelia 
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were taken off from the agar plate and placed on a clean slide. 
The samples were then mixed with 50 μl of rhodamine-123 
at a final concentration of 10 μM. The mixtures were stained 
for 30 min in the dark at 37°C. Finally, the mycelia were 
washed with PBS and examined using an inverted fluores-
cence microscope (EVOS; AMG).

Analysis of AFB1
The amount of AFB1 was determined by high performance 
liquid chromatography (HPLC). In this assay, conidial sus-
pension of A. flavus was pre-cultured on PDA medium for 
3 days at 28°C. The plates were then exposed to 40 g/L of 
wheat bran culture of S. alboflavus TD-1 for 3 days. AFB1 
extraction from PDA medium was performed according to 
Bavaro et al. (2016). Five agar plugs (0.6 cm diameter) were 
cut out from the edge of the colony and then extracted with 
25 ml of 80% methanol by shaking for 60 min at room tem-
perature. The samples were centrifuged at 4,500 rpm for 10 
min. The supernatant was diluted with an equal volume of 
water and then filtered through a 0.22 μm syringe filter.
  The samples were analyzed with an Agilent 1260 HPLC 
(Agilent) equipped with a C18 column (4.6 × 250 mm, 5 μm). 
Samples (20 μl) were injected and eluted with a mobile phase 
consisting of water: acetonitrile (75:25, v/v) at a flow rate of 
0.5 ml/min. AFB1 was quantified by a fluorescent detector 
with excitation at 365 nm and emission at 435 nm.

RNA extraction and reverse transcription
Total RNA was isolated using an RNeasy Plant Mini Kit (Qi-
agen GmbH) according to the manufacturer’s instructions. 
RNA was treated with RNase free DNAse I (Qiagen) to eli-
minate possible trace amounts of contaminating DNA. The 
purity and concentration of RNA were determined by mea-
suring the absorbance at 260 and 280 nm. The synthesis of 
cDNA was performed using a TaKaRa RNA PCR Kit (TaKaRa 
Dalian).

Quantitative Real-time PCR analysis
To investigate the expression level of aflatoxin biosynthesis 
genes, quantitative real-time PCR (qRT-PCR) was performed. 
The β-tubulin gene was used as an internal control. Each 
reaction was carried out in a final volume of 20 μl containing 
10 μl SYBR Premix Ex Taq, 8 μl Nuclease-Free water, and 
0.5 μl 10 mM primers (forward and reverse) and an appro-
priate amount of cDNA (100 ng). The program included an 
initial denaturation step at 95°C for 30 sec, followed by 40 
cycles of denaturation at 95°C for 5 sec, and a final annealing 
step at 60°C for 30 sec. The relative quantification of gene 
expression was evaluated using the 2-ΔΔCt method (Livak 
and Schmittgen, 2001).

Collection and identification of VOCs produced by S. albo-
flavus TD-1
VOCs from wheat bran culture of S. alboflavus TD-1 were 
collected and analyzed by headspace solid-phase microex-
traction (HS-SPME) coupled with gas chromatography- mass 
spectrometry (GC-MS). Briefly, the volatile compounds were 
entrapped in a HS-SPME fiber (DVB/CAR/PDMS, Supelco) 

at 45°C for 30 min. Trapped compounds were thermally de-
sorbed at 250°C for 2 min in the injection port of GC-MS (QP 
2010 Ultra, Shimadzu), and separated by a capillary column 
(VF-5MS, 30 m × 0.25 mm i.d., 0.25 μm -thick film; Varian 
Co.). Helium was used as carrier gas at a flow rate of 1 ml/min. 
The oven temperature was initially adjusted to 40°C for 3 min, 
and then 1 min isothermal increased to 150°C at a rate of 
4°C /min, and finally raised to 250°C at a rate of 8°C /min 
and held at 250°C for 6 min. The mass spectrometer was 
operated in the electron ionization mode at 70 eV with a 
source temperature of 230°C, and mass spectra were obtained 
with a scan range of 35 to 500 m/z. Volatile compounds were 
tentatively identified by comparing their mass spectra with 
those presented in the Library of the National Institute of 
Standards and Technology (NIST 11).

Antagonistic activity of screened VOCs against A. flavus
Five technical grade volatiles, namely, anisole, dimethyl tri-
sulfide, β-pinene, benzenamine, and 1,5-cyclooctadiene were 
purchased from Sigma-Aldrich and individually tested for 
the ability to suppress the mycelial growth of A. flavus with 
inverse face-to-face Petri Dishes setup (Wu et al., 2015). A 
6-mm-diameter fungal plug was placed on the PDA plate, 
and a piece of autoclaved filter paper containing the volatile 
compound was placed in the other base plate. The concen-
tration of volatiles was adjusted to 1, 10, 100, and 1,000 μl/L. 
Then, the two dishes were double sealed with parafilm and 
incubated at 28°C for 3 days. The percentage inhibition of 
mycelial growth was calculated according to the equation de-
scribed above. Filter papers with equivalent volume of sterile 
distilled water were used as control. Each experiment consisted 
of three replicates and the experiments were performed in 
triplicate.

Statistical analyses
The data were submitted to analyses of variance (ANOVA) 
using SPSS software version 20.0 for Windows (SPSS Inc.). 
Statistical significance was evaluated by DMRT (Duncan’s 
Multiple Range Test) and P < 0.05 was considered to be sig-
nificant. PLS analysis was carried out using SIMCA- P 13.0 
software (Umetrics AB).

Results and Discussion

Inhibitory effects of VOCs from S. alboflavus TD-1 against 
A. flavus
The ability of wheat bran cultures of S. alboflavus TD-1 to 
control A. flavus was evaluated using the two inverse face- 
to-face Petri Dishes method. The results indicated that the 
antifungal ability of VOCs gradually increased along with 
the fermentation time, and tended to be stable after 8 days 
fermentation. Eight-day-old wheat bran culture of S. albo-
flavus TD-1 exhibited 70.01% inhibition of mycelial growth 
against A. flavus (Fig. 1A). The 8-day-old wheat bran culture 
of S. alboflavus TD-1 was used in the following study.
  In addition, increasing concentrations of wheat bran cul-
ture from 5 to 80 g/L resulted in a significant increase in 
the growth inhibition of A. flavus in range of 22.9 to 100% 
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Table 1. Effects of volatile organic compounds produced by wheat bran cultures of Streptomyces alboflavus TD-1 on the mycelial growth and sporulation 
of Aspergillus flavus

S. alboflavus TD-1a 

g/L
Mycelial growthb Sporulationb

Diameter (mm) Inhibition (%) Spores (× 104 per plate)
0 46.7 ± 1.5a 0e 11461.1 ± 2781.8a
5 36.0 ± 1.3b 22.9 ± 0.8d 1211.7 ± 216.9b

10 20.3 ± 0.9c 56.6 ± 0.8c 9.4 ± 1.7c
20 16.7 ± 0.9d 64.2 ± 1.5b 0c
40 0e 100a 0c
80 0e 100a 0c

The concentrations of wheat bran cultures were carried out at 0, 5, 10, 20, 40, and 80 g/L, respectively. Data are the mean of nine replicates ± SD. Means followed by different 
letter within each column are significantly different (P < 0.05) according to ANOVA and DMRT.
a Grams of culture per liter of airspace.
b Mycelial growth and sporulation were measured at 3 days post inoculation.

(A)

(B) (C)
(a) (b) (a) (b)

(c) (d) (c) (d)

Fig. 1. Inhibitory effects of VOCs emitted by wheat bran inoculated with 
Streptomyces alboflavus TD-1 on Aspergillus flavus. (A) Inhibition of 
VOCs emitted by wheat bran inoculated with S. alboflavus TD-1 for 1–10
days on A. flavus growth. The concentration of wheat bran cultures was 
carried out at 20 g/L. All treatments were stored at 28°C and measured at 
3 days post inoculation. (B) Conidial and hyphal morphology of A. flavus 
treated with VOCs from S. alboflavus TD-1 observed by scanning electron
microscope (SEM). Conidia and hyphae were observed after 6, 12 h expo-
sure to VOCs, respectively. (a) Untreated conidia of A. flavus, (b) Conidia 
of A. flavus in the presence of 40 g/L wheat bran culture, (c) Untreated 
hyphae of A. flavus, (d) Hyphae of A. flavus in the presence of 40 g/L wheat 
bran culture of S. alboflavus TD-1. (C) Fluorescent images of A. flavus 
stained with rhodamine 123. (a and b) Images of untreated hyphae, (c and 
d) Images of hyphae treated with VOCs of S. alboflavus TD-1 for 12 h.

(Table 1). Untreated A. flavus mycelia grew to a diameter 
of 46.7 mm and produced 1.15 × 108 conidia/ml at 3 days 
post inoculation (dpi). In presence of 5, 10, and 20 g/L wheat 
bran cultures of S. alboflavus TD-1, the average colony di-
ameters were 36.0, 20.3, and 16.7 mm, respectively. Likewise, 
conidial production were much lower than that of the con-
trol, and no conidia were generated in 20 g/L wheat bran 
culture. No mycelial growth was observed at wheat bran 
cultures concentration of 40 and 80 g/L.
  The inhibitory activity of the VOCs generated by wheat 

bran cultures of S. alboflavus TD-1 against the germination 
of A. flavus conidia was also investigated (Table 2). After ex-
posure to 5 and 10 g/L wheat bran cultures for 9 h, the per-
centage of germinated conidia of A. flavus was 69.3 and 
48.9%, respectively. In contrast, conidia in the untreated con-
trol were completely germinated at the same time. There was 
only 12.4% inhibition of conidial germination in 10 g/L of 
wheat bran culture after 12 h. Inhibition rate rose to 98.8% 
when the S. alboflavus TD-1 culture was increased to 20 g/L. 
The conidial germination of A. flavus was completely inhi-
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Table 2. Effects of volatile organic compounds produced by wheat bran cultures of Streptomyces alboflavus TD-1 on the conidial germination of Aspergillus 
flavus 

S. alboflavus TD-1a

g/L
Conidial germination (%)b

6 h 9 h 12 h
0 24.1 ± 2.8a 100a 100a
5 15.3 ± 0.9b 69.3 ± 2.7b 100a

10 3.8 ± 0.4c 48.9 ± 2.5c 87.6 ± 2.7b
20 0d 0d 1.2 ± 0.2c
40 0d 0d 0c
80 0d 0d 0c

The concentrations of wheat bran cultures were carried out at 0, 5, 10, 20, 40, and 80 g/L, respectively. Data are the mean of nine replicates ± SD. Means followed by different 
letter within each column are significantly different (P < 0.05) according to ANOVA and DMRT.
a Grams of culture per L of airspace.
b Conidial germination was determined at 6, 9, and 12 h post inoculation, no less than 100 spores per plate were counted.

(A)

(B)

Fig. 2. Effects of VOCs from Streptomyces alboflavus TD-1 on aflatoxin 
B1 accumulation and expression of aflatoxin biosynthetic and regulatory 
genes. (A) Effects of VOCs on aflatoxin B1 accumulation. Aflatoxin B1 
production by A. flavus after 3 days post inoculation (CT 3) and 6 days 
post inoculation (CT 6); Aflatoxin B1 production by A.flavus pre-cul-
tured for 3 days, and then treated by VOCs for 3 days (VOCs). (B) 
Expression of aflatoxin biosynthetic and regulatory genes in A. flavus af-
ter the treatment of VOCs from S. alboflavus TD-1.

bited in the presence of VOCs produced by 40 and 80 g/L 
of wheat bran cultures.
  The results demonstrated that VOCs emitted by S. albo-
flavus TD-1 possesses a great capacity to suppress A. flavus 
growth. This result was similar to that observed by Gong et 
al. (2015), who reported that VOCs emitted by Shewanella 
algae strain YM8 completely inhibited the conidial germi-
nation of A. flavus, and no mycelial growth was observed at 
5 dpi. We also noted that A. flavus renewed its growth after 
being transferred into fresh PDA plates. This phenomenon 
clearly indicates that A. flavus was suppressed but not com-
pletely killed post exposure to S. alboflavus TD-1 VOCs. This 
result in agreement with the results reported by others (Eva 
et al., 2010; Li et al., 2010, 2015), but differed with Boukaew 
who reported that VOCs of Streptomyces philanthi RM-1- 
138 could kill Rhizoctonia solani PTRRC-9 (Boukaew et al., 
2013). On one hand, this may be due to the different kinds 
and amount of volatile compounds generated by different 
microorganisms. On the other hand, given that diverse patho-
gens have different levels of resistance to VOCs (Gotorvila 
et al., 2017), R. solani may be more susceptible to VOCs.

Morphological characteristics of treated A. flavus observed 
by SEM
SEM analysis were carried out to observe any morphological 
changes of treated A. flavus (Fig. 1B). In the absence of the 
wheat bran culture of S. alboflavus TD-1, germ tube has 
obviously protruded from the conidia of A. flavus after 6 h 
(Fig. 1Ba). However, no germ tubes were formed when the 
conidia were treated with VOCs. In addition, many sunken 
and irregular conidia were observed in the microphotograph 
(Fig. 1Bb). On the other hand, hyphae in the untreated con-
trol appeared a normal morphology with many typical con-
idiophores and tapered apices (Fig. 1Bc). In contrast, treated 
hyphae presented morphological alterations with wrinkled 
and irregular distortions. Moreover, apical growth was re-
duced and stunted (Fig. 1Bd) compared to the untreated con-
trol (Fig. 1Bc).
  The cell membrane is vital to maintaining cell integrity and 
normal physiological function, and the destruction of cell 
membrane integrity of A. flavus indicated that the cell mem-
brane may be a legitimate antifungal target of VOCs from 
S. alboflavus TD-1. Similar results were obtained for other 
pathogens treated by VOCs from microorganisms. The hy-
phae of Rhizoctonia solani PTRRC-9 underwent severe de-

struction with the loss of cytoplasmic material and displayed 
irregular shapes with curves after exposure to VOCs from 
Streptomyces philanthi RM-1-138 for 3 days (Boukaew and 
Prasertsan, 2014).



Biocontrol activity of VOCs on A. flavus 401

(A) Fig. 3. Volatile organic compounds from wheat bran 
culture inoculated with Streptomyces alboflavus TD-1 
at different days (0, 2, 4, 6, 8, and 10 days). (A) Heat 
map of dynamic changes of VOCs from S. alboflavus 
TD-1 during the fermentation process. Columns rep-
resent samples collected at different time, and rows 
represent the different identified VOCs, (IR) Inhibition
rate. (B) Results of PLS analysis of the relationship be-
tween VOCs from S. alboflavus TD-1 and inhibition 
rate at different days.

(B)



402 Yang et al.

Fig. 4. Effects of technical grade volatiles on the mycelial growth of Asper-
gillus flavus at 3 days post inoculation. The concentrations of volatiles 
were carried out at 1, 10, 100, and 1000 μl/L, respectively.

Loss of mitochondria membrane potential
Rhodamine 123 is a typical probe of mitochondrial membrane 
potential, and active mitochondria in viable cells are stained 
bright green, while loss of gradients within nonviable cells re-
sults in quenching of fluorescence (Johnson et al., 2013). The 
results of rhodamine-123 fluorescent staining are shown in 
Fig. 1C. Untreated A. flavus displayed a bright fluorescence 
intensity (Fig. 1Ca and b). While when the A. flavus was treated 
with VOCs of S. alboflavus TD-1, a significant decrease in 
the fluorescence intensity of the sample was observed (Fig. 
1Cc and d). The results demonstrated that VOCs induced a 
loss of mitochondrial membrane potential and mitochon-
drial integrity of A. flavus, and proved that the mitochondria 
may be the important antimicrobial targets of the volatiles. 
The postulate is in agreement with conclusion previously re-
ported by Tian et al. (2012).

Effect of VOCs on AFB1 accumulation and genes expression
The inhibition of VOCs from S. alboflavus TD-1 on AFB1 ac-
cumulation was shown in Fig. 2A. The results showed that 
AFB1 production increased significantly from 3-day to 6- 
day of cultivation. In contrast, VOCs of S. alboflavus TD-1 
showed a significant (P < 0.05) reduction in AFB1 contami-
nation, with an inhibition percentages of 93.68% in compa-
rison to the controls.
  To investigate whether the drastic reduction in AFB1 pro-
duction by A. flavus was due to VOCs of S. alboflavus TD-1 
down-regulated the expression of genes involved in aflatoxin 
biosynthesis, the expression of related genes were evaluated. 
In this study, we paid special attention to the global regula-
tory gene laeA, the developmental regulatory gene veA, the 
key two aflatoxin biosynthetic pathway specific regulatory 
genes aflR and aflS and the other four structural genes aflD, 
aflM, aflP, and aflQ (Amaike and Keller, 2009; Cleveland et 
al., 2009). As shown in Fig. 2B, the selected genes were sig-
nificantly down-regulated by VOCs of S. alboflavus TD-1. 
LaeA and vea were down-expressed with 5.46- and 29.50- 
folds decrease compared to control. The two key transcrip-
tional regulators, aflR and aflS were down-regulated with 
6.98- and 19.27-folds decrease, separately. Furthermore, the 
other four structural genes, aflD, aflM, aflP, and aflQ were 
down-regulated in the range from 7.35- to 35.59-folds. The 
results confirmed that the VOCs directly reduced aflatoxin 
biosynthesis through reducing the abundance of gene mRNAs 
in A. flavus.

Dynamic changes of VOCs produced by wheat bran culture 
of S. alboflavus TD-1
Complex and dynamic VOCs were produced by S. alboflavus 
TD-1 during the fermentation (0, 2, 4, 6, 8, and 10 days after 
inoculation). As shown in Fig. 3A, these volatile compounds 
mainly fell into classes of alkanes, aldehydes, alcohols, ke-
tones, terpenoids, and ethers. The contents of alkanes (e.g., 
hexane, heptane, octane, and dodecane), aldehydes (e.g., hep-
tanal and benzaldehyde), alcohols (l-hexanol), and ketones 
(2-decanone) were declined along with the fermentation. 
Whereas the contents of terpenoids (e.g., 2-methylisoborneol, 
azulene, γ-muurolene, and β-copaene), ethers (e.g., anisole, 
dimethyl trisulfide, and benzenamine), and some ketones 

(2-hexanone) were increased.
  PLS analysis was employed to evaluate the relationship be-
tween VOCs from S. alboflavus TD-1 and the inhibition rate 
of the fermentation process. The PLS coefficients plot as 
shown in Fig. 3B. The results demonstrated that terpenoids 
and ethers have higher regression coefficients compared to 
those of alkanes, alcohols, and aldehydes. Thus, three kinds 
of ethers (anisole, dimethyl trisulfide, and benzenamine) and 
two kinds of alkenes, including a terpenoid (β-pinene and 
1,5-cyclooctadiene) were selected for testing the antimicrobial 
activity against A. flavus. As shown in Fig. 4, all five of the 
volatile compounds displayed inhibitory effects on A. flavus. 
Among those, dimethyl trisulfide was the most effective com-
pound, showing complete suppression of A. flavus at the con-
centration of 100 μl/L. In addition, benzenamine also com-
pletely inhibited the mycelial growth of A. flavus at the con-
centration of 1,000 μl/L. β-Pinene showed a 44.7% mycelial 
growth inhibition at the highest tested concentration. In com-
parison, anisole and 1,5-cyclooctadiene exhibited similar, 
weaker antifungal activity against A. flavus, with percentages 
of inhibition of mycelial growth of 17.5 and 12.9%, respec-
tively, when the concentration was 1000 μl/L.
  The results demonstrated that dimethyl trisulfide and ben-
zenamine may play an important role in bioactivity of S. 
alboflavus TD-1 against A. flavus. In addition, it is supposed 
that the bioactivity of VOCs is due to additive or synergistic 
action rather than the activity of a single component (Mercier 
and Jiménez, 2004; Gotorvila et al., 2017). Overall, the anti-
microbial activity of other identified volatile compounds will 
be investigated in further research, and the synergistic effects 
of various volatile compounds in the mixture are needed to 
be evaluated.
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