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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 acidi�cation 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 produced 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 the ISR triggered by γ-
PGA hydrolysates was dependent on the ethylene (ET) signalling and nonexpressor of pathogenesis-
related proteins 1 (NPR1).

Conclusions: To our knowledge, this is the �rst report to use the industry waste, FA powder, as a
sustainable substrate 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.

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 wastewater is discharged into the environment without appropriate pre-treatment, aggravating the
dire water pollution situations [1, 13, 14].

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 tonnes 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 (>
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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 acidi�cation because it contains a lot of organic acids. On the other hand, FA
powder is soluble, and contains 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 acidi�cation. Furthermore, the FA powder can be bioconverted 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 environment. Many Bacillus species, such as B. subtilis,
B. licheniformis, B. amyloliquefaciens, and B. velezensis are generally used as hosts for producing
fermentation-products 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 hindered due to the low yield and high cost of the
production when compared with conventional materials, because the production of γ-PGA via
fermentation generally needs glutamate and other high-cost components as substrates. Thereby, some
low-cost feedstocks (e.g. FA powder) are urgently needed to overcome the economical and sustainable
obstacles to biotechnologically produce 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 activity 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 trigger 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) signalling and nonexpressor of pathogenesis-related proteins 1
(NPR1) in plants.

Results
GJ11 producing γ-PGA by a glutamate-independent manner
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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 glutamate concentration (Fig. 1a). This was consistent with the result of
SDS-PAGE (Fig. 1b). Thereby, GJ11 is a glutamate-independent γ-PGA producer, and an addition of
glutamate can further improve its γ-PGA production. We further used gel permeation chromatography to
determine 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 produced 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 chromatography. Thereby, the molecular weight of γ-PGA produced by GJ11 is higher
than the γ-PGA standard with a molecular weight of 580 kD.

Compatibility of GJ11 to FA powder

FA powder was dissolved in water as a medium for culturing GJ11. The results showed that the biomass
of GJ11 was gradually increased with the increase of FA powder (< 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 concentration was more than 40 g/L, the biomass of GJ11 was decreased with the
increase of FA powder added in the medium (Fig. S1a). Further studies showed that, with the increase of
FA powder concentration, the pH value of medium was decreased due to the presence of organic acids in
the power (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 (Fig. S1c).

The original fermentation medium with FA powder was adjust to pH 7.0 for culturing GJ11. As shown in
Fig. S1d, the biomass of culture reached the maximum when FA powder was used at a concentration of
40 g/L. When the concentration of FA powder was more than 40 g/L, the biomass decreased dramatically
with the increase of FA powder added in the fermentation medium. Differently, an addition of FA power
could not increase the γ-PGA production. The γ-PGA production reached the highest 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.

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 e�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 glucose concentration in
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medium. When the glucose concentration 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 production. 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 producer, addition with glutamate could improve its γ-
PGA production. As shown in Fig. 2c, the biomass was not signi�cantly in�uenced by addition with
sodium glutamate, 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 �nal
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 inorganic 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. Similarly, the excessive KH2PO4 (> 0.9 g/L) was also unfavorable 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 signi�cantly improve

γ-PGA production, indicating that Mn2+ in the FA powder 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.
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Mg2+ is necessary for the activity of PgsBCA, the enzymes complex for biosynthesizing γ-PGA in Bacillus
[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 signi�cantly 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 producing 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 biomass 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

optimization according to the orthogonal experiments (L18(37)). As shown in Table 1, glucose, NaNO3,
sodium glutamate, and citrate sodium improved the γ-PGA production, while FA powder was negative for
the γ-PGA production. According to R-value obtained from the orthogonal tests, we found that γ-PGA
production was successively affected by sodium glutamate, NaNO3, citrate 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 highest 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 production of GJ11. Here, we mainly focused on the γ-PGA
production, 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 
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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 in�uence the dissociation and
solubility of organic acids in the medium. Different organic acids have different dissociation and
solubility at different pH values. Thereby, the availability of organic acids to be used by the bacterium
was possibly changed along with the change of medium pH 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 �ask (Fig. 4b). The biomass reached the
highest value when the liquid volume was 50 mL which was loaded in a 250 mL �ask, and the excessive
liquid volumes were unfavorable for the bacterial growth. As shown in Fig. 4c, the γ-PGA production and
biomass were both in�uenced 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%).

Veri�cation 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 during the �rst 12 h, corresponding to the result that no γ-
PGA was accumulated in this period. During 12 - 36 h, the biomass was dramatically increased,
corresponding to a rapid decrease of residual glucose in the broth. Consistently, γ-PGA was rapidly
biosynthesized in this period, with a maximum production of 41.47 g/L and a high productivity of 1.15
g/(L·h). During 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 (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 veri�ed the in�uence of FA powder on biomass and γ-PGA production in the optimized
formula. It was found that 42.55 g/L of γ-PGA was produced 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 powder was very important for the γ-PGA production in
our optimized formula because it contains some necessary nutrients for producing this polymer.

Hypersensitive response (HR) and induced systemic resistance (ISR) triggered by γ-PGA and its
hydrolysates
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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 puri�ed from the broth of GJ11 to treat plants, 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. 6 a and 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 hydrolysis 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, then used for injecting the tobacco
leaves by a syringe without needles. As shown in Fig. 6d, the γ-PGA hydrolysates, which were produced by
digestion of γ-PGA at pH 2.0 and 80 oC for 5 h, could trigger HR in the leaves signi�cantly. Consistently,
the plants with ISR triggered by irrigating roots with the γ-PGA hydrolysates showed a signi�cant
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 bene�cial microorganisms can trigger ISR to protect plants from pathogens
infection by eliciting the defence-related responses, such as reactive oxygen species (ROS, e.g. H2O2)
accumulation and callose deposition [24]. In order to know whether the γ-PGA hydrolysates could induce
the defence-related responses, the roots of Arabidopsis thaliana were treated with the γ-PGA hydrolysates,
then infected by Pst DC3000. The results showed that treatment with the γ-PGA hydrolysates alone could
not induce signi�cant 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-treatment 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 Arabidopsis, 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 signalling 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 signalling, rather than the SA and JA signalling in plants.

We further recovered the pathogen in different lines, and found that pre-treatment with the γ-PGA
hydrolysates could signi�cantly reduce the amount of Pst DC3000 in Col-0, NahG, and jar1-1 when
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compared to that in the control (CK) (Fig. 7e). However, the pathogen amounts recovered from ein2 and
npr1 was similar between the group pre-treated with γ-PGA hydrolysates and the control (CK). The results
further veri�ed that the ISR induced by γ-PGA hydrolysates is dependent on the ET signalling 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 glutamate to enhance the yield of this polymer, resulting in a signi�cant increase of
the cost. In order to produce γ-PGA at a low cost, we tested whether FA powder, which is produced from
the wastewater of molasses fermentation in the yeast fermentation industry [29], could substitute some
nutrients in the original fermentation medium formula. We �rstly 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 unfavorable 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 environmental factor for γ-PGA fermentation. It has been reported that pH
6.5 can support a high γ-PGA production, whereas pH 7.0 is favorable for the cell growth [26]. Thereby, in
order to enhance γ-PGA production, the broth pH should be maintained at 7.0 for the �rst 24 h to obtain a
maximum biomass, 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. Generally, 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 production 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 supplementation 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 signi�cantly increase its γ-PGA
production. Interestingly, FA powder 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 generated 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 producing 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.
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GJ11 can use inorganic nitrogen sources to synthesize glutamate for γ-PGA production. In this study, we
found that FA powder could substitute NH4Cl rather than NaNO3 in the original fermentation medium

formula, indicating that FA powder mainly contains NH4
+ rather than nitrate. Mg2+ is necessary for γ-PGA

production 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 enantiomeric 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 promising 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 signi�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 fertilizer 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
attentions due to their potentials in controlling plant diseases whilst reducing the environmental burdens.
Their action mechanisms can activate a complex signalling 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 effectively trigger the resistance against Pst DC3000 infection, 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 signalling and NPR1 in plants. Thereby, in addition to being used as a fertilizer
synergist, γ-PGA is potential to be used as a new activator to trigger 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 technology can not only alleviate the soil
acidi�cation induced by directly returning FA powder into soil, but also develop a new application of FA
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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 molasses. 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 (ethylene (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
fermentation medium was prepared with the basic fermentation 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 glutamate (10, 20, 30, 40, 50, 60 and
70 g/L, respectively) in a 250 mL �ask and incubated at 37 oC 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, then inoculated into 50 mL of the concentration - gradient FA
powder medium (1, 5, 10, 20, 40, 60 and 100 g/L, respectively) in a 250 mL �ask at a ratio of 3% (v/v), for
further culture at 37 oC and 180 rpm for 24 h. After the incubation, the samples in different broths were
collected for counting the colony-forming unit (cfu) of GJ11.

Assaying in�uences 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,
100 g/L, respectively). The medium pH value was adjusted to 7.0 using 6 M NaOH solution. GJ11 was
cultured in LB medium overnight, then transferred into 50 mL of the original fermentation medium with
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FA powder in a 250 mL �ask at a ratio of 3%, for further culture at 37 oC and 180 rpm for 36 h. After the
incubation, the samples were collected for determining γ-PGA production and biomass of the broth.

Optimizing fermentation medium

In the original fermentation medium, the concentration 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 �nal concentration of 0, 10, 30, 50, 70, 90, 110 and 130 g/L, citrate sodium was added at a
�nal concentration of 0, 5, 10, 20, and 30 g/L, and sodium glutamate was added at a �nal concentration
of 0, 5, 10, 20, and 30 g/L respectively. NaNO3 was added into the medium at a �nal concentration of 0, 2,
4, 8, 12, 16, 20 and 24 g/L, and NH4Cl was added at a �nal 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 �nal concentration of 0, 0.01, 0.03, 0.05 and 0.07 g/L, MgSO4 was
added at a �nal concentration of 0, 0.2, 0.4, 0.8 and 1 g/L, CaCl2 was added at a �nal concentration of 0,
0.1, 0.2, 0.3 and 0.4 g/L, and FeCl3 was added at a �nal concentration 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)) 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
production. To study the impact of pH on γ-PGA production, 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
�asks 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) turbidimetry 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 sulphate and N-
phenyl anthranilic acid, which could indicate the end point [17, 36]. The γ-PGA molecular weights were
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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 an 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 irrigating tobacco seedlings to detect the induced systemic response (ISR) in plants. In detail, the
tobacco seedlings planted in pots (one plant per pot, and 10 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 three days after the
infection, then sterilized and homogenized for spreading plates. After incubation at 37 oC 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, then incubated at 80 oC 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, then the
samples 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 oC for 5 h), 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 oxygen species (ROS), in plants [24]. The callose deposition in leaves was also detected by our
previous methods [24]. Brie�y, the leaves of A. thaliana were �xed with 1% (v/v) glutaraldehyde solution
overnight, treated with ethanol at 90 oC for 15 min, and stained with 0.1% (w/v) aniline blue for 12 h, then
observed by �uorescence microscope 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.

Abbreviations
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FA: fulvic acid; γ-PGA: poly-γ-glutamic acid; SDS-PAGE: dodecyl sulfate sodium salt (SDS) -
polyacrylamide gel electrophoresis; HR: hypersensitive response; ISR: induced systemic resistance; ET:
ethylene; SA: salicylic acid; JA: jasmonic acid; CK: control.

Declarations
Authors’ contributions

YL, JW and NL performed the major experiments. GQ and LK proofed data and text, and gave guidance
for formatting and submission of the paper. XZ helped to analyze the results. All authors read and
approved the �nal manuscript.

Acknowledgements

This work was supported by the National Natural Science Foundation of China (31870030).

Competing interests

The authors declare that they have no competing interests.

Availability of data and materials

All data generated during this study are included in this published article and its additional �le.

Consent for publication

All the authors consented on the publication of this work.

Ethics approval and consent to participate

Not applicable.

Funding

Funding sources have been addressed in the acknowledgements.

References
1 Arshad M, Hussain T, Iqbal M, Abbas M. Enhanced ethanol production at commercial scale from
molasses using high gravity technology by mutant S. cerevisiae. Braz J Microbiol. 2017; 48: 403-409.

2 Nikolaou A, Kourkoutas Y. Exploitation of olive oil mill wastewaters and molasses for ethanol
production using immobilized cells of Saccharomyces cerevisiae. Environ Sci Pollut Res Int. 2018; 25:
7401-7408.



Page 15/24

3 Xu W, Liang L, Song Z, Zhu M. Continuous ethanol production from sugarcane molasses using a newly
designed combined bioreactor system by immobilized Saccharomyces cerevisiae. Biotechnol Appl
Biochem. 2014 (3); 61: 289-296.

4 Yu N, Tan L, Sun ZY, Tang YQ, Kida K. Production of bio-ethanol by integrating microwave-assisted
dilute sulfuric acid pretreated sugarcane bagasse slurry with molasses. Appl Biochem Biotechnol. 2018;
185: 191-206.

5 Fan M, Zhang S, Ye G, Zhang H, Xie J. Integrating sugarcane molasses into sequential cellulosic biofuel
production based on SSF process of high solid loading. Biotechnol Biofuels. 2018; 11: 329.

6 Tang YQ, An MZ, Zhong YL, Shigeru M, Wu XL, Kida K. Continuous ethanol fermentation from non-
sulfuric acid-washed molasses using traditional stirred tank reactors and the �occulating yeast strain KF-
7. J Biosci Bioeng. 2010; 109: 41-46.

7 Yin FW, Zhu SY, Guo DS, Ren LJ, Ji XJ, Huang H, Gao Z. Development of a strategy for the production of
docosahexaenoic acid by Schizochytrium sp. from cane molasses and algae-residue. Bioresour Technol.
2019; 271: 118-124.

8 Lino FSO, Basso TO, Sommer MOA. A synthetic medium to simulate sugarcane molasses. Biotechnol
Biofuels. 2018; 11: 221.

9 Jagtap RS, Mahajan DM, Mistry SR, Bilaiya M, Singh RK, Jain R. Improving ethanol yields in sugarcane
molasses fermentation by engineering the high osmolarity glycerol pathway while maintaining
osmotolerance in Saccharomyces cerevisiae. Appl Microbiol Biotechnol. 2019; 103: 1031-1042.

10 Mirończuk AM, Rakicka M, Biegalska A, Rymowicz W, Dobrowolski A. A two-stage fermentation
process of erythritol production by yeast Y. lipolytica from molasses and glycerol. Bioresour Technol.
2015; 198: 445-455.

11 Shen Q, Lin H, Wang Q, Fan X, Yang Y, Zhao Y. Sweetpotato vines hydrolysate promotes single cell oils
production of Trichosporon fermentans in high-density molasses fermentation. Bioresour Technol. 2015;
176: 249-256.

12 Pradeep P, Reddy OV. High gravity fermentation of sugarcane molasses to produce ethanol: Effect of
nutrients. Indian J Microbiol. 2010; 50: 82-87.

13 Arshad M, Khan ZM, Khalilur-Rehman Shah FA, Rajoka MI. Optimization of process variables for
minimization of byproduct formation during fermentation of blackstrap molasses to ethanol at industrial
scale. Lett Appl Microbiol. 2008; 47: 410-414.

14 Goswami M, Meena S, Navatha S, Prasanna Rani KN, Pandey A, Sukumaran RK, Prasad RB,
Prabhavathi Devi BL. Hydrolysis of biomass using a reusable solid carbon acid catalyst and fermentation
of the catalytic hydrolysate to ethanol. Bioresour Technol. 2015; 188: 99-102.



Page 16/24

15 Wu M, Song M, Liu M, Jiang C, Li Z. Fungicidal activities of soil humic/fulvic acids as related to their
chemical structures in greenhouse vegetable �elds with cultivation chronosequence. Sci Rep. 2016; 6:
32858.

16 Zhao Y, Xing H, Li X, Geng S, Ning D, Ma T, Yu X. Physiological and metabolomics analyses reveal the
roles of fulvic acid in enhancing the production of astaxanthin and lipids in Haematococcus pluvialis
under abiotic stress conditions. J Agric Food Chem. 2019; 67: 12599-12609.

17 Rashid I, Murtaza G, Zahir ZA, Farooq M. Effect of humic and fulvic acid transformation on cadmium
availability to wheat cultivars in sewage sludge amended soil. Environ Sci Pollut Res Int. 2018; 25: 16071-
16079.

18 Wang Y, Yang R, Zheng J, Shen Z, Xu X. Exogenous foliar application of fulvic acid alleviate cadmium
toxicity in lettuce (Lactuca sativa L.). Ecotoxicol Environ Saf. 2019; 167: 10-19.

19 Xu D, Deng Y, Xi P, Yu G, Wang Q, Zeng Q, Jiang Z, Gao L. Fulvic acid-induced disease resistance to
Botrytis cinerea in table grapes may be mediated by regulating phenylpropanoid metabolism. Food
Chem. 2019; 286: 226-233.

20 Gao W, He Y, Zhang F, Zhao F, Huang C, Zhang Y, Zhao Q, Wang S, Yang C. Metabolic engineering of
Bacillus amyloliquefaciens LL3 for enhanced poly-γ-glutamic acid synthesis. Microb Biotechnol. 2019;
12: 932-945.

21 Sirisansaneeyakul S, Cao M, Kongklom N, Chuensangjun C, Shi Z, Chisti Y. Microbial production of
poly-γ-glutamic acid. World J Microbiol Biotechnol. 2017; 33: 173.

22 Feng J, Quan Y, Gu Y, Liu F, Huang X, Shen H, Dang Y, Cao M, Gao W, Lu X, Wang Y, Song C, Wang S.
Enhancing poly-γ-glutamic acid production in Bacillus amyloliquefaciens by introducing the glutamate
synthesis features from Corynebacterium glutamicum. Microb Cell Fact. 2017; 16: 88.

23 Zhang L, Yang X, Gao D, Wang L, Li J, Wei Z, Shi Y. Effects of poly-γ-glutamic acid (γ-PGA) on plant
growth and its distribution in a controlled plant-soil system. Sci Rep. 2017; 7: 6090.

24 Peng G, Zhao X, Li Y, Wang R, Huang Y, Qi G. Engineering Bacillus velezensis with high production of
acetoin primes strong induced systemic resistance in Arabidopsis thaliana. Microbiol Res. 2019; 227:
126297.

25 Álvarez-Cao ME, Cerdán ME, González-Siso MI, Becerra M. Bioconversion of beet molasses to alpha-
galactosidase and ethanol. Front Microbiol. 2019; 10: 405.

26 Luo Z, Guo Y, Liu J, Qiu H, Zhao M, Zou W, Li S. Microbial synthesis of poly-γ-glutamic acid: current
progress, challenges, and future perspectives. Biotechnol Biofuels. 2016; 9: 134.



Page 17/24

27 Ogunleye A, Bhat A, Irorere VU, Hill D, Williams C, Radecka I. Poly-γ-glutamic acid: production,
properties and applications. Microbiology 2015; 161: 1-17.

28 Lei P, Pang X, Feng X, Li S, Chi B, Wang R, Xu Z, Xu H. The microbe-secreted isopeptide poly-γ-glutamic
acid induces stress tolerance in Brassica napus L. seedlings by activating crosstalk between H2O2 and

Ca2+. Sci Rep. 2017; 7: 41618.

29 Wang ZP, Wang QQ, Liu S, Liu XF, Yu XJ, Jiang YL. E�cient conversion of cane molasses towards
high-purity isomaltulose and cellular lipid using an engineered Yarrowia lipolytica strain in fed-batch
rermentation. Molecules 2019; 24: 1228.

30 Halmschlag B, Steurer X, Putri SP, Fukusaki E, Blank LM. Tailor-made poly-γ-glutamic acid production.
Metab Eng. 2019; 55: 239-248.

31 Xu G, Zha J, Cheng H, Ibrahim MHA, Yang F, Dalton H, Cao R, Zhu Y, Fang J, Chi K, Zheng P, Zhang X,
Shi J, Xu Z, Gross RA, Koffas MAG. Engineering Corynebacterium glutamicum for the de novo
biosynthesis of tailored poly-γ-glutamic acid. Metab Eng. 2019; 56: 39-49.

32 Wang L, Wang N, Mi D, Luo Y, Guo J. Poly-γ-glutamic acid productivity of Bacillus subtilis BsE1 has
positive function in motility and biocontrol against Fusarium graminearum. J Microbiol. 2017; 55: 554-
560.

33 Kim YC, Leveau J, McSpadden Gardener BB, Pierson EA, Pierson LS 3rd, Ryu CM. The multifactorial
basis for plant health promotion by plant-associated bacteria. Appl Environ Microbiol. 2011; 77: 1548-55.

34 Jiang S, Fan L, Zhao M, Qiu Y, Zhao L. Enhanced low molecular weight poly-γ-glutamic acid
production in recombinant Bacillus subtilis 1A751 with zinc ion. Appl Biochem Biotechnol. 2019; 189:
411-423.

35 Chen B, Wen J, Zhao X, Ding J, Qi G. Surfactin: A quorum-sensing signal molecule to relieve CCR in
Bacillus amyloliquefaciens. Front Microbiol. 2020; 11: 631.

36 González M, Gomez E, Comese R, Quesada M, Conti M. In�uence of organic amendments on soil
quality potential indicators in an urban horticultural system. Bioresour Technol. 2010; 101: 8897-8901.

37 Sha Y, Zhang Y, Qiu Y, Xu Z, Li S, Feng X, Wang M, Xu H. E�cient biosynthesis of low-molecular-weight
poly-γ-glutamic acid by stable overexpression of PgdS hydrolase in Bacillus amyloliquefaciens NB. J
Agric Food Chem. 2019; 67: 282-290.

Tables
Table 1 Results of Orthogonal Experiment



Page 18/24

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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Table 2 Factorial Level

Factorial
level

A-glucose
g/L

B-NaNO3

g/L

C-KH2PO4

g/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

 

 

 

Figures

Figure 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



Page 20/24

1 - 8: γ-PGA produced by GJ11 in the medium with 70, 60, 50, 40, 30, 20, 10, 0 g/L of sodium glutamate,
respectively. c: Gel permeation chromatography analysis of the molecular weights of γ-PGA produced by
GJ11.

Figure 2

Effects of carbon and nitrogen sources on biomass and γ-PGA production. a: glucose; b: citrate sodium;
c: sodium glutamate; d: NaNO3; e: NHCl4.
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Figure 3

Effects of inorganic salts on biomass and γ-PGA production in the medium with FA power. a: KH2PO4; b:
MnSO4; c: MgSO4; d: CaCl2; e: FeCl3.
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Figure 4

Optimization of fermentation condition for production of γ-PGA. a: Effects of pH on cell biomass and γ-
PGA production. b: Effects of loading liquid volume on cell growth and γ-PGA production. c: Effects of
inoculation amount on cell growth and γ-PGA production.

Figure 5
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Optimized fermentation medium and condition for γ-PGA production. a: Time-course of γ-PGA
fermentation. b: Variation of pH value and FA content in the broth. c: In�uence of FA power on biomass
and γ-PGA production in the optimized formula.

Figure 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 oC 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 oC 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 oC 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 oC for 5 h) at different concentrations on triggering ISR against Pst DC3000 infection. γ-PGA:
the γ-PGA hydrolysates. * indicates signi�cant difference from the control (CK, treated with water).
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Figure 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 signi�cant difference from the control (CK, pre-treated with water). γ-PGA: the γ-PGA
hydrolysates.
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