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Abstract
The bacterium Streptomyces sp. KN37 was isolated from the soil of Kanas, Xinjiang. The broth dilution of strain 
KN37 has a strong inhibitory effect against a variety of crop pathogenic fungi. However, in practical applications, 
its effective biological activity is limited by medium formulations and fermentation conditions. In this study, we 
used the response surface method to optimize the fermentation medium and conditions of the strain KN37, for 
investigating the reasons for the enhanced biological activity at both the metabolic and transcriptomic levels. 
The results of the Plackett-Burman design showed that millet, yeast extract, and K2HPO4 were the key factors 
influencing its antifungal activity. Subsequently, optimization by the response surface methodology yielded 
the final fermentation conditions as: millet 20 g/L, yeast extract 1 g/L, K2HPO4 0.5 g/L, rotation speed 150 r/
min, temperature 25 °C, initial pH 8, fermentation time 9 d, inoculation amount 4%, liquid volume 100 mL. The 
antifungal effect of the optimized strain fermentation dilution was significantly enhanced, and the antifungal rate 
of R. solani increased from 27.33 to 59.53%, closely aligning with the predicted value of 53.03%. The results of 
HPLC-MS/MS and transcriptomic analysis revealed that the content of some secondary metabolic active substances 
in the fermentation broth of KN37 was significantly different from that of the original fermentation broth. Notably, 
the content of 4- (diethylamino) salicylaldehyde (DSA) was significantly increased by 16.28-fold while the yield of 
N- (2,4-dimethylphenyl) formamide (NDMPF) was increased by 6.35 times. Transcriptomic analysis further elucidated 
molecular mechanisms behind these changes with the expression of salicylic acid dehydrogenase (SALD) was 
significantly down-regulated, which was only 0.48 times compared to that before optimization. This research 
successfully optimized the fermentation process of strain KN37 providing a strong foundation for the actual 
production and application of strain KN37 in agriculture.
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Introduction
Cotton is an economically important crop, and also has 
high value in the field of agriculture. In the process of 
cotton production, it is often infested by a variety of plant 
diseases, such as damping-off, verticillium wilt, boll-
splitting disease, etc [1]. Among them, cotton damping-
off disease is an important seedling disease caused by 
Rhizoctonia solani, which causes seedling deficiency and 
ridge breaking in cotton fields [2]. In severely affected 
areas, the mortality rate of cotton can reach more than 
53%, which seriously reduces the cotton yield.

Biological control offers an environment friendly, 
highly safe and specificity of prevention and control of 
plant diseases [3]. Streptomyces has become the focus of 
biological control because of its fast growth rate, strong 
metabolic activity and production of many metabolites. 
The secondary metabolites from Streptomyces are abun-
dant, and 1/3 of the antibiotics found in microorgan-
isms are derived from Streptomyces [4]. Streptomyces has 
gained extensive attention in the field of agriculture and 
is also an important source of microbial pesticides. The 
secondary metabolites of Streptomyces possess a wide 
range of biological activities including induction, anti-
biosis, plant growth-promotion effects, and pathogens 
antagonists [5]. There have been reports on its preven-
tion and treatment of cucumber Fusarium wilt, cotton 
Verticillium wilt, tomato gray mold and other crop dis-
eases [6], as well as the promotion of crop growth [7]. 
In order to obtain high-efficiency of biocontrol bacteria, 
modern fermentation processes and metabolic engineer-
ing technology were used to regulate the fermentation 
process, optimize the fermentation and value-added pro-
duction process, and improve the yield of effective active 
substances of biocontrol bacteria. Microbial fermenta-
tion mostly adopts liquid fermentation process, and the 
secondary metabolism level of strains is significantly 
affected by fermentation conditions.

Response surface methodology is an experimental 
design method for optimizing and exploring the relation-
ship between response variables and multiple factors. 
It has been widely used in various industries including 
pharmaceuticals, food, beverage and agriculture. The 
Plackett-Burman design (PBD) is a statistical method for 
rapid screening of significant factors at two levels [8]. The 
key parameters selected by PBD can be further optimized 
by central composite design (CCD) and response sur-
face methodology (RSM). RSM is an efficient biological 
optimization technique that uses a complete quadratic 
polynomial model to show the relationship between vari-
ables. As a part of RSM, CCD is a statistical method that 
fully considers the interaction of variables and is widely 
used in optimizing medium conditions [9, 10] and com-
ponents to improve enzyme production efficiency [11–
13]. The optimal fermentation medium and conditions 

determined by the RSM provide a solid foundation for 
industrial production after verification.

Streptomyces sp. KN37 was isolated from the soil of 
Kanas, Xinjiang, China in the early stage of our research. 
Previous studies demonstrated that its fermentation 
supernatant has a good inhibitory effect on a variety of 
plant pathogens [14]. The main active secondary metabo-
lites are 4-(diethylamino) salicylaldehyde and 4-nitroso-
diphenylamine [15]. In this study, single factor test and 
PB test were used to screen the influencing factors. To 
evaluate the antifungal activity, the mycelial growth rate 
method was used to measure the inhibition of Rhizocto-
nia solani in order to screen the optimal fermentation 
conditions. High performance liquid chromatography / 
mass spectrometry (HPLC-MS/MS) was used to detect 
the difference in the content of secondary metabolites 
of KN37 strain before and after optimization. Further-
more, we investigated the mechanism of metabolite con-
tent change was studied at the transcriptional level. This 
study aimed to provide theoretical research basis and 
technical support for the industrial scale fermentation of 
Streptomyces.

Results
Determination of optimal carbon and nitrogen source
The effect of carbon and nitrogen source on bioactivity 
of the strain broth were investigated (Fig. 1). The results 
indicated that using corn starch, cellulose, or sucrose as 
the sole carbon source significantly reduced the antifun-
gal activity of the strain broth. In contrast, maltose as 
carbon source did not have a significant impact on bioac-
tivity. The utilization of millet, glycerin or dextrin as the 
sole carbon source significantly increased the bioactivity. 
When millet was used as carbon source, the antifungal 
activity of the broth dilution against R. solani was 25% 
higher than that of the original medium.

Furthermore, replacing KNO3 with yeast extracts as 
the sole nitrogen source significantly enhanced the bio-
activity of the strain broth. However, when soybean meal, 
peanut powder, tryptone, carbamide, NH4Cl or NH4CO3 
was used as the sole nitrogen source, the bioactivity was 
significantly reduced. Based on these findings, millet and 
yeast extracts were identified as the carbon and nitrogen 
source of culture medium for further optimization.

Determination of optimal mineral salt
A two-way single-factor experimental method was used 
to further optimize GOM basal medium (Fig.  2). The 
results of forward single-factor experiment indicated 
that the bioactivity of the treatment with the addition of 
K2HPO4 was greater than that of the control. Conversely, 
in the results of reverse single-factor experiment, there 
was no significant difference in the bioactivity between 
the treatment groups without the addition of K2HPO4, 
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MgSO4, or FeSO4 and the control group. The two-way 
single-factors experiment indicated that the addition of 
K2HPO4 contributed to a notable improvement in anti-
fungal activity. However, the treatment group with the 
addition of MgSO4, FeSO4 or NaCl showed a lower inhi-
bition rate than the control group, and there was no sig-
nificant difference between the treatment group without 
the addition of MgSO4 or FeSO4 and the control group. 
Therefore, K2HPO4 was selected as the optimal mineral 
salt in the culture medium.

Determination of optimal culture conditions
The effects of fermentation conditions on the antifun-
gal activity of the broth dilution are shown in Fig. 3. The 
effects of rotation speed, initial pH, temperature, fermen-
tation time, inoculation amount and liquid volume on 
the antifungal activity of the broth dilution were evalu-
ated. The results showed that the broth dilution had the 
highest antifungal activity (Fig. 3A) at the stirring speed 
of 140 and 160 r/min, and the antifungal rates were 
37.51% and 37.32%, respectively. However, with the fur-
ther increase of stirring speed, the antifungal activity of 

Fig. 2  Effect of inorganic salts on bioactivity of the diluted fermentation broth of strain KN37. “+” means that only the inorganic salt is added (forward 
single factor test), and “-” means that the inorganic salt is removed from the CK (reverse single factor test). Error bars represent standard deviation. Two 
asterisks indicate significant differences in the data (p < 0.01)

 

Fig. 1  Effects of carbon and nitrogen sources on the biological activity of the diluted fermentation broth of strain KN37. Error bars represent standard 
deviation. Two asterisks indicate significant differences in the data (p < 0.01)
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the fermentation dilution decreased significantly. The 
fermentation dilution showed the strongest antifungal 
activity at the initial pH of 6.5, and the inhibition rate was 
31.67% (Fig. 3B). With the increase of initial pH value, the 
antifungal activity of the broth dilution decreased slightly. 
Secondly, the fermentation dilution reached the highest 
antifungal activity at 25  °C, reaching 41.39% (Fig.  3C). 
Subsequently, with the increase in temperature, the anti-
fungal activity of the fermentation dilution decreased sig-
nificantly. When the fermentation time was 9 days, the 
fermentation dilution showed the strongest antifungal 
activity, reaching 44.93% (Fig. 3D). With the increase of 
fermentation time, the antifungal activity of broth dilu-
tion increased continuously. According to Fig. 3E, it was 
found that with the increase of inoculation amount, the 
antifungal activity first showed an increasing trend and 
then decreasing. When the inoculation amount was 4%, 
the antifungal activity of actinomycetes KN37 broth dilu-
tion reached the maximum of 32.1%. Figure  3F showed 
that when the liquid volume was 75 mL, the antifungal 
activity of the fermentation dilution was the strongest, 
which was 42.5%, followed by 42.33% when the liquid 
volume was 100 mL. However, with the increase in liquid 
volume, the activity decreased significantly. In summary, 
the optimal fermentation conditions were as follows: the 
rotation speed was 140 r/min, the temperature was 25 °C, 
the initial pH was 6.5, the culture time was 9 days, the 
inoculation amount was 4%, and the liquid volume was 

100 mL. These conditions yielded the highest antifungal 
activity.

PBD experiments to screen the main effect factors on 
bioactivity
The PBD (Plackett-Burman Design) was conducted using 
Design-Expert software to identify the main factors that 
have a significant impact on the biological activity of the 
strain broth (Table 1). Based on the Pareto chart (Fig. 4), 
millet, yeast extract, and K2HPO4 were identified as the 
top three factors with the highest impact (t-value > 3.18). 
Furthermore, these three medium component factors 
exhibited positive effects on the antifungal activity.

CCD experiments to screen the optimal culture conditions
Design-Expert software was used for CCD and results 
analysis, with millet, yeast extract and K2HPO4 as experi-
mental factors, the biological activity of the broth dilu-
tion as the response value, and three-factor, three-level 
optimization experiments were performed, and the 
specific experimental design and results are shown in 
Table 2.

The regression equation was obtained as: 
Y = 36.60 + 0.095  A − 3.15B – 5.23  C – 2.37AB 
− 1.84AC + 0.69BC − 1.94A2 + 5.38B2 − 0.39C2. Where 
Y is the inhibition rate (%), A, B, and C are millet, yeast 
extract and K2HPO4, respectively.

Fig. 3  Effects of different culture conditions on bioactivity of the diluted fermentation broth of strain KN37. Error bars represent standard deviation. Two 
asterisks indicate significant differences in the data (p < 0.01)
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The regression model was analyzed and the results 
are shown in Table  3. Item C and item B2 had a highly 
significant effect on Y values (p < 0.0001), term B, term 
AB, term AC and term A2 had a significant effect on 
Y values (p < 0.05), and the remaining terms did not 
have significant effects. The model p < 0.0001, indicat-
ing that the regression is significant, and the misfit term 
p = 0.8724 > 0.05, indicating that the misfit is not signifi-
cant, and the model R2 = 0.9629, indicating that 96.29% 
of the experimental results can be explained using the 
model, and R2 adj = 0.9296, indicating that the actual 

value is also close to the predicted value of the model, 
therefore, the combination indicates that the model has 
high credibility that can be used to predict the biological 
activity of the broth dilution.

Based on the regression model, a three-dimensional 
response surface of the activity of the broth dilution was 
plotted, visualizing the impact of independent variables 
on the response values. The effects of the other two vari-
ables on the response values were compared by keeping 
the third variable at its zero level. A steeper the slope 
and more pronounced curvature of the response surface 

Table 1  Result of PBD experiment
Run Coded level of factors Inhibition rate (%)

A B C D E F G H I
1 1 1 1 -1 -1 -1 1 -1 1 23.61
2 -1 1 1 -1 1 1 1 -1 -1 27.6
3 1 -1 1 1 -1 1 1 1 -1 21.12
4 -1 -1 -1 1 -1 1 1 -1 1 7.56
5 -1 1 1 1 -1 -1 -1 1 -1 30.11
6 -1 -1 -1 -1 -1 -1 -1 -1 -1 15.53
7 1 -1 -1 -1 1 -1 1 1 -1 4.5
8 -1 1 -1 1 1 -1 1 1 1 28.44
9 1 1 -1 -1 -1 1 -1 1 1 16.56
10 1 1 -1 1 1 1 -1 -1 -1 29.68
11 1 -1 1 1 1 -1 -1 -1 1 0.99
12 -1 -1 1 -1 1 1 -1 1 1 29.66

Fig. 4  The Pareto chart of PBD experiments
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indicate the greater impact of the factors on the response 
values.

From the response surface analysis, it can be observed 
that in the interaction plot of yeast extract addition and 
millet addition in the medium (Fig. 5A), the curvature of 
yeast extract addition is greater than that of millet addi-
tion, indicating that yeast extract addition has a greater 
impact on the bioactivity than millet addition. In the 
interaction plot of millet addition and K2HPO4 addition 
in the medium (Fig. 5B), the curvature of millet addition 
is greater than that of K2HPO4 addition which indicate 
that millet addition has a greater impact on the activity 

of the broth dilution than K2HPO4 addition. Similarly, in 
the interaction plot of yeast extract addition and K2HPO4 
(Fig. 5C), the curvature of yeast extract addition is greater 
than that of K2HPO4 indicating that yeast extract has a 
greater impact on the activity of the broth dilution than 
K2HPO4. In summary, the three factors had significant 
effects on the biological activity of fermentation solution 
in the following order: yeast extract> millet> K2HPO4. 
This ranking is consistent with PB experiment results. 
The relationship between the predicted response and the 
experimental results showed that almost all the predicted 
values are basically in agreement with the observed val-
ues (Fig. 5D).

Using Design-Expert V8.0.6 software, the optimal fer-
mentation conditions were determined to be: 20  g/L of 
millet, 1 g/L of yeast extract, and 0.5 g/L of K2HPO4, at 
which the inhibition rate of the fermentation dilution 
reaches the theoretical maximum of 53.03%.

Model validation
In order to determine whether the model prediction 
results are consistent with the actual measurement 
results, the optimized medium (MYK medium: millet 
20 g, yeast extract 1 g, K2HPO4•3H2O 0.5 g, pure water 
1000 mL, pH 6.5) and the original GOM medium were 
used for a three-part comparative verification test. The 
inhibitory effects of the fermentation dilution of the 
strain on R. solani before and after optimization are 
shown in Fig.  6. After optimization, the colony growth 
treated with KN37 strain’s fermentation dilution was sig-
nificantly inhibited, with the inhibition rate increasing 
from 27.33 to 59.53%, which was in good agreement with 
the predicted value of 53.03%.

We also created the residual diagram, running diagram, 
and Box-Cox diagram for the data from the CCD experi-
mental design. The results indicate that the running chart 

Table 2  Result of CCD experiment
Run Coded level of factors Inhibition rate (%)

A B C Observed Predicted
1 0 0 0 36.26 36.60
2 1 -1 1 37.22 37.50
3 0 0 -1.682 43.82 44.31
4 0 0 0 38.55 36.60
5 0 0 0 35.5 36.60
6 1 1 -1 40.34 40.61
7 1 -1 -1 53.81 53.03
8 1.682 0 0 30.9 31.27
9 -1 -1 1 37.63 36.26
10 -1 1 -1 42.85 41.47
11 0 1.682 0 45.44 46.51
12 0 0 0 40.54 36.60
13 -1.682 0 0 29.76 30.95
14 0 -1 0 56.63 57.11
15 -1 1 1 36.39 36.07
16 -1 -1 -1 44.23 44.41
17 1 1 1 29.11 27.83
18 0 0 0 33.44 36.60
19 0 0 1.682 25.64 26.71
20 0 0 0 35.58 36.60

Table 3  ANOVA for response surface quadratic model
Source Sum of

squares
df Mean

square
F
value

p-value
prob > F

Model 1098.62 9 122.07 28.88 < 0.0001 significant
A-Millet 0.12 1 0.12 0.029 0.8678
B-Yeast extracts 135.51 1 135.51 32.06 0.0002
C-K2HPO4 373.86 1 373.86 88.44 < 0.0001
AB 44.94 1 44.94 10.63 0.0086
AC 27.23 1 27.23 6.44 0.0295
BC 3.78 1 3.78 0.89 0.3665
A2 54.38 1 54.38 12.87 0.0050
B2 416.77 1 416.77 98.59 < 0.0001
C2 2.16 1 2.16 0.51 0.4912
Residual 42.27 10 4.23
Lack of Fit 10.61 5 2.12 0.33 0.8724 not significant
Pure Error 31.67 5 6.33
Cor. Total 1140.90 19
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shows the residuals fluctuating randomly around the 
zero line, suggesting that the residuals are independent 
and that the model is appropriate (Fig. 7A). The residual 
graph indicates the residuals are randomly distributed 
and fluctuate near the 0 line, suggesting that the model 
fits well (Fig. 7B and C). The Box-Cox diagram suggests 
that the data is close to a normal distribution and may 
not need to be transformed (Fig. 7D).

Metabolome and transcriptome analysis
In order to clarify the changes in the content of second-
ary metabolites in the broth dilution of strain KN37 
cultured in the medium before and after optimization, 
we conducted HPLC-MS analysis on the broth dilution 
supernatant before and after optimization. After MYK 
cultivation, HPLC-MS analysis revealed that the levels 
of 267 metabolites in the strains significantly increased, 
while 252 metabolites decreased (Fig.  8A). Specifically, 
the content of 4-(Diethylamino) salicylaldehyde (DSA) 
notably increased, with the content in MYK culture 

Fig. 6  Difference of bioactivity between GOM and MYK medium. A: colony difference, B: inhibition rate difference. Error bars represent standard devia-
tion. Two asterisks indicate significant differences in the data (p < 0.01)

 

Fig. 5  Fitting response surface analysis of inhibition rate, predicted value and measured value of actinomyces KN37
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medium being 16.28 times that of GOM. The yield of N- 
(2,4-Dimethylphenyl) formamide (NDMPF) increased 
by 6.35 times, the yield of 4-Nitrosodiphenylamine 
(NDPA) did not change, and the yield of 4-Nitrocatechol 
(NOC) decreased slightly by 17.37% (Fig.  8B). Our pre-
vious experiments showed that DSA and NDMPF had a 

significant inhibitory effect on R. solani [15]. Therefore, 
the content of DSA and NDMPF in the optimized KN37 
broth dilution increased significantly, which improved 
the antifungal activity. Further investigation is required 
to study the mechanisms responsible for the accumula-
tion of secondary metabolites.

Fig. 8  Metabolic differences of strains cultured in GOM and MYK medium. A: Volcano plot of metabolomics differences, B: Differential content of DSA in 
metabolites. Two asterisks indicate significant differences in the data at the p < 0.01 level. Single asterisk indicates significant differences in the data at the 
p < 0.05 level. “ns” indicates that there is no significant difference in the data

 

Fig. 7  The residual versus run order (A), Scatter plot of studentized residual and predicted value (B), Normal probability diagram of residuals(C) and Box-
Cox diagram (D) of the data based on CCD experimental design
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Transcriptomic analysis results indicated that in MYK 
2228 genes were upregulated and 2395 genes were 
downregulated (Fig. 9A). Notably, the expression of sali-
cylaldehyde dehydrogenase (SALD) was significantly 
downregulated, with its expression in MYK being only 
0.48 times that of GOM (Fig. 9B).

Salicylaldehyde dehydrogenase (SALD) catalyzed the 
last reaction in the upper pathway of naphthalene deg-
radation: the oxidation of salicylaldehyde to salicylate 
[16]. DSA is a small molecule metabolite of actinomy-
cete KN37 and also an important intermediate in its 
metabolic biosynthesis process. It can be hydrolyzed 
to 4-(diethylamino) salicylic acid by SALD, and subse-
quently transformed into 4-(diethylamino) phenol which 
can further degrade to pyruvic acid entering the tricar-
boxylic acid cycle, or react with other substances to form 
macromolecules (Fig.  10). The reduction of SALD leads 
to a significant accumulation of DSA, thereby resulting 
in a remarkable enhancement of the antifungal activity of 
the broth dilution.

Discussion
Actinomycetes produce new secondary metabolites 
mainly depending on the strain, nutritional components 
in the fermentation medium and the fermentation con-
ditions [17]. The secondary metabolites (antibiotics) 

synthesized by actinomycetes vary greatly with different 
culture media or culture conditions. Changes in culture 
media components or culture conditions may lead to a 
complete loss or increase in antibiotic production [18].

The present study identified that millet is the most suit-
able carbon source for the growth and reproduction of 
strain KN37. These findings are consistent with those of 
Zhou et al. [19]. Millet, as a carbon source, is more con-
ducive to the production of active substances in the broth 
dilution, possibly because millet is rich in protein, fat, 
and vitamin B, which can provide more abundant nutri-
tion for the growth of actinomycetes. Yeast extract was 
found to be the most suitable nitrogen source and is an 
essential element in nucleic acid and protein synthesis 
as well as plays a crucial role in the growth and develop-
ment of microorganisms [20]. When used as a nitrogen 
source, yeast extract exhibits stronger antifungal activity 
compared to KNO3, these results were consistent with 
the findings of Liu et al. [21]. This suggests that yeast 
extract is more suitable for the growth and reproduction 
of the strain, because it is rich in amino acids and vitamin 
B, which support the production of secondary metabo-
lites by the strain.

When K2HPO4 was added individually to the culture 
medium, strain KN37 exhibited the highest antifun-
gal activity in the fermentation dilution. Research by 

Fig. 10  The proposed catabolic pathways of DSA in strain KN37

 

Fig. 9  Transcriptomic differential analysis of strains cultured in GOM and MYK medium. A: Volcano plot of transcriptomic differences, B: Expression of 
salicylaldehyde dehydrogenases in strains cultured in different medium. Two asterisks indicate significant differences in the data (p < 0.01)
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Kiranmayi, et al. found that K2HPO4 promotes the pro-
duction of cellular biomass and biologically active metab-
olites [22]. However, in the study by Wang, et al., the 
addition of K2HPO4 decreased biological activity [23]. 
This indicates that different strains have varying require-
ments for metal ions.

The fermentation conditions also significantly impact 
the fermentation culture of the strain. The optimal cul-
ture conditions obtained in this experiment using the 
single-factor method were: rotation speed at 140 r/min, 
temperature at 25 ℃, initial pH of 6.5, culture time of 9 
days, inoculum size of 4%, and liquid volume of 100 mL. 
Different types of microorganisms have distinct optimal 
growth pH levels [24]. Even for the same type of micro-
organism, their demand for the optimal pH may vary in 
different growth stages and different physiological and 
biochemical activities [25, 26]: a high inoculum size may 
lead to excessive accumulation of metabolic products, 
causing a stress response; while a low inoculum size may 
lead to a delay in the fermentation cycle [27]. A high liq-
uid volume will affect the aeration, thereby impacting the 
accumulation of active substances. The higher the rota-
tion speed, the larger the bacteria, which also has a cer-
tain effect on the dissolved oxygen level [26]. The strain 
exhibits better antifungal activity in relatively low-tem-
perature environments, whereas high temperatures sig-
nificantly inhibit its activity, which may be related to the 
strain’s own growth environment [28].

In general, the antimicrobial effect of biocontrol bac-
teria against plant pathogens depends on the amount of 
specific bioactivity substances or the size of the inhibi-
tory zone [25, 29]. In this study, we compared the levels 
of the known KN37 metabolites before and after optimi-
zation, and concluded that the yield of these four anti-
fungal substances was not proportional to the results of 
culture optimization. This indicates that the content of 
a specific antifungal substance cannot be used alone as 
a response variable to optimize the culture conditions. 
Instead, we used the inhibition rate of the broth dilution 
on the mycelial growth of pathogenic fungi as an opti-
mized response variable.

To understand the interaction between the key factors 
obtained from single factor experiments, we use statisti-
cal design methods to optimize the fermentation process. 
PBD can screen out the most important variables affect-
ing biological activity [30, 31]. RSM was used to optimize 
fermentation conditions to meet the nutritional needs of 
specific microorganisms, thereby avoiding unnecessary 
addition of excessive components in the medium [26]. 
The fermentation conditions and medium of the optimal 
activity were screened by the response surface model. 
The model verification results showed that the mycelial 
inhibition rate of strain KN37 against R. solani increased 
from 27.33 to 59.53%, which was in good agreement 

with the predicted value of 53.03%. The antifungal activ-
ity of the broth dilution of the strain KN37 was signifi-
cantly improved by fermentation optimization, and the 
reasons were elucidated by HPLC-MS analysis: (1) The 
optimization of fermentation conditions increased the 
yield of active antifungal components; (2) The metabolic 
profile of the strain changed, resulting in more active 
antifungal components. The reason for the increase of 4- 
(Diethylamino) salicylaldehyde (DSA) production is the 
continuous accumulation of DSA caused by the signifi-
cant down-regulation of salicylaldehyde dehydrogenase 
(SALD) expression.

In this study, the development, evaluation and opti-
mization of fermentation characteristics of strain KN37 
were carried out to improve the fungicidal activity and 
biological control effect. To the best of our knowledge, 
this is the first time the Plackett-Burman model and RSM 
have been used to evaluate and enhance the fermentation 
characteristics and the antifungal efficacy of strain KN37 
in the fermentation process. The potential reasons for 
the significant increase in the activity of the optimized 
fermentation broth were fully elucidated through the 
metabolomic and transcriptomic analysis. The optimi-
zation model developed in this study establishes a more 
effective and efficient fermentation process, potentially 
paving a way to develop novel microbial based biological 
control agent in the future.

Conclusions
The present study reported the first comprehensive 
analysis of the optimal medium formula and fermenta-
tion conditions of Streptomyces sp. KN37 elucidating the 
underlying mechanisms for the improvement of anti-
fungal activity of the fermentation broth of strain KN37 
at both the transcriptomic and the metabolomic levels, 
providing a valuable data for the industrial production 
of KN37. Based on the results of RSM and PB design 
we effectively identified the ideal medium and fermen-
tation parameters. The combination of metabolic and 
transcriptomic analysis offered novel insights into the 
mechanism of its activity improvement. Notably, this 
study first obtained the content change of strain KN37 
active secondary metabolites from the metabolic level, 
and then investigated the reasons for the activity change 
at transcriptomic level, thus fully explaining the effect of 
changes in culture conditions on the activity of the strain. 
Based on the above results, the optimization of the fer-
mentation medium composition and fermentation con-
ditions of strain KN37 provides a theoretical basis for 
the actual field application and industrialization, and 
also highlights the necessity for further exploration into 
the antifungal mechanisms of the active substances con-
tained in the fermentation broth.
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Materials and methods
Microorganism strain and chemicals
Streptomyces sp. KN37 (CGMCC 13160) was previously 
isolated from Kanas Lake of China and was preserved in 
our laboratory. R. solani was isolated from diseased cot-
ton seedlings. The isolated strain was suspended in 20% 
glycerol and stored at − 80 °C until further use. All chemi-
cals used in the research were obtained from Solarbio 
Science & Technology Co., Ltd., China.

Medium and culture condition
The basal liquid medium used in the study was Gao’s 
No.1 medium (GOM) which consisted of: soluble starch 
20 g, KNO3 1 g, MgSO4·7H2O 0.5 g, NaCl 0.5 g, K2HPO4 
0.5 g, ferrous sulfate 0.01 g, pH 7.3–7.5.

Preparation of seed culture: The activated strain was 
punched with a 5 mm puncher and inoculated into a 250 
mL conical flask containing 100 mL GOM. Eight bacte-
rial cakes were inoculated per 100 mL, and cultured at 
28 °C and 180 r/min for 3 days.

Fermentation broth preparation: In a 250 mL shake 
flask containing 100 mL fermentation medium, the seed 
culture was inoculated at a ratio of 4% (v/v). The fermen-
tation process was carried out at 28  °C with shaking at 
160 r/min for 7 days. The fermentation broth was diluted 
10 times with sterile water to make broth dilution, and 
then passed through a 0.22 μm bacterial filter and stored 
at 4 °C for further use.

Determination of biological activity
The mycelial growth rate method was used to determine 
the biological activity of the broth dilution [32]. The 
broth dilution was mixed with PDA medium at a ratio 
of 1:9 to make a drug-carrying medium while the blank 
control consisted of PDA medium which was added with 
the same amount of sterile water. A 5 mm R. solani fun-
gus cake was inoculated on the both the drug-carrying 
medium and the blank medium, followed by incubation 
at 28  °C for 2–3 days in dark. Each treatment was rep-
licated three times. The colony diameter was measured 
by the cross-crossing method and the inhibition rate was 
calculated by the following formula.

	

Inhibitionrate (%) =

controlcolonydiameter − treatmentcolonydiameter
controlcolonydiameter

× 100%

Single factor experiment screened the best carbon source
On the basis of GOM liquid medium formulation, as 
detailed in the Sect.  2.2 for broth dilution, 20  g/L solu-
ble starch was replaced by 20  g/L corn flour, cellulose, 
sucrose, millet flour, maltose, glycerol and dextrin to 
screen the carbon source in the medium, and other com-
ponents remained unchanged. GOM liquid medium 

without carbon source was used as control. Each treat-
ment was repeated 3 times. After fermentation, the bio-
logical activity of the broth dilution was determined 
according to the determination method detailed in 
Sect. 2.3.

Single factor experiment screened the best nitrogen 
source
On the basis of GOM liquid medium formulation, 
according to the preparation method given in Sect.  2.2 
for broth dilution, 1 g/L KNO3 was replaced by 1 g/L soy-
bean meal, peanut powder, yeast extract, tryptone, urea, 
NH4Cl and ammonium bicarbonate to screen the nitro-
gen source in the medium, and the other components 
remained unchanged. GOM liquid medium without 
nitrogen source was used as control. Each treatment was 
repeated 3 times. After fermentation, the biological activ-
ity of the broth dilution was determined according to the 
determination method of 2.3.

Forward single-factor experiment screened the best 
mineral salt
The soluble starch and KNO3 were used as carbon and 
nitrogen sources, and K2HPO4 (0.5  g/L), MgSO4•7H2O 
(0.5  g/L), FeSO4•7H2O (0.01  g/L), NaCl (0.5  g/L) were 
each added into medium as the only mineral salt, respec-
tively. Another group of experiments, on the basis of 
GOM, K2HPO4, MgSO4•7H2O, FeSO4•7H2O and NaCl 
were each subtracted, successively. GOM liquid medium 
was used as the control group. Each treatment was 
repeated 3 times. According to the preparation method 
of broth dilution described in 2.2. After fermentation, the 
biological activity of the broth dilution was determined 
according to the method described in Sect. 2.3.

Optimization of fermentation culture conditions
Using the optimal medium formulation selected from 
the above single factor experiments, the effects of dif-
ferent initial pH values, fermentation temperature, fer-
mentation time, inoculation amount, liquid volume and 
fermentation speed on the antifungal activity of strain 
KN37 broth dilution were studied by single factor experi-
ment and single variable principle. The initial pH value 
of fermentation (6.5, 7.0, 7.5, 8.0), fermentation tempera-
ture (20, 25, 30, 35 °C), fermentation time (3, 5, 7, 9 days), 
inoculation volume (2, 4, 6, 8%), liquid volume (75, 100, 
125, 150 mL), and fermentation speed (140, 160, 180, 
200 r/min) were optimized, with each treatment being 
repeated three times. Broth dilutions were prepared as 
described in the Sect.  2.2 and after fermentation, the 
inhibitory activity of the broth dilutions against R. solani 
was determined by the mycelial growth rate method.
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Plackett-Burman design experiments
Based on the results of each component in the medium, 
the Plackett-Burman design (PBD) was used to deter-
mine the key factors of the medium components: carbon 
source (millet), nitrogen source (yeast extracts), mineral 
salt (K2HPO4) and culture conditions (shaker speed, 
temperature, pH, time, inoculum size and medium vol-
ume). Broth dilutions were prepared as described in the 
Sect. 2.2 and after fermentation, the biological activity of 
the broth dilution was determined. Design-Expert soft-
ware was used to perform the PBD for n = 9, and the fac-
tors and levels of the PBD are shown in Table 4.

Central composite design experiments
The Central Composite Design (CCD) was used to fur-
ther evaluate the screened principal component factors 
(millet, yeast extracts, K2HPO4). The levels of the prin-
cipal component factors were independent variables, and 
each variable has 5 levels. The bioactivity of broth dilu-
tion was determined after fermentation. The data from 
the CCD experimental design is processed using Design-
Expert software, and the Box-Cox diagram is exported to 
confirm that no transformation is required. The residual 
and running diagrams are used to ensure that the residu-
als do not exhibit any trends during continuous opera-
tion. The factors and levels in the experimental protocol 
are shown in Table 5.

Model validation
The optimal fermentation conditions obtained from 
response surface analysis were used for fermentation. The 
antifungal activity of strain KN37 broth dilution under the 
fermentation conditions before and after optimization was 
compared. Broth dilutions were prepared as described in 

the Sect. 2.2 and following the fermentation, the biological 
activity of the broth dilution was determined according to 
the determination method given in the Sect. 2.3.

HPLC-MS/MS analysis
The strain KN37 was cultured in the both optimized 
medium (MYK medium) and the original medium (GOM 
medium) for 7 days. A 1 mL of fermentation broth sam-
ple was freeze-dried in a freeze-drying machine, and 100 
µL of 80% methanol aqueous solution was added. The 
mixture was left to stand on ice bath standing for 5 min, 
15,000 g, 4 °C centrifuged for 15 min. The resulted super-
natant was diluted with mass spectrometry grade water 
to a methanol content of 53%; centrifuged 15,000  g at 
4 °C for 15 min, the supernatant was collected, and ana-
lyzed using UHPLC-MS/MS for analysis [33].

HPLC-MS / MS analysis was performed using a Vanquish 
UHPLC system (Thermo Fisher, Germany) coupled with an 
Orbitrap Q ExactiveTM HF-X mass spectrometer (Thermo 
Fisher, Germany) Q Exactive TM HF / Q ExactiveTM. 
The samples were injected into Hypesil Gold column 
(100 × 2.1 mm, 1.9 μm) with a linear gradient of 12 min at 
a flow rate of 0.2 mL/min. The eluents of positive and nega-
tive modes were: positive mode A (0.1% formic acid) and B 
(methanol); negative mode: A (5 mM ammonium acetate, 
pH 9.0) and B (methanol). The solvent gradient was set as: 
2% B, 1.5 min; 2–85% B, 3 min; 85 ~ 100% B, 10 min.

Transcriptomic analysis
The strain KN37 was cultured and fermented on GOM 
medium and MYK medium respectively for 7 days. The 
cells were collected, frozen in liquid nitrogen and stored 
at -80 °C. Three repetitions were set respectively. The bac-
terial samples were sent to Novogene (Beijing, China) for 
transcriptome sequencing. Total RNA was extracted using 
the standard method, and the integrity and total amount of 
RNA were detected by Agilent 2100 bioanalyzer (Agilent 
Technologies, CA, USA). Then, the library construction 
and quality inspection, sequencing, data quality con-
trol, gene expression level quantification and differential 
expression analysis were carried out in turn. The detailed 
method follows those described by Yang, et al. [34].

Statistical analysis
Statistical analysis was performed using IBM SPSS Sta-
tistics software. The experimental data were analyzed by 
analysis of variance or student’s t-test.

Table 4  The factors and levels in PBD experiments
Code Factor Level

-1 0 -1
A Mellit (g/L) 15 20 25
B Yeast extracts (g/L) 0.5 1 1.5
C K2HPO4 (g/L) 0.25 0.5 0.75
D Shaker speed (r/min) 120 140 160
E Temperature (℃) 20 25 30
F pH 6 7 8
G Time (d) 5 7 9
H Inoculum size (%) 2 4 6
I Medium volume (mL) 50 100 150

Table 5  The factors and levels in CCD experiments
Code Factor Level

-α -1 0 + 1 +α
A Mellit (g/L) 6.6 10 15 20 23.4
B Yeast extracts (g/L) 0.66 1 1.5 2 2.34
C K2HPO4 (g/L) 0.33 0.5 0.75 1 1.17
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