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Abstract 

Background: Molasses is a wildly used feedstock for fermentation, but it also poses a severe wastewater-disposal 
problem worldwide. Recently, the wastewater from yeast molasses fermentation is being processed into fulvic acid 
(FA) powder as a fertilizer for crops, but it consequently induces a problem of soil acidification after being directly 
applied into soil. In this study, the low-cost FA powder was bioconverted into a value-added product of γ-PGA by a 
glutamate-independent producer of Bacillus velezensis GJ11.

Results: FA power could partially substitute the high-cost substrates such as sodium glutamate and citrate sodium 
for producing γ-PGA. With FA powder in the fermentation medium, the amount of sodium glutamate and citrate 
sodium used for producing γ-PGA were both decreased around one-third. Moreover, FA powder could completely 
substitute  Mg2+,  Mn2+,  Ca2+, and  Fe3+ in the fermentation medium for producing γ-PGA. In the optimized medium 
with FA powder, the γ-PGA was produced at 42.55 g/L with a productivity of 1.15 g/(L·h), while only 2.87 g/L was pro-
duced in the medium without FA powder. Hydrolyzed γ-PGA could trigger induced systemic resistance (ISR), e.g.,  H2O2 
accumulation and callose deposition, against the pathogen’s infection in plants. Further investigations found that the 
ISR triggered by γ-PGA hydrolysates was dependent on the ethylene (ET) signaling and nonexpressor of pathogene-
sis-related proteins 1 (NPR1).

Conclusions: To our knowledge, this is the first report to use the industry waste, FA powder, as a sustainable sub-
strate for microbial synthesis of γ-PGA. This bioprocess can not only develop a new way to use FA powder as a cheap 
feedstock for producing γ-PGA, but also help to reduce pollution from the wastewater of yeast molasses fermentation.
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Background
Due to the petroleum crisis, renewable sources, such as 
bioethanol, have been explored and used as alternative 
energy in recent years [1]. Molasses is one of the main 
raw materials for producing bioethanol through yeast 
fermentation [2–4], because it contains many easily 

fermentable sugars (e.g., primarily sucrose, glucose, and 
fructose), and is abundant, low cost, and highly available 
for the fermentation industry [5–7]. Thereby, molasses is 
widely used for microbial conversion of different value-
added products, such as bioethanol, baker’s yeast, amino 
acids, butanol, organic acids, single-cell proteins, etc. [8–
11]. However, the fermentation also causes a severe waste 
disposal problem worldwide [12], because most wastewa-
ter is discharged into the environment without appropri-
ate pre-treatment, aggravating the dire water pollution 
situations [1, 13, 14].
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In China, the wastewater produced during molasses 
fermentation can be processed into a biological product, 
fulvic acid (FA) powder, by dry-spraying. This technology 
can produce approximately 200 thousands of tons of FA 
powder every year. Thereby, processing wastewater into 
FA powder is favorable for reducing the pollution from 
molasses fermentation. Moreover, the FA powder is rich 
in FA (> 45%) as well as other nutrients, such as N (> 3%), 
P (> 0.5%), K (> 12%), and amino acids (> 6%), so it can be 
used as a fertilizer for crops via promoting plant growth 
and microorganism activity, controlling plant diseases, 
and protecting plants against abiotic stresses [15–19]. 
However, excessive application of FA powder can lead 
to soil acidification, because it contains a lot of organic 
acids. On the other hand, FA powder is soluble, and con-
tains many nutrients, such as N, P, K, carbon sources, and 
amino acids, which makes it a kind of cheap raw material 
(~ 1500 ¥ per ton) for producing value-added products. 
By fermentation, the organic acids in FA power can be 
consumed by microorganisms as carbon sources except 
for FA, which contains a high amount of oxygen-rich and 
carbon-poor functional groups, so it is hard to be used 
by microbes [18]. Thereby, the fermented FA powder will 
be an ideal fertilizer with a minimized side effect on soil 
acidification. Furthermore, the FA powder can be biocon-
verted into some value-added products by fermentation 
that is favorable for encouraging people to convert the 
wastewater produced during the molasses fermentation 
into FA powder instead of polluting the environment.

Bacillus is ubiquitously distributed in the natural envi-
ronment. Many Bacillus species, such as B. subtilis, B. 
licheniformis, B. amyloliquefaciens, and B. velezensis, are 
generally used as hosts for producing fermentation prod-
ucts including poly-γ-glutamic acid (γ-PGA). γ-PGA is 
a natural anionic polymer of d/l-glutamic acids linked 
together via amide bonds between the α-amino group 
and the γ-carboxylic acid group, resulting in numerous 
properties, such as holding water, biodegradability, and 
non-toxicity [20, 21]. Thereby, it has a wide application in 
food, medicine, cosmetic, and agriculture nowadays [22]. 
In agriculture, γ-PGA is a new environmental-friendly 
fertilizer synergist for improving plant in uptake of N, P, 
and K [23]. However, its application in agriculture is hin-
dered due to the low yield and high cost of the produc-
tion when compared with the conventional materials, 
because the production of γ-PGA via fermentation gen-
erally needs glutamate and other high-cost components 
as substrates. Thereby, some low-cost feedstocks (e.g., FA 
powder) are urgently needed to overcome the economi-
cal and sustainable obstacles to biotechnologically pro-
duce γ-PGA.

There are two types of Bacillus strains that can produce 
γ-PGA: one requires an external supply of glutamate and 

the other does not [21]. We previously isolated a strain 
of B. velezensis GJ11 from soil with an excellent activ-
ity to trigger the induced systemic resistance (ISR) in 
plants [24]. Interestingly, this strain could also produce 
γ-PGA in a glutamate-independent manner. The aim of 
this study was to use GJ11 for microbial conversion of 
FA powder into γ-PGA with low cost, and investigate 
whether γ-PGA could be used as an activator to trig-
ger ISR in plants [25]. We found that FA powder could 
reduce the cost of γ-PGA production around one-third, 
and the γ-PGA produced by GJ11 was able to trigger ISR 
against pathogens infection via the ethylene (ET) signal-
ing and nonexpressor of pathogenesis-related proteins 1 
(NPR1) in plants.

Results
GJ11 producing γ‑PGA by a glutamate‑independent 
manner
Without addition with sodium glutamate in the medium, 
GJ11 produced ~ 25.0 g/L of γ-PGA in the broth. Addition 
with sodium glutamate could increase the production of 
γ-PGA. When the concentration of sodium glutamate 
was increased, the γ-PGA production was also increased 
in the broth. After the sodium glutamate concentration 
was increased more than 40.0 g/L, the γ-PGA production 
was slightly increased with the increase of sodium glu-
tamate concentration (Fig. 1a). This was consistent with 
the result of SDS-PAGE (Fig. 1b). Thereby, GJ11 is a glu-
tamate-independent γ-PGA producer, and an addition of 
glutamate can further improve its γ-PGA production. We 
further used gel permeation chromatography to deter-
mine the molecular weight of γ-PGA produced by GJ11. 
The average retention time of standard γ-PGA was about 
8.39 min, while the average retention time of γ-PGA pro-
duced by GJ11 was about 6.92 min (Fig. 1c). It is known 
that the molecule with a higher molecular weight has a 
shorter retention time for the gel permeation chromatog-
raphy. Thereby, the molecular weight of γ-PGA produced 
by GJ11 is higher than the γ-PGA standard with a molec-
ular weight of 580 kD.

Compatibility of GJ11 to FA powder
FA powder was dissolved in water as a medium for cul-
turing GJ11. The results showed that the biomass of GJ11 
was gradually increased with the increase of FA pow-
der (< 40  g/L), indicating that FA powder could provide 
nutrients for the bacterial growth when it was used at a 
concentration less than 40 g/L. After the FA powder con-
centration was more than 40  g/L, the biomass of GJ11 
was decreased with the increase of FA powder added in 
the medium (Additional file 1: Fig. S1a). Further studies 
showed that, with the increase of FA powder concentra-
tion, the pH value of medium was decreased due to the 
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presence of organic acids in the power (Additional file 1: 
Fig. S1b). The low pH value suppressed the bacterial 
growth. Thereby, we adjusted the pH value of medium 
to 7.0 before sterilization, and found it decreased to ~ 6.5 
after sterilization (Additional file 1: Fig. S1c).

The original fermentation medium with FA pow-
der was adjust to pH 7.0 for culturing GJ11. As shown 
in Additional file  1: Fig. S1d, the biomass of culture 
reached the maximum when FA powder was used 

at a concentration of 40  g/L. When the concentra-
tion of FA powder was more than 40 g/L, the biomass 
decreased dramatically with the increase of FA pow-
der added in the fermentation medium. Differently, an 
addition of FA power could not increase the γ-PGA 
production. The γ-PGA production reached the high-
est value, ~ 42  g/L, when no FA powder was added in 
the fermentation medium. Thereby, addition with FA 
power in the original fermentation medium could not 
increase but reduce γ-PGA production in the broth.
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Fig. 1 γ-PGA produced by GJ11. a Effect of sodium glutamate on γ-PGA production. b SDS-PAGE analysis of γ-PGA produced by GJ11 in the 
medium with sodium glutamate. Lane S: Commercial γ-PGA standard; Lane 1—8: γ-PGA produced by GJ11 in the medium with 70, 60, 50, 40, 30, 
20, 10, and 0 g/L of sodium glutamate, respectively. c Gel permeation chromatography analysis of the molecular weights of γ-PGA produced by 
GJ11
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Effects of carbon and nitrogen sources on γ‑PGA 
production
Addition with FA powder in the original fermentation 
medium was unfavorable for GJ11 to produce γ-PGA; 
thereby, we further detected whether FA powder (40 g/L) 
could substitute some nutrients for reducing the cost of 
γ-PGA production. Glucose is known as the most effi-
cient carbon source for producing γ-PGA currently. 
Thus, we studied whether FA powder could substitute 
glucose in the fermentation medium. As shown in Fig. 2a, 
the biomass and γ-PGA production were both decreased 
in the broth when no glucose was added in the medium. 
Conversely, addition with glucose could increase both 
of biomass and γ-PGA production in the broth. Under a 
glucose concentration of 70 g/L, the biomass and γ-PGA 
production were both increased with the increase of glu-
cose concentration in medium. When the glucose con-
centration was more than 70 g/L, the biomass and γ-PGA 
production was no longer increased with the increase of 
glucose in medium. Besides glucose, citrate acid is also 
regarded as a common carbon source for γ-PGA pro-
duction. As shown in Fig.  2b, the γ-PGA production, 
rather than the biomass, was increased with the increase 
of citrate sodium concentration in medium. This was 
probably due to the reason that citrate acid was mainly 
contributed to biosynthesis of glutamate, a monomer for 
biosynthesizing γ-PGA, rather than the bacterial growth. 
When the concentration of citrate sodium was more than 
10 g/L, the production of γ-PGA was no longer increased 
with the increase of citrate sodium added in the medium.

Although GJ11 is a glutamate-independent γ-PGA pro-
ducer, addition with glutamate could improve its γ-PGA 
production. As shown in Fig.  2c, the biomass was not 
significantly influenced by addition with sodium gluta-
mate, but the γ-PGA production was obviously increased 
by addition with sodium glutamate in the medium. The 
highest γ-PGA production was obtained when sodium 
glutamate was added at a final concentration of 10  g/L, 
and higher concentrations of sodium glutamate could not 
improve but reduce γ-PGA production in the broth.

The glutamate-independent producer can use inor-
ganic nitrogen sources for biosynthesizing γ-PGA [21]. 
As shown in Fig. 2d, an addition of  NaNO3 could improve 
both biomass and γ-PGA production in the broth. When 
the concentration of  NaNO3 was more than 2  g/L, the 
biomass was no longer increased with the increase of 
 NaNO3, but the γ-PGA production was still increased 
until the concentration of  NaNO3 reached to 12  g/L. 
However, another inorganic nitrogen source,  NH4Cl, 
could neither improve γ-PGA production nor increase 
biomass in the broth (Fig.  2e). Moreover, the bacterial 
growth was inhibited by  NH4Cl when it was added in the 
medium at a concentration more than 2  g/L. Similarly, 

the γ-PGA production was reduced when  NH4Cl was 
added in the medium at a concentration more than 4 g/L.

Effects of inorganic salts on γ‑PGA production
Inorganic salts have been reported to be important for 
γ-PGA production [26, 27]. As shown in Fig. 3a,  KH2PO4 
could improve both biomass and γ-PGA production in 
the broth. However, when the concentration of  KH2PO4 
was more than 0.3  g/L, the biomass was no longer 
increased with the increase of  KH2PO4 added in the 
medium. Moreover, the biomass was reduced when the 
concentration of  KH2PO4 was more than 0.7  g/L. Simi-
larly, the excessive  KH2PO4 (> 0.9 g/L) was also unfavora-
ble for GJ11 to produce γ-PGA.

It has been reported that  Mn2+ can improve cell 
growth, prolong cell viability, and assist the utilization 
of different carbon sources [26]. As shown in Fig.  3b, 
an addition of  MnSO4 could not significantly improve 
γ-PGA production, indicating that  Mn2+ in the FA pow-
der was enough for GJ11 to produce γ-PGA. Moreover, 
with the increase of  MnSO4 added in the medium, the 
γ-PGA production was gradually decreased in broth.

Mg2+ is necessary for the activity of PgsBCA, the 
enzyme complex for biosynthesizing γ-PGA in Bacil-
lus [27]. Our results showed that an addition of  MgSO4 
could not improve biomass and γ-PGA production in 
the broth. When the concentration of  MgSO4 increased, 
the γ-PGA production was gradually reduced in broth 
(Fig. 3c). Thereby, an addition of  Mg2+ was not necessary 
for producing γ-PGA in the medium with FA powder.

We further investigated whether an addition of  Ca2+ 
could improve γ-PGA production in the broth. It was 
found that an addition of  CaCl2 could not significantly 
improve biomass and γ-PGA production in the medium 
with FA powder. Moreover, the excessive  Ca2+ even 
inhibited the γ-PGA production in broth (Fig.  3d). The 
results indicated that  Ca2+ was already enough for pro-
ducing γ-PGA in the medium with FA powder.

As shown in Fig. 3e, an addition of  FeCl3 in the medium 
with FA powder was favorable for improving biomass 
rather than γ-PGA production in the broth. However, the 
excessive  Fe3+ (> 0.02 g/L) could not further improve bio-
mass in the broth.

Orthogonal test for optimizing fermentation medium
On the basis of above results, we further optimized the 
fermentation medium formula with orthogonal test. 
Glucose, citrate sodium, sodium glutamate,  NaNO3, 
 KH2PO4, and FA powder were selected for further opti-
mization according to the orthogonal experiments 
([L18(37)]. As shown in Table 1, glucose,  NaNO3, sodium 
glutamate, and citrate sodium improved the γ-PGA pro-
duction, while FA powder was negative for the γ-PGA 
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production. According to R value obtained from the 
orthogonal tests, we found that γ-PGA production was 
successively affected by sodium glutamate,  NaNO3, cit-
rate sodium, FA powder, glucose, and  KH2PO4. The 
optimal combination of medium was A3B3C2D1E3F3, 
corresponding to 80 g/L glucose, 20 g/L  NaNO3, 0.7 g/L 
 KH2PO4, 20  g/L FA powder, 20  g/L sodium glutamate, 
and 20  g/L citrate sodium, which resulted in the high-
est γ-PGA production of 35.54 g/L. On the other hand, 
glucose and FA powder were favorable, while  NaNO3, 
sodium glutamate, citrate sodium, and  KH2PO4 were 
unfavorable, for the bacterial growth. On the basis of 
R value, we found that the biomass was successively 
affected by glucose,  NaNO3, citrate sodium, FA powder, 
sodium glutamate, and  KH2PO4. The bacterial growth 
showed a negative correlation with the γ-PGA produc-
tion of GJ11. Here, we mainly focused on the γ-PGA pro-
duction, so the optimized medium formula was selected 
as 80 g/L glucose, 20 g/L  NaNO3, 0.5 g/L  KH2PO4, 20 g/L 
FA powder, 20 g/L sodium glutamate, and 20 g/L citrate 
sodium. Compared to the original fermentation medium, 
the cost of sodium glutamate and citrate sodium were 
both decreased around one-third due to an addition of 

FA powder in the medium. Moreover, FA powder could 
be a substitute for  NH4Cl,  MgSO4,  MnSO4,  CaCl2, and 
 FeCl3 in the original fermentation medium.

Optimization of fermentation conditions for γ‑PGA 
production
With the optimized fermentation medium formula, we 
further detected the effect of pH on γ-PGA production. 
As shown in Fig. 4a, the increase of medium pH value 
led to a gradually decreased γ-PGA production in the 
broth. The biomass was changed with the change of 
medium pH value, and at pH 7.0, the biomass achieved 
the highest value. The biomass was decreased at pH 
6.5, increased at pH 7.0, then decreased again at pH 
7.5, and increased again at pH 8.0. This might be due to 
the reason that the FA power contains different organic 
acids. The change of pH value might influence the dis-
sociation and solubility of organic acids in the medium. 
Different organic acids have different dissociation and 
solubility at different pH values. Thereby, the availabil-
ity of organic acids to be used by the bacterium was 
possibly changed along with the change of medium pH 

Table 1 Results of orthogonal experiment

Treatment A B C D E F γ‑PGA (g/L) OD600

1 1 1 1 1 1 1 15.39 4.91

2 1 2 2 2 2 2 22.08 3.04

3 1 3 3 3 3 3 27.14 2.15

4 2 1 1 2 2 3 22.51 5.27

5 2 2 2 3 3 1 26.83 5.52

6 2 3 3 1 1 2 25.53 3.61

7 3 1 2 1 3 2 29.86 6.88

8 3 2 3 2 1 3 26.69 7.03

9 3 3 1 3 2 1 22.78 7.38

10 1 1 3 3 2 2 17.69 4.98

11 1 2 1 1 3 3 33.06 3.00

12 1 3 2 2 1 1 21.68 4.42

13 2 1 2 3 1 3 19.09 5.20

14 2 2 3 1 2 1 20.87 4.12

15 2 3 1 2 3 2 29.21 4.45

16 3 1 3 2 3 1 24.31 7.01

17 3 2 1 3 1 2 22.23 7.20

18 3 3 2 1 2 3 35.54 4.43

K1 138.44 128.86 145.19 160.25 130.62 131.87

K2 144.04 151.76 155.08 146.48 141.48 146.60

K3 161.42 161.88 142.24 135.77 170.41 164.04

k1 23.07 21.48 24.20 26.71 21.77 21.98

k2 24.01 25.29 25.85 24.41 23.58 24.43

k3 26.90 26.98 23.71 22.63 28.40 27.34

R 3.83 5.50 2.14 4.08 6.63 5.36
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value. Due to this reason, the biomass was also changed 
with the change of medium pH value.

We also investigated the effect of liquid volume on 
γ-PGA production, and found the γ-PGA production 
was decreased when the liquid volume was increased 
in the flask (Fig.  4b). The biomass reached the high-
est value when the liquid volume was 50  mL which 
was loaded in a 250 mL flask, and the excessive liquid 
volumes were unfavorable for the bacterial growth. As 
shown in Fig.  4c, the γ-PGA production and biomass 
were both influenced by inoculation amount. When 
the inoculation amount was more than 3%, the γ-PGA 
production was gradually decreased with the increase 
of inoculation amount. Similarly, the biomass was also 
decreased with the increase of inoculation amount 
(> 5%).

Verification of optimized fermentation medium formula 
and conditions for γ‑PGA production
We cultured GJ11 in the optimized fermentation 
medium and conditions, and found glucose in the 
medium was not obviously consumed by GJ11 dur-
ing the first 12  h, corresponding to the result that 
no γ-PGA was accumulated in this period. During 
12—36 h, the biomass was dramatically increased, cor-
responding to a rapid decrease of residual glucose in 
the broth. Consistently, γ-PGA was rapidly biosynthe-
sized in this period, with a maximum production of 
41.47 g/L and a high productivity of 1.15 g/(L·h). Dur-
ing 36—48 h, the biomass, residual glucose, and γ-PGA 
production had no obvious change. During 48—96  h, 
the biomass was increased again, accompanied by 
a decrease of residual glucose in the broth. In this 
period, γ-PGA production was gradually decreased 
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(Fig.  5a), suggesting that some γ-PGA was consumed 
as carbon and nitrogen source for the bacterial growth. 
FA in the medium could not be used by GJ11, which 
was consistent with the previous report [18]. However, 
other organic acids could be gradually consumed by 
GJ11, accompanied by a gradually increased pH value 
of broth (Fig. 5b).

We further verified the influence of FA powder on 
biomass and γ-PGA production in the optimized for-
mula. It was found that 42.55  g/L of γ-PGA was pro-
duced with the optimized fermentation medium 
containing 20  g/L FA powder, while only 2.87  g/L 
γ-PGA was produced with the medium without FA 
powder (Fig. 5c). These results indicated that FA pow-
der was very important for the γ-PGA production in 
our optimized formula, because it contains some nec-
essary nutrients for producing this polymer.

Hypersensitive response (HR) and induced systemic 
resistance (ISR) triggered by γ‑PGA and its hydrolysates
Lei et  al. have reported that γ-PGA can protect plants 
against abiotic stress, such as high and low temperature 
[28]. In this study, we used γ-PGA purified from the 
broth of GJ11 to treat plants, and then invested whether 
HR and ISR could be triggered in the leaves. The results 
showed that γ-PGA could not induce neither HR nor 
ISR to protect plants form the pathogen (Pst DC3000) 
infection (Fig.  6a, b). We further digested γ-PGA into 
the hydrolysates with smaller molecular weights, and 
detected whether the γ-PGA hydrolysates could induce 
the HR and ISR in plants. It was found that, as the hydrol-
ysis time increased, more and more γ-PGA was digested 
into the hydrolysates with smaller molecular weights 
(Fig.  6c). After hydrolysis, the pH value of solution was 
adjusted to 7.0, and then used for injecting the tobacco 
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leaves by a syringe without needles. As shown in Fig. 6d, 
the γ-PGA hydrolysates, which were produced by diges-
tion of γ-PGA at pH 2.0 and 80 °C for 5 h, could trigger 
HR in the leaves significantly. Consistently, the plants 
with ISR triggered by irrigating roots with the γ-PGA 
hydrolysates showed a significant resistance against 
the pathogen (Pst DC3000) infection (Fig.  6e). Further 
studies found that 5 g/L γ-PGA hydrolysates were more 
effective for inducing the plant resistance against the Pst 
DC3000 infection (Fig. 6f ).

H2O2 accumulation and callose deposition induced by γ‑PGA 
hydrolysates
Many activators produced by beneficial microorganisms 
can trigger ISR to protect plants from pathogens infec-
tion by eliciting the defense-related responses, such as 
reactive oxygen species (ROS, e.g.,  H2O2) accumulation 
and callose deposition [24]. To know whether the γ-PGA 
hydrolysates could induce the defense-related responses, 
the roots of Arabidopsis thaliana were treated with the 
γ-PGA hydrolysates and then infected by Pst DC3000. 
The results showed that treatment with the γ-PGA 
hydrolysates alone could not induce significant  H2O2 
accumulation (Fig.  7a) and callose deposition (Fig.  7b) 
in the leaves. However, inoculation with pathogen alone 
could elicit  H2O2 accumulation and callose deposition 
in the leaves. Further investigation found that pre-treat-
ment with the γ-PGA hydrolysates could elicit a mild 
but effective plant immunity rapidly responding to the 
Pst DC3000 infection, accompanied by an obvious  H2O2 
accumulation (Fig. 7a) and callose deposition (Fig. 7b) in 
the leaves.

We used different defense-compromised lines of Arabi-
dopsis, including NahG (salicylic acid (SA)—degrading 
transgenic line), jar1-1 (jasmonic acid (JA)—insensitive 
line), ein2 (ethylene (ET)—insensitive line), and npr1 
(nonexpressor of PR proteins), to detect possible signal-
ing induced by the γ-PGA hydrolysates. Compared to the 
control (water), after inoculation with Pst DC3000 for 
12 h, the lines, including Col-0, NahG, and jar1-1, were all 
observed with obvious  H2O2 accumulation (Fig. 7c) and 
callose deposition (Fig. 7d) in the leaves, while the lines, 
such as ein2 and npr1, were not. After inoculation with 

Pst DC3000 for 24  h, the enhanced  H2O2 accumulation 
(Fig. 7c) and callose deposition (Fig. 7d) was observed in 
the lines Col-0, NahG, and jar1-1, rather than in the lines 
ein2 and npr1, pre-treated with the γ-PGA hydrolysates. 
These results suggested that the ISR induced by γ-PGA 
hydrolysates is dependent on NPR1, and the ET signal-
ing, rather than the SA and JA signaling in plants.

We further recovered the pathogen in different lines, 
and found that pre-treatment with the γ-PGA hydro-
lysates could significantly reduce the amount of Pst 
DC3000 in Col-0, NahG, and jar1-1 when compared to 
that in the control (CK) (Fig.  7e). However, the patho-
gen amounts recovered from ein2 and npr1 was similar 
between the group pre-treated with γ-PGA hydrolysates 
and the control (CK). The results further verified that the 
ISR induced by γ-PGA hydrolysates is dependent on the 
ET signaling and NPR1 in plants.

Discussion
Previously, we isolated a strain B. velezensis GJ11, which 
could produce acetoin to trigger ISR in plants [24]. Here, 
we found it could also produce γ-PGA using glucose 
and ammonium chloride as substrates in a glutamate-
independent manner. However, most of these producers 
have low yield of γ-PGA. Thus, people began to use glu-
tamate to enhance the yield of this polymer, resulting in 
a significant increase of the cost. To produce γ-PGA at 
a low cost, we tested whether FA powder, which is pro-
duced from the wastewater of molasses fermentation in 
the yeast fermentation industry [29], could substitute 
some nutrients in the original fermentation medium for-
mula. We first determined whether GJ11 was compatible 
to FA powder. Due to the low pH of FA powder medium, 
increasing the concentration of FA powder resulted in a 
gradual decrease of medium pH value, which was unfa-
vorable for the bacterial growth. However, the decrease 
could be reversed by increasing the original pH value of 
the medium with NaOH. pH is also an important envi-
ronmental factor for γ-PGA fermentation. It has been 
reported that pH 6.5 can support a high γ-PGA produc-
tion, whereas pH 7.0 is favorable for the cell growth [26]. 
Thereby, to enhance γ-PGA production, the broth pH 
should be maintained at 7.0 for the first 24 h to obtain a 

(See figure on next page.)
Fig. 6 Effects of γ-PGA and its hydrolysates on triggering HR and ISR against Pst DC3000 infection in tobacco plants. a Effect of γ-PGA on 
triggering HR in tobacco leaves; b Effect of γ-PGA on triggering ISR against Pst DC3000 infection in tobacco plants. c SDS-PAGE analysis of γ-PGA 
hydrolysates. The pH of γ-PGA solution (5 g/L) was adjusted to 2.0, then hydrolyzed at 80 °C for 0, 1, 2, 3, 4, 5, 6, 7, and 8 h, respectively. d Effect of 
γ-PGA hydrolysates on triggering HR in tobacco plants. 5–1—5–10: 5 g/L γ-PGA hydrolysates produced by digestion at pH 2.0 and 80 °C for 1, 2, 3, 
4, 5, 6, 7, 8, 9, and 10 h, respectively. e ISR triggered by 5 g/L γ-PGA hydrolysates produced by digestion at pH 2.0 and 80 °C for 1, 2, 3, 4, 5, 6, 7, 8, 9, 
and 10 h, respectively, to protect plants from Pst DC3000 infection. f Effect of γ-PGA hydrolysates (digestion at pH 2.0 and 80 °C for 5 h) at different 
concentrations on triggering ISR against Pst DC3000 infection. γ-PGA: the γ-PGA hydrolysates. *indicates significant difference from the control (CK, 
treated with water)
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maximum biomass, and then shifted to 6.5 to maximize 
γ-PGA production.

Although FA powder could promote the growth of 
GJ11 at certain concentrations, it was unfavorable for the 
cells to produce γ-PGA. Thereby, we further optimized 
the medium formula with FA powder to improve the 
γ-PGA production and reduce the production cost. Gen-
erally, glucose is a preferred carbon source for producing 
γ-PGA [21]. In this study, an addition of glucose could 
effectively improve both biomass and γ-PGA produc-
tion in the medium with FA powder, indicating that FA 
powder alone is not enough to provide carbon sources 
for producing γ-PGA. Thereby, FA powder could not 
substitute glucose in the original fermentation medium 
formula. Production of γ-PGA often requires the sup-
plementation of glutamate, resulting in an increase in 
the overall cost of production [15]. Although GJ11 is 
a glutamate-independent producer, our study showed 
that an addition of glutamate could also significantly 
increase its γ-PGA production. Interestingly, FA pow-
der could partially substitute glutamate in the original 
fermentation medium formula. Glutamate-independent 
producer can de novo synthesize glutamate monomer 
for biosynthesis of γ-PGA via the TCA cycle, so citrate 
acid is able to enhance γ-PGA production by joining the 
TCA cycle directly to elevate the intracellular level of 
α-ketoglutarate [30]. In this way, more glutamate are gen-
erated for producing γ-PGA as a substrate [21, 31]. Here, 
we tested whether FA powder could substitute citric acid 
in the original fermentation medium formula for produc-
ing γ-PGA. According to our results, the FA powder with 
organic acids could also partially substitute citric acid in 
the medium for producing γ-PGA.

GJ11 can use inorganic nitrogen sources to synthe-
size glutamate for γ-PGA production. In this study, we 
found that FA powder could substitute  NH4Cl rather 
than  NANO3 in the original fermentation medium for-
mula, indicating that FA powder mainly contains  NH4

+ 
rather than nitrate.  Mg2+ is necessary for γ-PGA pro-
duction, because it is critical for the activity of PgsBCA 
that is responsible for biosynthesis of γ-PGA in Bacillus 
[27].  Mn2+ is important for the stereochemical and enan-
tiomeric composition of γ-PGA [26].  Ca2+ and  Fe3+ are 
also needed for high production of γ-PGA. In this study, 

we found that FA powder could substitute all of these 
ions listed above. As a result, an addition of 20  g/L FA 
powder could decrease the cost of glutamate and citrate 
acid around one-third, and completely substitute  NH4

+, 
 Mg2+,  Mn2+, and  Fe3+ when compared to the original 
fermentation medium formula. Thereby, the formula of 
medium with FA powder can greatly reduce the cost for 
producing γ-PGA via fermentation.

Although B. subtilis and B. licheniformis are promis-
ing native bacteria for commercial production of γ-PGA 
most frequently [21], our study proved that B. velezensis 
GJ11 is also potential for γ-PGA production. With the 
optimized fermentation medium and conditions, the 
γ-PGA production reached a maximum concentration 
of 42.55  g/L, and a high productivity of 1.15  g/(L·h). In 
this formula, FA powder is essential, because the medium 
without FA powder had a much lower production of 
γ-PGA which was only 2.87 g/L in the broth.

After fermentation, the pH value of broth was signifi-
cantly increased and FA was slightly consumed by GJ11. 
Thereby, the broth containing both γ-PGA and FA with a 
high pH value should be a better and more effective fer-
tilizer than the FA power alone. In agriculture, γ-PGA is 
also reported with the ability to protect crops from plant 
diseases (e.g., Fusarium root rot) in addition to being used 
as a fertilizer synergist [32]. We hypothesized that γ-PGA 
might act as an activator to induce resistance against the 
pathogen infection in plants. Plant activators that can 
induce defense response have attracted increasing atten-
tions due to their potentials in controlling plant diseases 
while reducing the environmental burdens. Their action 
mechanisms can activate a complex signaling network, 
including the pathways regulated by salicylic acid (SA), 
ethylene (ET), jasmonic acid (JA), etc. [19]. In this study, 
we investigated whether γ-PGA could trigger resistance 
against the pathogens infection in plants. We found that 
the γ-PGA with high molecular weights could not effec-
tively trigger the resistance against Pst DC3000 infec-
tion, but the γ-PGA hydrolysates were effective to induce 
the defense response (e.g., HR,  H2O2 accumulation and 
callose deposition) against the pathogen infection. Our 
results also revealed that the γ-PGA hydrolysates mainly 
triggered ISR via the ET signaling and NPR1 in plants. 
Thereby, in addition to being used as a fertilizer synergist, 

Fig. 7 H2O2 accumulation and callose deposition in the leaves treated with γ-PGA hydrolysates. a  H2O2 accumulation in the leaves of wild-type 
line of Arabidopsis pre-treated with γ-PGA hydrolysates following with infection by Pst DC3000. b Callose deposition in the leaves of wild-type 
line of Arabidopsis pre-treated with γ-PGA hydrolysates following with infection by Pst DC3000. c  H2O2 accumulation in the leaves of mutant lines 
of Arabidopsis pre-treated with γ-PGA hydrolysates following with infection by Pst DC3000. d Callose deposition in the leaves of mutant lines of 
Arabidopsis pre-treated with γ-PGA hydrolysates following with infection by Pst DC3000. e Pathogen amounts recovered from the leaves of mutant 
lines of Arabidopsis pre-treated with γ-PGA hydrolysates following with infection by Pst DC3000. *indicates significant difference from the control 
(CK, pre-treated with water). γ-PGA: the γ-PGA hydrolysates

(See figure on next page.)
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γ-PGA is potential to be used as a new activator to trig-
ger the defense response against plant diseases.

Conclusions
We used the fermentation industry waste, FA powder, as 
a sustainable substrate for microbial synthesis of some 
biotechnological products such as γ-PGA. This technol-
ogy can not only alleviate the soil acidification induced by 
directly returning FA powder into soil, but also develop 
a new application of FA powder as a cheap raw material 
for producing γ-PGA at a low cost. Moreover, the novel 
use of FA powder as a raw material for fermentation is 
favorable for reducing the possible pollution induced 
by wastewater from the yeast fermentation with molas-
ses. Thereby, the bioprocess of converting FA powder 
to highly valuable products, such as γ-PGA, is circular 
economic.

Materials and methods
Strains, mediums, and chemicals
The strain used for producing γ-PGA was B. velezensis 
GJ11 [24]. The lines of Arabidopsis thaliana, including 
a wild-type line Col-0, and four defense-compromised 
mutants which were npr1 (nonexpressor of PR proteins), 
jar1-1 (jasmonic acid (JA)—insensitive line), ein2 (eth-
ylene (ET)—insensitive line), and NahG (salicylic acid 
(SA)—degrading transgenic line) [33], were gifts from 
Prof. Yan S, Huazhong Agricultural University, Wuhan, 
Hubei, China. FA powder was bought from Lesaffre, 
Guangxi, China. All other chemicals were of analytical 
grade supplied by Sinopharm Chemical Reagent (China).

The basic fermentation medium (pH 7.4) contained 
(g/L): glucose 70.0, citrate sodium 30.0,  NaNO3 12.0, 
 NH4Cl 8.0,  K2HPO4 0.7,  CaCl2 0.3,  MgSO4·7H2O 1.0, 
 MnSO4·H2O 0.07, and  FeCl3·6H2O 0.08. The original fer-
mentation medium was prepared with the basic fermen-
tation medium and sodium glutamate (30.0 g/L).

Production of γ‑PGA by GJ11
We determined whether GJ11 could produce γ-PGA by 
a glutamate-independent manner. GJ11 was cultured in 
LB medium overnight, then inoculated into 50 mL of the 
basic fermentation medium or the basic fermentation 
medium with a concentration gradient of sodium gluta-
mate (10, 20, 30, 40, 50, 60 and 70  g/L, respectively) in 
a 250 mL flask, and incubated at 37 °C and 180 rpm for 
36 h. After the incubation, the samples in different broths 
were collected for determining the γ-PGA produced by 
GJ11.

Detecting compatibility of GJ11 to FA powder
GJ11 was cultured in LB medium overnight and then 
inoculated into 50 mL of the concentration—gradient FA 

powder medium (1, 5, 10, 20, 40, 60 and 100 g/L, respec-
tively) in a 250 mL flask at a ratio of 3% (v/v), for further 
culture at 37 °C and 180 rpm for 24 h. After the incuba-
tion, the samples in different broths were collected for 
counting the colony-forming unit (cfu) of GJ11.

Assaying influences of FA powder on γ‑PGA production 
and biomass
FA powder was added into the original fermentation 
medium at different concentrations (0, 10, 20, 40, 60, 
and 100  g/L, respectively). The medium pH value was 
adjusted to 7.0 using 6 M NaOH solution. GJ11 was cul-
tured in LB medium overnight and then transferred into 
50  mL of the original fermentation medium with FA 
powder in a 250 mL flask at a ratio of 3%, for further cul-
ture at 37 °C and 180 rpm for 36 h. After the incubation, 
the samples were collected for determining γ-PGA pro-
duction and biomass of the broth.

Optimizing fermentation medium
In the original fermentation medium, the concentra-
tion of FA powder was set at 40  g/L, then the impacts 
of glucose, citrate sodium, sodium glutamate,  NaNO3, 
 KH2PO4,  NH4Cl,  MgSO4,  MnSO4,  CaCl2, and  FeCl3 
on γ-PGA production and biomass were investigated, 
respectively. In detail, glucose was added into the 
medium at a final concentration of 0, 10, 30, 50, 70, 90, 
110, and 130  g/L, citrate sodium was added at a final 
concentration of 0, 5, 10, 20, and 30  g/L, and sodium 
glutamate was added at a final concentration of 0, 5, 10, 
20, and 30  g/L respectively.  NaNO3 was added into the 
medium at a final concentration of 0, 2, 4, 8, 12, 16, 20, 
and 24 g/L, and  NH4Cl was added at a final concentration 
of 0, 2, 4, 6 and 8 g/L, respectively. The concentration of 
 KH2PO4 was set at 0, 0.3, 0.5, 0.7, 0.9, 1.1, and 1.3  g/L, 
respectively.  MnSO4 was added into medium at a final 
concentration of 0, 0.01, 0.03, 0.05, and 0.07 g/L,  MgSO4 
was added at a final concentration of 0, 0.2, 0.4, 0.8, and 
1 g/L,  CaCl2 was added at a final concentration of 0, 0.1, 
0.2, 0.3, and 0.4 g/L, and  FeCl3 was added at a final con-
centration of 0, 0.02, 0.04, 0.08, and 0.1 g/L, respectively. 
All other factors were held constantly.

On the basis of above optimization, the orthogonal 
test was set up for further optimizing the fermentation 
medium. Glucose, citrate sodium, sodium glutamate, 
 NaNO3,  KH2PO4, and FA powder were selected for the 
orthogonal experiment design [L18(37)], as listed in 
Table 2.

Optimization of culture conditions
On the basis of the orthogonal experiment, we further 
studied the effect of culture conditions on γ-PGA produc-
tion. To study the impact of pH on γ-PGA production, 
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the initial pH value of medium was set at 6.0, 6.5, 7.0, 7.5, 
and 8.0, respectively. To study the impact of ventilation 
on γ-PGA production, several 250 mL flasks containing 
25, 50, 75, 100, and 125 mL medium, respectively, were 
prepared for culturing GJ11. The amounts of inoculation 
were set at 1%, 3%, 5%, 7%, and 10% (v/v), respectively, 
for culturing GJ11 to produce γ-PGA. All other factors 
were held constantly.

Detecting γ‑PGA production and molecular weight, 
biomass, residual glucose, pH, and FA of broth
The biomass of GJ11 was assayed by detecting the  OD600 
value of broth. The γ-PGA production was determined by 
the cetyltrimethylammonium bromide (CTAB) turbidim-
etry method, and the SDS-PAGE analysis with methylene 
blue staining [30, 32, 34]. Residual glucose in the broth 
was determined using SBA-40D Bio-analyzer (Shandong 
Academy of Sciences, China) [35]. The pH value of broth 
was detected using a pH meter. The content of fulvic 
acid was determined by the  KMnO4 oxidation method. 
After dissolution, the content of fulvic acid was valued by 
titration with ferrous ammonium sulfate and N-phenyl 
anthranilic acid, which could indicate the end point [17, 
36]. The γ-PGA molecular weights were measured using 
gel permeation chromatography with a RI-10 refractive-
index detector and a SuperposeTM 6 column (Shimadzu 
Corp, Japan) [37].

Analysis of hypersensitive reaction (HR) induced by γ‑PGA 
and its hydrolysates
γ-PGA was recovered from the GJ11 broth [20]. 20 
μL of γ-PGA in gradient concentration (1, 5, 10, and 
15  g/L, respectively) was used for injecting the tobacco 
leaves with a 1 mL syringe without needles. After 24 h, 
the hypersensitive response (HR) was detected via 
trypan blue staining [24]. γ-PGA was also used for irri-
gating tobacco seedlings to detect the induced systemic 
response (ISR) in plants. In detail, the tobacco seed-
lings planted in pots (one plant per pot, and ten pots 
per group) were irrigated with γ-PGA solution (1, 5, 
10, and 15 g/L, respectively) at 5 ml per seedling. After 
3 days, the pathogen of Pseudomonas syringae pv. tomato 
DC3000 (termed as Pst DC3000, 1 × 108  cfu  mL−1) was 
used for infecting tobacco plants by spraying the leaves 

evenly. The leaves were collected 3 days after the infec-
tion, and then sterilized and homogenized for spreading 
plates. After incubation at 37  °C for 48  h, the bacterial 
colonies were counted for calculating the Pst DC3000 
content per gram of fresh leaf (cfu  g−1) [24].

The γ-PGA solution (5  g/L) was adjusted to pH 2.0, 
and then incubated at 80  °C for 0, 1, 2, 3, 4, 5, 6, 7, and 
8 h, respectively. After digestion, the pH value of solution 
was adjusted to 7.0 with 6 M NaOH, and then, the sam-
ples were collected for analysis of the hydrolysates using 
SDS-PAGE [32]. Thereafter, the γ-PGA hydrolysates 
were detected for the activity to trigger HR, and the ISR 
against Pst DC3000 infection as above.

Detecting cellular defensive responses induced by γ‑PGA 
hydrolysates
Different lines of A. thaliana seedlings (6-week-old, 
10 seedlings per group), including Col-0, NahG, npr1, 
jar1-1, and ein2, were irrigated with 5 mL of the γ-PGA 
hydrolysates (5  g/L of γ-PGA was hydrolyzed at pH 2.0 
and 80 °C for 5 h), and then infected with Pst DC3000 by 
spraying the leaves as above. After infection for 12 and 
24 h, the leaves were collected and stained with DAB to 
detect the accumulation of  H2O2, a kind of reactive oxy-
gen species (ROS), in plants [24]. The callose deposition 
in leaves was also detected by our previous methods [24]. 
Briefly, the leaves of A. thaliana were fixed with 1% (v/v) 
glutaraldehyde solution overnight, treated with ethanol 
at 90  C for 15  min, and stained with 0.1% (w/v) aniline 
blue for 12 h, and then observed by fluorescence micro-
scope after being extensively washed by 50% (v/v) ethanol 
solution.

Statistical analysis
All experiments were repeated in triplicates. The data 
between two groups were compared using Student’s t 
test.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1306 8-020-01818 -5.

Table 2 Factorial level

Factorial level A—glucose g/L B—NaNO3g/L C—KH2  PO4g/L D—FA power g/L E—l‑glutamate g/L F—citrate 
sodium 
g/L

1 60 12 0.5 20 5 5

2 70 16 0.7 30 10 10

3 80 20 0.9 40 20 20

https://doi.org/10.1186/s13068-020-01818-5
https://doi.org/10.1186/s13068-020-01818-5
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Additional file 1: Figure S1. Compatibility of GJ11 to FA power. a 
Influence of FA power on the growth of GJ11. b Influence of sterilization 
on pH of the medium with different concentrations of FA power with a 
natural pH. c Influence of sterilization on pH of the medium with different 
concentrations of FA power with an original pH of 7.0. d Effect of FA power 
on cell biomass and γ-PGA production.
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