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Abstract
The polyene macrolide rimocidin, produced by Streptomyces rimosusM527, is highly effective against a broad range of fungal
plant pathogens, but at low yields. Elicitation is an effective method of stimulating the yield of bioactive secondary metabolites.
In this study, the biomass and filtrate of a culture broth of Escherichia coli JM109, Bacillus subtilis WB600, Saccharomyces
cerevisiae, and Fusarium oxysporum f. sp. cucumerinum were employed as elicitors to promote rimocidin production in
S. rimosus M527. Adding culture broth and biomass of S. cerevisiae (A3) and F. oxysporum f. sp. cucumerinum (B4) resulted
in an increase of rimocidin production by 51.2% and 68.3% respectively compared with the production under normal conditions
in 5-l fermentor. In addition, quantitative RT-PCR analysis revealed that the transcriptions of ten genes (rimA to rimK) located in
the gene cluster involved in rimocidin biosynthesis in A3 or B4 elicitation experimental group were all higher than those of a
control group. Using a β-glucuronidase (GUS) reporter system, GUS enzyme activity assay, and Western blot analysis, we
discovered that elicitation of A3 or B4 increased protein synthesis in S. rimosus M527. These results demonstrate that the
addition of elicitors is a useful approach to improve rimocidin production.
Key Points
• An effective strategy for enhancing rimocidin production in S. rimosus M527 is demonstrated.
• Overproduction of rimocidin is a result of higher expressed structural genes followed by an increase in protein synthesis.
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Introduction

Streptomyces sp. is well known to produce several valuable
natural products with structural complexity and with diverse
biological activities (Kemung et al. 2018; Liu et al. 2018;
Olanrewaju and Babalola 2019). Rimocidin, a 28-membered
tetraene macrolide comprising a large lactone ring and a sugar
moiety, belongs to the polyene class of macrolide polyketides
(Sowiński et al. 1995). Like many macrolides, rimocidin is
synthesized in Streptomyces sp. by so-called type I modular

polyketide synthases (Seco et al. 2004). The antifungal activ-
ity of rimocidin lies in its interaction with cell membranes
through ergosterol-forming channels, and can lead to a loss
of ions, destruction of electrochemical gradients, and ultimate-
ly cell death (Neumann et al. 2010). Because of the broad
range of its biological activities against pathogenic fungi,
rimocidin is a potential fungicide that can control plant dis-
eases, and it has become an attractive target for research. In
this context, recent observations have focused on rimocidin-
producing strain isolation (Jeon et al. 2016; Lu et al. 2016),
genetic transfer system development (Phornphisutthimas et al.
2010; Song et al. 2019), and rimocidin biosynthetic mecha-
nisms (Seco et al. 2004; Escudero et al. 2015). For industrial
applications, microbial strains producing high titers of the
compound will be required.

In nature, streptomycetes exists as cohorts along with other
microbes in complex habitats. Interactions between different
bacteria are discussed to be the driving force for the produc-
tion of secondary metabolites such as antibiotics (Bertrand
et al. 2014). In this context, elicitation is considered to be an
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effective strategy to increase the production of bioactive me-
tabolites through the introduction of microbial cells or extracts
to the production medium. There are some reports on en-
hanced production of bioactive secondary metabolites in plant
(Ramirez-Estrada et al. 2016; Shakya et al. 2019; Nourozi
et al. 2019), in fungi (Somjaipeng et al. 2016; Subban et al.
2019; Toghueo et al. 2018), and in bacteria (Luti and
Mavituna 2011; Recio et al. 2006; Wang et al. 2013; Wang
et al. 2017) through the use of elicitors. In the work described
by Recio et al. (2006), glycerol, propanediol, and ethylene
glycerol were used to increase pimaricin production in the PI
factor-defective strain Streptomyces natalensis npi287. In the
work described by Luti and Mavituna (2011), dead Bacillus
subtilis and Staphylococcus aureus cells are used to increase
undecylprodigiosin production in Streptomyces coelicolor and
in the work of Wang et al. (2013), four fungal elicitors can
increase the production of natamycin in Streptomyces
natalensis HW-2. Some aspects of the action mechanism of
elicitors are known in plants (Zhai et al. 2017; Zhao et al.
2005) and fungal cells (Schroeckh et al. 2009; Wu et al.
2015), but little is known about the activation of gene clusters
in Streptomyces sp. (Abdelmohsen et al. 2015).

The antagonistic strain and rimocidin producer
Streptomyces rimosus M527 (China Center for Type Culture
Collection (CCTCC) M2013270) was originally isolated in
2011 from a soil sample (Lu et al. 2016). Unfortunately,
rimocidin production is very low in this strain. The successful
enhancement of rimocidin production through the addition of
an elicitor has yet to be reported. This study aimed to assess
the effect of biotic elicitors on rimocidin production and mor-
phological differentiation. In addition, the effects of elicitation
on transcription of rim genes involved in rimocidin biosynthe-
sis and on protein biosynthesis were determined.

Materials and methods

Materials

Strains

Microorganisms were used as follows: the rimocidin producer
Streptomyces rimosus M527 has been deposited at the
CCTCC (2013270), Wuhan, China. Recombinant strain
S. rimosus M527-ES was obtained in our previous study
(Song et al. 2019). Escherichia coli JM109, Bacillus subtilis
WB600, Saccharomyces cerevisiae, and Fusarium oxysporum
f. sp. cucumerinum were used as biotic elicitors in this study.

Media and cultivation condition

S. rimosus M527 and recombinant strain M527-ES were in-
cubated at 28 °C, and grown in a solid mannitol soya flour

(MS) medium (Zhao et al. 2019) for sporulation. The CP
liquid medium, which was used as a seed medium, had the
same composition as that described in an earlier study (Zhao
et al. 2018). The fermentation medium contained 20 g/l of
soya flour, 20 g/l of D-mannitol, and 0.06 g/l of K2HPO4·
3H2O (adjusted to a pH 7.0–7.2 before sterilization).
S. rimosus M527 and strain M527-ES were grown on MS
medium for 4–5 days at 28 °C. In all experiments, the number
of spores that initiated the vegetative inoculum was kept to
1 × 106 spores/ml. The inoculum was incubated at 28 °C for
2 days in a 250-ml Erlenmeyer flask, shaken at 180 rpm, and
then used as a vegetative inoculum at 4% (v/v) to produce pure
and elicited cultures at 28 °Cwith constant shaking at 180 rpm
for 96 h.

E. coli JM109 and B. subtilis WB600 were cultured using
liquid or solid Luria-Bertani medium at 37 °C. S. cerevisiae
was streaked on solid yeast-peptone-dextrose (YPD) medium
(Rao et al. 2008) and grown in liquid YPD medium at 28 °C.
F. oxysporum f. sp. cucumerinum was streaked on solid
potato-dextrose-agar medium and grown in CP medium.

Preparation and addition of elicitor

A hemocytometer was used to adjust the concentration of
living cells to approximately 1 × 107 cells/ml by adding sterile
water, if necessary. Spore suspension of F. oxysporum f. sp.
cucumerinum was obtained from the liquid medium by filter-
ing through sterile cotton wool and was washed twice with
sterile water. Thereafter, the spores were counted in a hemo-
cytometer. To ensure the accuracy of the result, the amount of
cells or spores inoculated was approximately constant in each
experiment. To investigate the effects of biomass and filtrates
on rimocidin biosynthesis, E. coli JM109 and B. subtilis
WB600 (1 × 106/ml) were incubated at 37 °C with constant
shaking at 180 rpm for 24 h. S. cerevisiae and F. oxysporum f.
sp. cucumerinum (1 × 106/ml) were incubated at 28 °C with
constant shaking at 180 rpm for 48 h.

To prepare the elicitor, the fermentation broth was centri-
fuged at 11,000 rpm for 15 min. The supernatant of the fer-
mentation broth (part A) was sterilized through a 0.45-μm
millipore filter. Correspondingly, the filtrates of E. coli
JM109, B. subtilis WB600, S. cerevisiae, and F. oxysporum
f. sp. cucumerinum were designated A1, A2, A3, and A4,
respectively. The deposited cells (part B) were collected,
washed twice, and then re-suspended in an equal volume of
sterile water. Living E. coli JM109, B. subtilis WB600,
S. cerevisiae, and F. oxysporum f. sp. cucumerinum cells were
named B1, B2, B3, and B4. To obtain dead cells, the living
cell suspensions were placed in boiling water for 30 min.
Dead E. coli JM109, B. subtilis WB600, S. cerevisiae, and
F. oxysporum f. sp. cucumerinum cells were named C1, C2,
C3, and C4, respectively.
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Each elicitor was introduced at 1–4% (v/v) to the fer-
mentation medium at the same time as inoculation with
S. rimosus M527. As a control for part A, a 1–4% (v/v)
blank culture medium of four tested microorganism was
added to the fermentation broth at the same time as in-
oculation with S. rimosus M527. As a control for part B
and part C, 1–4% sterile water (v/v) was added to the
fermentation broth at the same time as inoculation with
S. rimosus M527.

Scanning electron microscopy analysis

Following a previously described method (Supaphon
et al. 2013), mycelium of S. rimosus M527 was collect-
ed, washed with phosphate-buffered saline (PBS), and
fixed with 2.5% glutaraldehyde at 4 °C overnight. The
fixed mycelia were washed with PBS three times
(15 min each) and then fixed with 1% OsO4 for 1 h.
Subsequently, an ethanol concentration gradient (v/v) of
30%, 50%, 75%, 90%, and 100% was used to dehydrate
the fixed mycelia sequentially. Morphological character-
istics of the mycelia surface were examined using JSM-
5410LV scanning electron microscopy (SEM, JEOL,
Tokyo, Japan).

Analysis of gene transcriptional levels by qRT-PCR

Extraction of RNA and analysis of transcriptional levels of
rim genes were performed as described previously (Ma et al.
2014; Zhao et al. 2019) with some modifications. Total RNA
was extracted using an AxyPrep™ Multisource Total RNA
Miniprep kit (Axygen) and cDNA first-strand synthesis was
performed with a PrimeScript™ RT reagent kit (TaKaRa) ac-
cording to the manufacturer’s protocol. Primers designed as
described by Zhao et al. (2019) were used to analyze rim gene
transcription in the control and experimental groups. Real-
time quantitative reverse transcription PCR (qRT-PCR) reac-
tions were performed and the results were analyzed as de-
scribed by Zhao et al. (2019). The PCR experiments were
performed in triplicate using RNA samples from three inde-
pendent experiments.

GUS assay

Visual observation of GUS activity was performed according
to a method described by Xu et al. (2017b). GUS enzymatic
activity was determined as described by Siegl et al. (2013). All
assays were performed in triplicate; the reported values were
the average of three assays with the calculated standard
deviation.

Protein assay

Protein concentration was determined with the Bradford
method (Bradford 1976) with bovine serum albumin used as
a standard.

Fermentation and analysis of rimocidin

Batch fermentation experiments of S. rimosus M527
were scaled up using a 5-l fermentor (BIOTECH-5BG,
Baoxing Biological Equipment Co., Shanghai, China)
with a working volume of 3 l. The seed cultures were
grown in 500-ml Erlenmeyer flasks containing 100 ml
medium at 28 °C for 48 h with shaking at 180 rpm.
The agitation speed and aeration rate were 200 r/min
and 1.5 m3/(m3·min), respectively. A dissolved oxygen
level of 20–30% was used for rimocidin production.
The pH was kept at 7.0 by automatic addition of 3 M
NaOH, and all fermentation experiments were carried
out at 28 °C (Zhao et al. 2019). Rimocidin was ana-
lyzed using high-performance liquid chromatography
(HPLC) (Varian, USA). The production and analysis of
rimocidin was measured according to a method de-
scribed by Zhao et al. (2019). The dry cell weight
(DCW) of S. rimosus M527 was measured according
to a method described by Farid et al. (2000). Samples
taken from bioreactors at different time points were an-
alyzed for DCW.

Western immunoblot analysis of GUS

SDS-PAGE and Western blot analysis were performed using
standard techniques (Sambrook and Russell 2001). Protein
samples were separated by SDS-PAGE at 60 V for 20 min
and then 80 V for 1–2 h and blotted onto polyvinylidene
fluoride membrane at 100 V for 2 h with a mini trans-blot
electrophoretic transfer system. Primary rabbit anti-GUS anti-
bodies (Sigma) were used at a dilution of 1:1000 and treated
with horseradish peroxidase coupled with secondary antibody
goat anti-rabbit IgG (Thermo) at a dilution of 1:5000 for im-
munologic detection (SuperSignal West Dura Extended
Duration Substrate, Thermo Pierce).

Statistical analysis

All experiments were performed at least three times, and re-
sults were expressed as mean ± standard deviations (SD).
Statistical analysis was performed with Student’s t test.
Samples with P values < 0.05 were considered statistically
significant.
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Results

Effect of filtrate on biosynthesis of rimocidin

To investigate the effect of the filtrate of fermentation broth on
biosynthesis of rimocidin, A1–A4 were added to the fermenta-
tion medium at the beginning of S. rimosusM527 fermentation,
respectively, and the production of rimocidin was measured. As
shown in Fig. 1 a, all tested part A could enhance the rimocidin
production to varying degrees. In these experiments, the best
result, a yield of 0.37 g/l, was obtained when 2% A3 was added
to the fermentation broth of S. rimosus M527. Compared with
that of the control (0.21 g/l), the increase of the yield was approx-
imately 76.2%. These results may indicate that the extracellular
small molecule contained in A1, A2, A4, and especially A3
could promote the biosynthesis of rimocidin.

Effect of biomass on biosynthesis of rimocidin

To investigate the effect of the biomass of microorganism on the
biosynthesis of rimocidin, living cells (part B) and dead cells

(part C) prepared from four types of microorganism were added
to the broth at the same time as S. rimosus M527. As shown in
Fig. 1 b, the production of rimocidin was significantly enhanced
when 2% B3 or 2% B4 were added to the fermentation broth of
S. rimosusM527. The rimocidin yield increased by approximate-
ly 42.9% (0.30 g/l) and 85.7% (0.39 g/l) compared with that of
the control, respectively. However, B1 and B2 markedly
inhibited the biosynthesis of rimocidin. As shown in Fig. 1 c,
compared with the control, the rimocidin yield increased slightly
with the addition of C1 or C3, whereas the addition of C2 or C4
showed no significant effect on rimocidin production.

Elicitors A3 and B4 at 2% (v/v) were used in subsequent
investigations due to their superior stimulating effect.

Effects of adding elicitors A3 and B4 on S. rimosus
M527

Cell growth

To investigate the effect of the elicitors on S. rimosus
M527 cell growth, elicitor A3 was added to the
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Fig. 1 Production of rimocidin by S. rimosus M527 in the presence of
fermentation broth (a), living cells (b), or dead cells (c) from the four
different microorganisms. Bacteria were continuously shaken at 180 rpm
for 24 h at 37 °C in an incubator. Fungi were shaken at 180 rpm for 48 h at
28 °C. The fermentation broth was centrifuged at 11,000 rpm for 15 min
and the supernatant of the fermentation broth was sterilized through a
0.45-μm millipore filter. The deposited cells were collected, washed
twice, and then re-suspended in an equal volume of sterile water. To

obtain dead cells, these suspensions were placed in boiling water for
30 min. One to 4% (v/v) was introduced to the bioreactor at the beginning
of the fermentation. Symbols used were as follows: S. rimosusM527 (0),
E. coli JM109 (A1, B1, C1), B. subtilis WB600 (A2, B2, C2),
S. cerevisiae (A3, B3, C3), and F. oxysporum f. sp. cucumerinum (A4,
B4, C4). “ns” indicates no statistically significant results (P value > 0.05).
“*” indicates statistically significant results (0.01 < P value < 0.05). “**”
indicates highly statistically significant results (P value < 0.01)
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fermentation medium at the same time as S. rimosus
M527, and DCW was measured. As shown in Fig. 2,
there was almost no difference in terms of cell growth
in the first 12 h between the control group and the elic-
itation experimental group with the addition of A3.
However, after 24 h of cultivation, the DCW of
S. rimosus M527 growing in the presence of A3 was
significantly higher (more than 20%) than that of the
control group. Unfortunately, the DCW of S. rimosus
M527 growing in the presence of B4 was difficult to
measure due to the difficulty of separating the living
cells of F. oxysporum f. sp. cucumerinum from the fer-
mentation broth.

Mycelium morphology

The effects of elicitors (A3 and B4) on morphological charac-
teristics of S. rimosus M527 were investigated by SEM. As
shown in Fig. 3, the addition of A3 led tomore slender hyphae
and more membrane substances adhered to the surface of hy-
phae (Fig. 3b). The mycelium of S. rimosusM527 growing in
the presence of B4 was formed short rods. The gathered hy-
phae were more mature, and plump, and their surfaces were
much smoother (Fig. 3c).

Batch fermentation

To evaluate the effects of elicitors A3 and B4 on rimocidin
production of S. rimosusM527, both elicitors were respective-
ly added in a concentration of 2% (v/v) to the 5-l fermentor at
the beginning of rimocidin fermentation. Samples were peri-
odically collected and analyzed to determine the concentration
of rimocidin in the fermentation broth using HPLC. As shown
in Fig. 4, both elicitors strongly influenced rimocidin produc-
tion. After 96 h, A3 and B4 increased rimocidin levels to
0.62 g/l and 0.69 g/l, resulting in an increase of 51.2% and
68.3% compared with S. rimosus M527 pure fermentation,
respectively.

Transcriptional levels of the rim genes involved
in rimocidin biosynthesis

The partial sequence of the rim gene cluster involved in
rimocidin biosynthesis in S. rimosus M527 had been cloned
and published (GenBank accession number: MK300953).
The putative functions of ten rim genes (rimA to rimK) located
in cluster have been analyzed (Seco et al. 2004). To test
whether the addition of elicitors stimulates the transcriptional
levels of rim genes, qRT-PCR was performed after 48 h of
cultivation using total RNA of S. rimosus M527 grown with
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and without elicitors. The qRT-PCR analysis revealed that the
addition of the elicitors A3 and B4 induced the enhancement
of transcriptional levels of all rim genes (Fig. 5).

Protein synthesis

GUS has become a popular reporter for use in Streptomyces
(Myronovskyi et al. 2011; Siegl et al. 2013; Xu et al. 2017b).
We recently used the GUS reporter system in analysis of pro-
moter activities in S. rimosusM527 (Song et al. 2019). In that
study, the recombinant strain S. rimosus M527-ES, in which
gusA as a reporter gene was placed under the control of
permE* and integrated into the chromosome of S. rimosus
M527 by intergeneric conjugation, was obtained (Song et al.
2019). In this study, our results revealed that the presence of
GUS in the cells had no significant effect on the growth of
S. rimosus M527 and rimocidin production (Fig. 6). And as
expected, as in S. rimosus M527, rimocidin production in
S. rimosus M527-ES was significantly enhanced by the addi-
tion of elicitor A3 or B4. Thus, S. rimosusM527-ES instead of
S. rimosusM527 was therefore used to study the influence of
A3 and B4 on protein biosynthesis.

As shown in Fig. 7 a, GUS activities were visible in all
experimental samples harboring the gusA gene. In the pres-
ence of the elicitor A3, a dark blue color became visible,
which was even darker in the presence of B4. To characterize
the effect of elicitors on protein synthesis in detail, GUS en-
zymatic assay was performed at different time points (48 and
72 h). The data were consistent with the aforementioned intu-
itive observations. As shown in Fig. 7 b, GUS activity of
S. rimosus M527-ES was higher than that in the presence of

A3 (4.7-fold increase) and B4 (5.2-fold increase) compared
with the S. rimosus M527-ES pure culture. GUS activity was
slightly stronger after 72 h than after 48 h. These results were
also confirmed by western blot analysis (Fig. 7c). It is worth
mentioning that the Bradford method (Table 1) provided sim-
ilar results, suggesting that the use of the GUS reporter is an
effective method for representing total protein expression.

Discussion

The production of secondary metabolites by microorganisms
is strongly dependent on environmental factors, such as
growth conditions and biotic stresses (Bode et al. 2002;
Pettit 2011; Ren et al. 2015; Tanaka et al. 2017; Wakefield
et al. 2017). In this study, the culture filtrates, living cells, and
dead cells from E. coli JM109, B. subtilis WB600, and
S. cerevisiae, and the plant pathogenic fungi F. oxysporum f.
sp. cucumerinum, were used as elicitors to investigate their
effects on rimocidin production of S. rimosus M527.

In this study, culture filtrates, living and dead cell from E. coli
JM109, B. subtilis WB600, and S. cerevisiae and the plant
pathogenic fungi F. oxysporum f. sp. cucumerinum, were used
as elicitors to investigate their effects on rimocidin production of
S. rimosus M527. The fermentation broths from all four
microorganisms and living cells from S. cerevisiae and
F. oxysporum f. sp. cucumerinum stimulated rimocidin
production even in low concentrations.Wang et al. (2013) report-
ed that the filtrate of the broth from Penicillium chrysogenumAS
3.5163 stimulated natamycin production in Streptomyces
natalensis HW-2. A low-molecular-weight substance with a
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Fig. 5 qRT-PCR analysis of the transcriptional levels of the rim genes in
S. rimosus M527 treated without elicitors and treated with elicitors. 16S
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polarity similar to that of butyl alcohol was identified as an elic-
itor. We also believe that a low-molecular-weight compound is
responsible for the observed effects; however, further studies
have to be performed to analyze which compounds of the strains
used in our study are responsible for the observed effects. A
primary HPLC analysis of the filtrate of the broth of
S. cerevisiae revealed unknown elicitor components. A follow-
up study is in progress, and the results will be reported in a
separate paper.

Several studies confirmed that physical contact (cell-cell
interaction) through signaling or defense molecules can in-
duce the production of secondary metabolites (Pettit 2009;
Marmann et al. 2014; Scherlach and Hertweck 2009;
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introduced to the fermentation medium at the beginning of the
fermentation. Pure and elicited cultures were incubated at 28 °C with
constant shaking at 180 rpm. “ES+A3” represents the recombinant
strain S. rimosusM527-ES with the addition of A3. “ES+B4” represents
the recombinant strain S. rimosus M527-ES with the addition of B4. a
Visual observations of GUS activities. One milliliter liquid medium of
pure and elicited cultures at different time points (48, 72 h) was taken and
added with 100 μl X-Gluc (1 mmol/l), respectively. The blue color was
caused by 5,5′-dibromo-4,4′-dichloro-indigo, which was formed by β-
glucuronidase activity. All assays were performed in triplicate. b
Detection of β-glucuronidase activity using enzyme assay.
Glucuronidase activity was measured in cell lysates of the control group
and the experimental group from fermentation broth at 48 and 72 h,
respectively. Error bars were calculated from three different batches of
fermentation. “ns” indicates no statistically significant results (P value >
0.05). “**” indicates highly statistically significant results (P value <
0.01). c Detection of expression level of GUS was performed by
Western blotting in the control and experimental groups. Samples were
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Schroeckh et al. 2009). Competition for limited nutrient
sources and antagonisms are characteristics of defense mech-
anisms that promote biosynthesis of bioactive secondary
metabolites. Rimocidin reportedly exhibits strong biological
activity against F. oxysporum f. sp. cucumerinum (Lu et al.
2016; Yu et al. 2017). The high production of rimocidin, par-
ticularly in the presence of F. oxysporum f. sp. cucumerinum,
indicates a kind of defense response of S. rimosus M527
against F. oxysporum f. sp. cucumerinum invasion. In contrast,
living cells from bacteria (E. coli JM109, B. subtilisWB600)
reduced rimocidin biosynthesis. The coexistence of two mi-
croorganisms that grow and survive in the same environment
leads to their competition for limited nutrient sources, which
affects microbial growth, adaptation, and development pattern
(Jones and Elliot 2017; Ola et al. 2013; Slattery et al. 2001).
As both E. coli and B. subtilis grow much faster than
Streptomyces rimosusM527, they have an advantage in com-
petition for limited nutrient sources, leading to the displace-
ment of S. rimosus M527 as the dominant strain in fermenta-
tion medium. This results in a lower rimocidin production.

As model strain, S. cerevisiae was used as biotic elicitor to
induce microbial secondary metabolites (Shin et al. 1998; Suh
and Shin 2000). Recently, the biomass and filtrate of the broth
from S. cerevisiae AS 2.2081 were used as elicitors to induce
natamycin production in S. natalensis HW-2, but little stimu-
latory effect on natamycin was found for either the biomass or
the filtrate (Wang et al. 2013). In our study, both fermentation
broth and the living cells of S. cerevisiae showed a significant
effect on rimocidin production. The effect was a bit higher
when fermentation broth was used. Furthermore, fermentation
broths and the living cells of F. oxysporum f. sp. cucumerinum
showed a significant effect on rimocidin production. In this
case, the stimulatory effect was higher when living cells were
used. Thus, different microorganisms cause different effects.
This has to be considered for the selection of the best elicitor
strain.

Regardless of which dead cells of the four microorganisms
were used as elicitors, including S. cerevisiae and
F. oxysporum f. sp. cucumerinum, no significant stimulation
effects on rimocidin biosynthesis were observed. Our results

were not consistent with those of Luti andMavituna (2011). In
their study, dead cells ofB. subtilis and Staphylococcus aureus
increased the maximum undecylprodigiosin production by 3-
fold and 5-fold, respectively, compared with S. coelicolor pure
culture. It is again obvious that strains react differently on
different elicitors. In this context, the formation of natural
products does not follow any consistent rule.

Morphological changes and physicochemical responses
usually occur with the addition of biotic elicitors (Wang
et al. 2013;Wang et al. 2017). The results of our study indicate
that the elicitors A3 and B4 did not result in an important
change in the mycelium morphology of S. rimosus M527.
Moreover, there was no significant difference in colony mor-
phology on the plate between the experiment group and the
control group (data not shown). In some cases, addition of
filtrates as elicitors did not favor cell growth (Sun et al.
2011; Wang et al. 2013; Wang et al. 2017), whereas filtrates
of treated mycelium from fungi used as elicitor promoted cell
growth in Xanthophyllomyces dendrorhous (Wang et al.
2006). Our results indicated that both cell growth and
rimocidin production were significantly promoted in the pres-
ence of A3. Themaximum rimocidin production of S. rimosus
M527 increased from 16.0 to 24.1 mg·g DCW−1, indicating
the stimulation effect of rimocidin production caused by ad-
dition of A3 was superior to cell growth.

It has been reported that elicitors stimulate the production
of secondary metabolites through activation of the expression
of biosynthetic gene clusters (Zhang et al. 2019). As expected,
under the A3 or B4 elicitation condition, transcriptional levels
of rim genes responsible for rimocidin biosynthesis were all
higher than those in the control group. This result demon-
strates that increased rimocidin biosynthesis caused by elici-
tation of A3 or B4 can be attributed to the enhancement of
transcriptional levels of all rimocidin biosynthetic genes.

Green fluorescent protein (GFP) was usually used as a
reporter to evaluate protein synthesis and targeted product
production (Hansen et al. 2001; Ma et al. 2014). Because of
the utility of the GUS reporter system for gene expression
study at the translation level in actinomycetes (Ma et al.
2016; Myronovskyi et al. 2011), we employed the GUS

Table 1 Determination of total
protein concentration in
S. rimosus M527-ES in the ab-
sence and presence of culture fil-
trate of S. cerevisiae (A3) by
Bradford

Time (h)b Total protein concentration (mg/ml)

S. rimosusM527-ESa S. rimosusM527-ES by addition of A3

48 2.71c 4.12

72 3.58 5.31

a Recombinant strain S. rimosus M527-ES, in which gusA as a reporter gene was placed under the control of
permE* and integrated into the chromosome of S. rimosusM527 by intergeneric conjugation (Song et al. 2019)
b S. rimosus M527-ES was treated without or with A3 at the beginning of the fermentation and cultured in
fermentation medium at 28 °C for 96 h. After 48 and 72 h, samples were collected and analyzed to determine
the total protein concentration by a Bradford method
cAll assays were performed in triplicate, and the reported values were then averaged
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reporter system to investigate protein synthesis and rimocidin
production between experimental groups (A3 or B4) and the
control group. Our results indicate that more proteins are gen-
erated in the cell in the presence of both elicitors, suggesting
that the enhanced rimocidin production may be partly attrib-
utable to an increase in the level of protein synthesis.

These results suggest that either a small molecule
acts as signal molecule triggering specific genes or a
general defense mechanism is activated in the presence
of elicitors. However, the molecular mechanism of elic-
itation is not well understood and needs more research
at a molecular level.

In the 5-l fermentor, the maximum rimocidin produc-
tion of S. rimosus M527 was achieved by addition of
B4 with 2% (v/v) at the beginning of fermentation,
resulting in 0.69 g/l of production, which was 68.3%
greater than that produced by S. rimosus M527
fermented without elicitor. Future study should concen-
trate on improving industrial rimocidin production rates.
We will attempt to develop a fed-batch fermentation
model working with the addition of elicitors and opti-
mizing the whole fermentation process and conditions in
a large-scale fermentor.

It has been described that elicitors can trigger the
expression of silent or cryptic secondary metabolite
gene clusters (Seyedsayamdost 2014; Okada and
Seyedsayamdost 2017; Xu et al. 2017a). S. rimosus
M527 contains 30–40 natural product biosynthetic gene
clusters as predicted by antiSMASH 3.0. Therefore, it is
anticipated that future studies shall concentrate on the
activation of cryptic gene clusters to explore novel com-
pounds with diverse activities using different elicitation
strategies.

In conclusion, this study provides an effective strate-
gy to improve the rimocidin production in S. rimosus
M527. The use of elicitors to enhance production is
reliable and can be extended to other antibiotic overpro-
duction strains.
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