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Abstract: Doramectin is a macrolide antiparasitic that is widely used in the treatment of mammalian
parasitic diseases. Doramectin is usually produced by Streptomyces avermitilis fermentation using
cyclohexanecarboxylic acid (CHC) as a precursor; however, the growth of S. avermitilis is usually
inhibited by CHC, resulting in a low fermentation yield of doramectin. In this study, a high-yielding
strain XY-62 was obtained using the S. avermitilis mutant strain S. avermitilis N72 as the starting strain,
then combined with a CHC tolerance screening strategy using ultraviolet and nitrosoguanidine
mutagenesis, and a 96 microtiter plate solid-state fermentation primary sieving and shake flask
fermentation rescreening method. Compared with S. avermitilis N72, the doramectin fermentation
yield increased by more than 1.3 times, and it was more adaptable to temperature, pH, and CHC con-
centration of the culture; additionally, the viability of the mycelial growth was enhanced. In addition,
further studies on the high-yielding strain XY-62 revealed that the accumulation of doramectin could
be further increased by glucose supplementation during the fermentation process, and the yield of
doramectin reached 1068 µg/mL by scaling up the culture in 50 L fermenters; this has the potential
for industrial production. Therefore, mutagenesis combined with CHC tolerance screening is an
effective way to enhance the fermentation production of doramectin by S. avermitilis. Our strategy
and findings can help to improve the production of doramectin in industrial strains of S. avermitilis.

Keywords: Streptomyces avermitilis; doramectin; mutagenic breeding; CHC; fermentation characteristics

1. Introduction

Doramectin is a macrolide disaccharide produced by the fermentation of S. avermitilis
mutant strains using CHC as a precursor, and is a potent avermectin-like drug [1–3].
Doramectin is an anthelmintic active against internal and external parasites in animals,
especially nematodes and mites. Doramectin does not easily cross the blood–brain barrier,
and is safe for the treatment of parasitic diseases in mammals as it causes minimal damage
to the central nervous system. It is used for the treatment of parasites in horses, cattle,
sheep, pigs, and dogs [4–7]. It has a wider antiparasitic range and higher efficacy than
avermectin [8,9], ivermectin [10,11] and other avermectin-based drugs [12,13]. It has also
been shown to have an inhibitory effect on tumor cells [14].

The functions of the avermectin biosynthetic pathway and its biosynthetic genes
have been well documented [15–18]. The biosynthetic pathway of doramectin is similar
to that of avermectin, except that the starting unit for the synthesis of the doramectin
macrolide backbone is cyclohexanol coenzyme A, rather than methylbutanoyl coenzyme A
and isobutyryl coenzyme A [2,19–21].

Fermentation 2023, 9, 121. https://doi.org/10.3390/fermentation9020121 https://www.mdpi.com/journal/fermentation1



Fermentation 2023, 9, 121

Doramectin is a targeted biosynthetic metabolite of a mutant strain of S. avermitilis,
and is not a natural product. Doramectin is produced using CHC-CoA as a starter unit,
which can be achieved by adding CHC to the fermentation of S. avermitilis or by introducing
a CHC-CoA biosynthetic gene cassette (PAC12) [2]. Yields of strains using the introduction
of CHC-CoA are extremely low, and production still uses CHC in addition to fermentation.
However, the addition of CHC had a significant inhibitory effect on the growth of the
strain. In actual production, CHC is added in small amounts and several times during the
stable period of mycelial growth or by microflow addition to reduce the inhibition of strain
growth; however, flow addition requires additional equipment and increases the risk of
bacterial contamination. The addition of CHC at 0.2~0.4 g/L in doramectin fermentation
studies is likely to cause strain mortality [2,21]. To reduce the impact of CHC on strain
survival, screening for CHC-tolerant strains is of interest. In addition, the production of
doramectin still faces many technical problems. One of the difficulties in the production
of doramectin is the very high requirements of the strain, which requires not only a high
yield of doramectin (CHC-B1), but also a low level of CHC-B2 impurities; this makes the
isolation and purification of the product more difficult [20]. In addition, the relatively
long production cycle of doramectin, of which the fermentation and incubation time is
12~18 days, leads to increased production costs, thus limiting its application.

Currently, mutant selection and precursor addition strategies are effective methods
to improve the yield of avermectin [22–25]. In industrial production, CHC is the starting
precursor substance for the biosynthesis of doramectin by S. avermitilis, but CHC has an
inhibitory effect on the growth of the bacterium, thus affecting the yield of doramectin [21,26].
Therefore, screening for strains with a high tolerance to CHC and reducing their growth
inhibition is an effective way to increase the yield of doramectin; however, few applications
of this strategy have been reported in the literature. Alternatively, high throughput screening
of strains using liquid fermentation in microtiter plates is commonly used as an efficient
method [27,28]. The primary screening of high-yielding strains of doramectin by surface
culture in microtiter plates is a new endeavor.

In this study, the doramectin-producing strain S. avermitilis N72 was screened after
ultraviolet and nitrosoguanidine mutagenesis for CHC tolerance, and high-yielding strains
were selected by surface culture primary sieving in 96 microtiter plates and rescreening
in shake flasks; subsequently, the stability of the passages was investigated. Preliminary
studies on the growth in the fermentation characteristics of the high-yielding strains were
then carried out, and combined with studies of their metabolic characteristics for glucose
supplementation experiments and fermenter culture implementation in a 50 L fermenter.

2. Materials and Methods
2.1. Microbial Strains, Culture Media and Culture Conditions

Strain: S. avermitilis N72 is a mutant strain of S. avermitilis ATCC 31267 with doramectin
production capacity (300 µg/mL), selected and conserved by our laboratory and used as
the starting strain in this study (labeled N72 in the diagram).

Medium: Solid medium G consisted of the following (g/L): soybean meal, 4; mannitol,
4; agar, 20; pH 7.0~7.2. Seed medium S consisted of (g/L): glucose, 5; maltodextrin,
20; soybean cake flour, 10; cottonseed cake flour, 10; pH 7.0~7.2. Fermentation medium
F consisted of (g/L): soluble starch, 90; bean cake flour, 15; cottonseed flour, 15; yeast
extract, 5; sodium chloride, 1; dipotassium hydrogen phosphate, 2.5; calcium carbonate, 7;
magnesium sulfate, 5; CHC, 0.8; pH 7.0~7.2; for surface culture agar 20 g/L added to F. All
media were autoclaved at 121 ◦C for 25 min.

Culture conditions: S. avermitilis was cultured on solid medium G for 7 days, and a
spore suspension of 106~107 spores/mL was prepared in saline. The spore suspension
was inoculated (1 mL) into seed medium S (30 mL in a 250 mL flask) and incubated for
48 h at 200 rpm in a shaking flask. Then, the inoculum (8%, v/v) was inoculated into
fermentation medium F (40 mL in a 250 mL flask) in shaking flasks at 220 rpm for 12 days.
The incubation temperature was 30 ◦C. Surface culture was carried out in 96 microtiter
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plates, and fermenter culture implementation was carried out in 10 L–50 L fermenter
systems (EastBio, Zhenjiang, China).

2.2. Assessment of Strain CHC Tolerance and Mutagenic Lethality
2.2.1. CHC Tolerance Assessment

S. avermitilis N72 spore suspensions were inoculated on solid medium G plates contain-
ing different concentrations of CHC (0, 0.4, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8 g/L) for 7 days (30 ◦C).
Plates without CHC were used as a blank control, and the number of growing colonies was
recorded to calculate the survival rate. The calculation formula is given as Equation 1 below.

Survival rate = 100% × a
b

(1)

where a is the CFU of the CHC supplemented plate, and b is the CFU of the control plate.

2.2.2. Mutagenic Lethality

S. avermitilis N72 spore suspensions were mutagenized at a distance of 20 cm from a
15 W UV lamp at various times (0, 30, 60, 90, 120, 150, 180 s). For nitrosoguanidine (NTG)
mutagenesis, S. avermitilis N72 spore suspensions were mutagenized by adding NTG (Macklin,
Shanghai, China) to a concentration of 600 µg/mL, and NTG was mutagenized for various
times (0,10, 20, 30, 40, 50, 60 min). For combined UV and NTG mutagenesis, S. avermitilis
N72 spore suspensions were first treated with UV for different times (30 s, 60 s) and then
mutagenized with NTG for different times (0, 10, 20, 30, 40, 50, 60 min). After the spore
mutagenesis treatment, the spores were inoculated into solid medium G plates (100 µL
per dish) and incubated in the dark for 7 days (30 ◦C). Spore suspension plates without
mutagenesis were used as blank controls, and the number of growing colonies (CFU) was
recorded to calculate the lethality [29]. The calculation formula is given in Equation 2 below.

Lethality rate = 100% ×
(

1 − a
b

)
(2)

where a is the CFU of the plate seeded with the mutagenized spores, and b is the CFU of
the control plate.

2.3. Screening and Genetic Stability of High-Yielding Strains
2.3.1. Testing of the Analytical Method for Doramectin Content

Doramectin standards (Sigma-Aldrich, USA) were diluted to a range of concentrations
(25, 50, 100, 200, 400 µg/mL) and analyzed (detection wavelength was 245 nm) by HPLC
(LC-20AD, Shimadzu, Japan), and the standard curve plotted. The doramectin standards
were diluted to a range of concentrations (25, 50,100,150, 200, and 250 µg/mL) and analyzed
(detection wavelength was 245 nm) by ELISA (Synergy2, Gene Company Limited, USA)
and the standard curve plotted. Twenty single colonies of mutant strains were randomly
selected and inoculated in 96 microplates for surface culture (30 ◦C, 12 d), and the samples
were analyzed by HPLC and ELISA, respectively. Sixteen single colonies of mutant strains
were randomly selected and incubated in seed flasks (30 ◦C, 48 h), then inoculated in
96 microplates and fermentation flasks for surface culture (30 ◦C, 12 d) and fermentation
flask culture (30 ◦C, 12 d); the samples were analyzed by HPLC.

2.3.2. 96-Well Plate Surface Culture Primary Sieve

Three different mutagenesis treatments of S. avermitilis N72 spore suspensions
(106~107 spores/mL) were inoculated (100 µL per dish) onto CHC-tolerant plates (30 ◦C,
7 days), and the growing single colonies were inoculated simultaneously into 96 microplate
A (G medium, 30 ◦C, 7 days) and 96 microplate B incubated at (F solid medium, 30 ◦C,
12 days). Microplate A (for growth and screening) and microplate B (for fermentation
and detection) were inoculated with the same mutant strain at the same serial number of
wells. Samples from microplate B were processed and analyzed for doramectin content by
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ELISA for preliminary screening to identify positive mutant strains (over 20% increase in
doramectin production compared to control), and the corresponding strains in microplate
A were further studied.

2.3.3. Shake Flask Fermentation Rescreening

Positive mutant strains, after initial screening, were passed through slant expansion,
inoculated onto shake flask medium S, and cultured (30 ◦C, 48 h), and transferred to
shake flask medium F (30 ◦C, 12 days). The fermentation broth was tested by HPLC for
doramectin yield, and the strain with a high yield was selected.

2.3.4. Assessing the Genetic Stability of High-Yielding Strains

The high-yielding strains obtained in this study were passaged six times on solid
medium G. The strains from each passaging were expanded in S seed flasks under the
same conditions and then inoculated into F fermentation shake flasks for 12 days to detect
doramectin production.

2.4. Comparison of the Differences in Growth and Fermentation Characteristics between S.
avermitilis N72 and the High-Yielding Strain XY-62
2.4.1. Growth Characteristics of the Strains in Seed Shake Flasks

For the examination of fermentation temperature, XY-16 and S. avermitilis N72 seed
solutions were inoculated into shake flasks of medium S and incubated at different tem-
peratures (20, 25, 30, 35 and 40 ◦C) for 48 h. For the initial pH examination, XY-16 and
S. avermitilis N72 seed solutions were inoculated into medium S with different initial pH
values (6.0, 6.5, 7.0, 7.5and 8.0) and incubated at 30 ◦C for 48 h. For the CHC tolerance
study, XY-16 and S. avermitilis N72 seed solutions were inoculated into medium S with
different concentrations of CHC (0.6, 0.8, 1.0, 1.2, 1.4 g/L) and incubated at 30 ◦C for 48 h.
At the end of the incubation, the seed solution PMV was tested and growth was analyzed.

2.4.2. Metabolic Characteristics of the Strains in Fermentation Shake Flasks

XY-16 and S. avermitilis N72 seed solutions were inoculated with fermentation medium F
in shake flasks (30 ◦C) and assayed for total sugars, reducing sugars, PMV, and doramectin pro-
duction at different time points of the culture (0, 48, 96, 144, 192, 240, 288 h). The fermentation
metabolic characteristics of the strains were compared at different growth periods.

2.5. Supplementary Fermentation of High-Yielding Strain XY-62 with a 50 L Fermenter
Scale-Up Culture
2.5.1. Shake Flask Fermentation with Glucose Supplementation

XY-62 inoculated fermentation shake flasks were supplemented with glucose (0, 0.5%,
1%, 1.5%, 2%, 2.5%, w/v) at different fermentation time points (0, 96, 144, 192, 240 h). A total
of 12 days of fermentation incubation at 30 ◦C and assayed for doramectin production. The
effect of glucose on doramectin yield was analyzed.

2.5.2. Scaled-Up Culture in 50 L Fermenters

XY-62 was expanded in seed bottles and inoculated into 10 L fermenters (seed medium
S, filling volume 6 L, inoculum 5%) for 48 h. The seed solution was transferred to 50 L
fermenters (fermentation medium F, filling volume 30 L, inoculum 8%) for incubation. The
tank temperature was 30 ◦C, tank pressure 0.05 MPa, stirring speed 60~180 r/min, air flow
rate 0.8~1.2 vvm, and the fermentation-dissolved oxygen value remained above 35% by
controlling the aeration flow rate and stirring speed. The fermentation was supplemented
with 1.5% glucose at 192 h. The culture cycle was 12 days, and samples were taken every
24 h. The fermentation broth was tested for pH, total sugars, reducing sugars, amino
nitrogen, bacterial concentration, and doramectin production. The metabolic characteristics
of the strains were analyzed at different growth periods.
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2.6. Analysis Methods

Microscopy was used for mycelial observation and spore counting. Biomass was
estimated as the mycelial volume (PMV) of 10 mL of culture medium by centrifugation at
5000 rpm for 5 min [30]. The pH was determined by an acidity meter. Reducing sugars
and total sugars in the fermentation broth were determined by titration with Felling’s
reagent [31]. The amino nitrogen content of the fermentation broth was determined by
titration with formalin solution [32]. Surface culture samples were analyzed in 96-well
microplates using ELISA. Then, 800 µL of methanol was added to each sample for 2 h. The
supernatant was collected by centrifugation (8000 rpm, 10 min), and an aliquot (200 µL) of
the supernatant was transferred to a 96 microplate and measured at 245 nm. Shake flask
and fermenter samples were measured by HPLC; 1 mL of fermentation broth was mixed
with 4 mL of methanol, and the cells were extracted by sonication for 2 h. The supernatant
was then collected by centrifugation, and filtered through 0.22 µm; 10 µL was separated on
a Waters C18 column. The elution was carried out at 35 ◦C with methanol/water (90:10, v/v)
as the mobile phase at a flow rate of 1 mL/min for 25 min. The UV detection wavelength
was 245 nm. The doramectin content in the samples was calculated from the doramectin
standard curve.

2.7. Statistical Analysis

Experiments were performed in triplicate. The error lines in the graphs indicate
the standard deviation of the three replicates of the corresponding experiments. All
analyses were performed using SPSS software (version 26, IBM Inc., Armonk, NY, USA),
and plots were processed using Origin software (version 2021b, OriginLab Corporation,
Northampton, MA, USA).

3. Results
3.1. Assessment of Strain CHC Tolerance and Mutagenic Conditions
3.1.1. Effect of CHC Concentration on the Viability of S. avermitilis N72 Cells

The growth inhibition of CHC was significant, with cell mortality increasing with increas-
ing CHC concentrations. Less than 50% and less than 4% survivals were detected when the
concentration of CHC was increased to 1.2 and 1.8 g/L, respectively (Figure 1A). In the CHC
resistance screening assay, a CHC concentration of 1.4~1.6 g/L was chosen as reasonable.

3.1.2. Effect of UV Light and NTG on the Viability of S. avermitilis N72 Cells

Cell mortality increased with increasing UV irradiation time. Less than 40% survival
was detected when the spores were irradiated for 90 s, while cell mortality reached 96%
after exposure to UV for 180 s (Figure 1B). A 600 µg/mL concentration of NTG affected the
growth of the strain, and the mortality rate increased with increasing NTG mutagenesis
time. The survival rate detected after 20 min of NTG mutagenesis was less than 50%, while
the cell mortality rate detected after 50 min of NTG mutagenesis was 98% (Figure 1C). The
combination of UV irradiation and NTG treatment increased the lethality of S. avermitilis.
Cell mortality could reach 80%~90% after UV irradiation for 30~60 s and 600 µg/mL NTG
mutagenesis for 20 min, while cell mortality could reach 100% after UV irradiation for
30 s and 600 µg/mL NTG mutagenesis for 30 min (Figure 1D). Some investigators have
suggested that mutagenesis with a lethality of 80% to 90% is more effective (Wang et al.,
2011 [21]; Cao et al., 2018 [27]). Considering the operability of the experiment, the UV
mutagenesis time was therefore chosen to be 120~150 s, and the NTG mutagenesis time
was chosen to be 30~40 min. The combination of two mutagens was chosen, to be followed
by UV mutagenesis for 30~60 s and NTG mutagenesis for 20~30 min.

3.2. Selection and Breeding of High-Yielding Strains and Their Genetic Stability
3.2.1. Analysis of Doramectin Content and Feasibility of Fermentation Methods

The HPLC method for doramectin was reliable, with good linearity between con-
centration and peak area for doramectin standards over a fairly wide range (R2 = 0.9987)
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(Figure 2A). The analytical efficiency can be improved by using the microtiter-plate based
ELISA method over a wide range (R2 = 0.9979); a good linear relationship exists between the
concentration of doramectin standards and OD245 (Figure 2B). Extracts from 96 microtiter
plates were selected for analysis by HPLC and showed a good correlation between OD245
and concentrations measured by HPLC (R2 = 0.9856) (Figure 2C). In addition, there was
a good correlation between single-colony solid fermentation and shake flask fermenta-
tion (R2 = 0.9597) (Figure 2D). Therefore, the ELISA assay methods and HPLC-estimated
concentration of doramectin are linearly correlated.
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Figure 1. Assessment of CHC tolerance and the effect of mutagenic conditions on the viability of
S. avermitilis N72. (A) The survival rate of S. avermitilis N72 at different concentrations of CHC,
(B) lethality of S. avermitilis N72 by UV, (C) lethality of S. avermitilis N72 by NTG, (D) lethality of
S. avermitilis N72 by the combined effect of UV and NTG.

3.2.2. 96-Well Plate Primary Sieve for Surface Culture

The fermentation yield of doramectin was measured in 96-well plates by select-
ing 450 UV-mutagenized and CHC-tolerant single colonies. Fifteen strains displayed
improved doramectin yields ranging from 120 to 180 µg/mL in surface culture. This
corresponded to a 20~80% increase in doramectin yield compared to S. avermitilis N72
(Figure 3A). The fermentation yield of doramectin was measured also in 443 NTG-mutagenized
30 min CHC-tolerant single colonies, and they were fermented in 96-well plates. Ten
strains with higher yields ranging from 120 to 190 µg/mL in surface culture were iden-
tified, and displayed a 20~90% increase in doramectin yield compared to S. avermitilis
N72 (Figure 3B). The fermentation yield of doramectin was also measured by selecting
446 UV-mutagenized 30 s and NTG-mutagenized 20 min tolerant single colonies in 96-well
plates. Twelve strains with higher yields had solid fermentation yields of 120~230 µg/mL
compared to S. avermitilis N72. This corresponded to a 20~130% higher doramectin yield
(Figure 3C).
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3.2.3. Shake Flask Fermentation Rescreening and Genetic Stability of High-Yielding Strains

Thirty-seven positive mutant strains from the initial screening were seeded on slants
and fermented in a shake flask (15 strains were UV mutagenized, 10 strains were NTG
mutagenized and 12 strains were compound mutagenized) for 12 days, with S. avermitilis
N72 fermentation as a control. The yield of strain XY-62 doramectin reached 700 µg/mL,
representing a 1.3-fold increase compared to S. avermitilis N72 (Figure 3D). The morpholo-
gies of XY-62 and S. avermitilis N72 differed slightly in solid medium G, with XY-62 colonies
being more distinctly raised, and there was no significant difference in growth patterns
between the two in liquid medium S (Figure 3E). The ability of XY-62 to produce doramectin
is relatively genetically stable, as indicated by the fact that there was no significant change
in doramectin production when the high-yielding strain XY-62 was passed through six
consecutive generations (Figure 3F).

3.3. Comparison of the Differences in Growth and Fermentation Characteristics between the
High-Yield Strains XY-62 and S. avermitilis N72
3.3.1. Growth Characteristics of the Strain

S. avermitilis N72 growth on seed medium S (Figure 4A) was characterized by a
rapid increase in PMV from 0 to 48 h. After a peak in PMV between 48 and 72 h, it
gradually decreased, and the growth of the bacterium was seen to slow down; the bacterium
gradually declined as the incubation time increased. In comparison, the PMV of XY-62 was
significantly higher than that of S. avermitilis N72 when cultured on seed medium S. The
effect of different temperatures on the growth of mutant strains XY-62 and S. avermitilis
N72 was similar (Figure 4B). This was characterized by incubation at 20~40 ◦C, with a
gradual increase in PMV with temperature reaching a maximum at 30 ◦C, and a gradual
decrease with increasing temperature. Comparing XY-62 and S. avermitilis N72, the growth
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activity of the mutant strain XY-62 was significantly higher than that of S. avermitilis N72
at 30~40 ◦C. XY-62 has better adaptability to culture temperature. The effect of pH on the
growth of mutant strains XY-62 and S. avermitilis N72 was similar (Figure 4C). pH values of
6.5~7.5 showed relatively stable growth. Beyond this range, the growth of the strains was
reduced, but the growth of XY-62 was less inhibited. Therefore, the mutant strain XY-62
was more stable in its adaptation to environmental pH. The growth of mutant strains XY-62
and S. avermitilis N72 was affected by different concentrations of CHC (Figure 4D). At CHC
concentrations above 0.8 g/L, S. avermitilis N72 growth was reduced, while XY-62 was able
to grow at 1.2 g/L CHC and above, and S. avermitilis N72 was barely able to grow. This
showed that XY-62 was more tolerant of CHC.
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Figure 3. Stability of mutagenic selection and high-yielding strains of S. avermitilis N72. (A) single
colonies of S. avermitilis N72 after UV mutagenesis and CHC-tolerance screening in a 96-microplate
surface culture primary sieve, (B) single colonies of S. avermitilis N72 after NTG mutagenesis and
CHC-tolerance screening in a 96-microplate surface culture primary sieve, (C) single colonies of
S. avermitilis N72 after UV and NTG mutagenesis and CHC-tolerance screening in 96-microplate solid-
state fermentation primary sieve, (D) shake flask rescreening of positive mutant strains (* represents
p < 0.05), (E) growth pattern of S. avermitilis N72 and high-yielding strain XY-62 in solid medium G
and seed medium S, (F) enetic stability of S. avermitilis N72 and the high-yielding strain XY-62.
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Figure 4. Differences in growth and metabolism between S. avermitilis N72 and XY-62 shake flasks.
(A) effect of different incubation times on biomass, (B) effect of different incubation temperatures on
biomass, (C) effect of different pH values on biomass, (D) effect of different CHC concentrations on
biomass, (E) fermentation shake flask growth and metabolism curves.

3.3.2. Metabolic Characteristics of the Strains

The growth metabolism curves of XY-62 and S. avermitilis N72 in fermentation medium
F were similar (Figure 4E). From 0 to 144 h, PMV increased rapidly, and the total and
reducing sugar contents decreased, implying rapid growth of the organism and accelerated
sugar utilization. Production of doramectin started at 96 h, followed by a rapid increase in
yield, which slowed down at 240~288 h. Compared to S. avermitilis N72, the biomass and
sugar consumption of XY-62 were higher, the viability of the organism was stronger and
the production capacity for doramectin was greater.

3.4. Supplementary Fermentation of High-Yielding Strain XY-62 and Scale-Up Culture in
50 L Fermenters

Based on the metabolic characteristics of XY-62 fermentation, sugar consumption was
enhanced, and the amount of reducing sugars was low in the late stage, so glucose was

9



Fermentation 2023, 9, 121

supplemented. The supplementation of glucose promoted the accumulation of doramectin
(Figure 5A), especially at the 192nd hour of fermentation when supplemented with 1.5%
glucose. The doramectin yield reached 810 µg/mL, which was 14.8% and 10.2% higher
than that of the control group without glucose supplementation and with 1.5% glucose
added to the base medium, respectively.
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Figure 5. Fermentation of high-yielding strain XY-62 with increased glucose amount and culture
in a 50 L fermenter. (A) effect of glucose supplementation on the yield of doramectin synthesis by
XY-62 (* represents p < 0.05), (B) mycelial morphology of XY-62 at different growth periods in the
50 L fermenter, (C) growth and metabolic curves of XY-62 in 50 L fermenter.
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The metabolic characteristics of the growth of the bacterium in the 50 L fermenter
magnified culture (Figure 5B,C) were roughly divided into three stages: the early stage
(0~48 h), the middle stage (48~192 h) and the late stage (192~288 h). In the early stage,
PMV increased, the growth of the bacterium was faster, total sugar and reducing sugar
consumption was rapid, amino nitrogen decreased, pH decreased, DO decreased, and
doramectin was not produced. In the middle stage, PMV reached a maximum, total sugar
and reduced sugar consumption accelerated, the pH increased to 7.0, and the bacterium
started to produce a large amount of doramectin. At the later stage, the PMV decreased,
the growth of the bacteria gradually slowed down, the consumption of total sugars and
reducing sugars decreased, the pH increased, the DO increased, and the increase in do-
ramectin slowed down. The yield of doramectin reached 1068 µg/mL, representing an
increase of 30% compared with shake flask fermentation.

4. Discussion

We report a method for screening high-yielding strains of doramectin. Mutagenesis
is a cost-effective method for the creation of high-yielding strains, Song et al. studied a
genetic mutant Streptomyces avermitilis S-233 with high-avermectins B1a by comobtained
treatment with carbon heavy ion irradiation and sodium nitrite, and Xu et al. obtained a
strain Streptomyces viridochromogenes F-23 with high-avilamycin production by combined
mutagenesis with UV and ARTP [23,33]. The growth of the strains was inhibited by CHC,
which is consistent with literature reports [21]. In addition, mutagenesis is a viable method
for selecting strains with increased adaptability to the environment [34]. The significant
increase in doramectin levels in the CHC-tolerant mutant strain in this study may be due
to the enhanced stress of the strain to the precursor substance CHC. Mutagenic selection
can further enhance the adaptability of the strain in CHC-containing media, resulting in a
strain more suitable for industrial production.

Microorganisms have an enhanced capacity to consume nutrients and supplemental
fermentation is an effective method. Supplementation experiments have shown that glucose
has a positive effect on doramectin yield enhancement. From the biosynthetic pathway of
doramectin [2,17], it is known that glucose is not only used as a carbon source to promote
microbial growth but also as a raw material for the direct synthesis of the doramectin
disaccharide side chain. In addition, the degradation of glucose to form malonyl-CoA
and methyl malonyl-CoA can provide more precursors for doramectin biosynthesis and
facilitate the formation of macrolides. Glucose supplementation promoted the accumulation
of doramectin, especially in the middle and late stages of supplementation.

The growth and metabolism of S. avermitilis are aerobic, and compared to shake flask
culture, fermenter culture can better regulate the fermentation process, especially the
regulation of dissolved oxygen and replenishment operation. The dissolved oxygen level
has a great influence on the production of secondary metabolites during the fermentation
of S. avermitilis [33,35,36]. The 30% increase in fermentation yield in doramectin fermenters
compared to shake flask fermentation may be caused by the better-dissolved oxygen
conditions provided by the fermenters. In addition, the doramectin yield of strain XY-62
was relatively high compared to those reported in the reviewed literature for the same
fermentation time [2,19–21].

In conclusion, our approach has been successful in enhancing the ability of S. avermitilis
N72 to produce doramectin. This is mainly based on the selection and breeding of the
CHC-resistant strain XY-62 to improve its survival in CHC-containing media and on
the enhanced viability of the strain and enhanced sugar metabolism, especially glucose
metabolism, which promotes the accumulation of doramectin. Based on this study, the
fermentation process can be further optimized, and the mechanism of high doramectin
production by mutant strain XY-62 can be investigated to better enhance the fermentation
potential of high-yielding strain XY-62.
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5. Conclusions

In this study, S. avermitilis N72 was treated for mutagenesis and CHC tolerance, and
a high-yielding strain XY-62 was obtained using an efficient screening strategy of solid
fermentation in 96-well microplates. Comparing the growth and metabolic characteris-
tics of the strains before and after screening indicated that XY-62 was more suitable for
industrial production. The strategy of adding 1.5% glucose in the middle and late stages of
fermentation could further promote the accumulation of doramectin. It was also validated
in a 50 L fermenter. In conclusion, the screening of CHC-tolerant strains and the glucose
supplementation strategy are effective methods to significantly enhance the production of
doramectin by S. avermitilis fermentation.
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Abstract: Aspartate ammonia-lyase (AAL) catalyzes the reversible conversion reactions of aspartate
to fumaric acid and ammonia. In this work, Lactobacillus paracasei LpAAL gene was heterologously
expressed in Escherichia coli. As well as a recombinant His-tagged LpAAL protein, a maltose-binding
protein (MBP) fused LpAAL protein was used to enhance its protein solubility and expression level.
Both recombinant proteins showed broad substrate specificity, catalyzing aspartic acid, fumaric
acid, phenylalanine, and tyrosine to produce fumaric acid, aspartic acid, trans-cinnamic acid, and
p-coumaric acid, respectively. The optimum reaction pH and temperature of LpAAL protein for
four substrates were measured at 8.0 and 40 ◦C, respectively. The Km values of LpAAL protein for
aspartic acid, fumaric acid, phenylalanine, and tyrosine as substrates were 5.7, 8.5, 4.4, and 1.2 mM,
respectively. The kcat values of LpAAL protein for aspartic acid, fumaric acid, phenylalanine, and
tyrosine as substrates were 6.7, 0.45, 4.96, and 0.02 s−1, respectively. Therefore, aspartic acid, fumaric
acid, phenylalanine, and tyrosine are bona fide substrates for LpAAL enzyme.

Keywords: aspartate ammonia-lyase; Lactobacillus paracasei; maltose-binding protein; phenylalanine
ammonia-lyase; substrate specificity; tyrosine ammonia lyase

1. Introduction

Aspartate ammonia-lyase (AAL, EC 4.3.1.1), which catalyzes the reversible non-
oxidative deamination of L-aspartic acid to fumaric acid (Figure 1), is an important part
of the link between amino acid metabolism and organic acid metabolism [1]. AAL en-
zyme activity is widely present in various microorganisms and has been purified from
thermophilic bacteria, Escherichia coli, Pseudomonas fluorescent, Bacillus subtilis, and Bacillus
thermophilus [2–5]. Escherichia coli AAL (eAAL) protein has been studied extensively; the
eAAL protein is composed of 477 amino acids with a molecular weight of approximately
52 kDa, which is a tetrameric enzyme consisting of four identical subunits [2,3]. Its crystal
structure has been elucidated, and it has been shown that the catalysis reaction must be
carried out under Mg2+ and alkaline conditions [2,6,7]. The bAAL protein purified from
Bacillus thermophilus is similar in molecular weight to other AAL proteins from mesophilic
microorganisms and is a homotetrameric protein, but shows different biochemical prop-
erties with eAAL protein [8]. One of the most obvious features is that the bAAL protein
is structurally more stable under high temperature conditions, and the catalytic reaction
also requires the participation of Mg2+ under alkaline conditions [8]. Previous studies
have shown that AAL proteins only accept L-aspartic acid as a substrate to catalyze the
formation of fumaric acid and ammonia under deamination reaction, and lack the activity
of catalyzing other L-amino acids, other unsaturated acids, or D-aspartic acid [9,10]. In
other words, L-aspartic acid is a very specific substrate for AAL enzymes [9,10]. However,
it is later shown that the AAL proteins are capable of catalyzing other substrates. The AAL
protein purified from Pseudomonas aeruginosa not only catalyzes the reverse reaction of
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L-aspartic acid to generate fumaric acid and ammonia, but also catalyzes L- phenylalanine
to form trans-cinnamic acid [11].
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lyase; TAL: tyrosine ammonia-lyase.

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) can utilize L-phenylalanine as a
substrate to generate trans-cinnamic acid and ammonia under non-oxidative deamination
reaction [12,13]. Its product, trans-cinnamic acid, is then functioned as an important
intermediate in the plant phenylpropanoid pathway, being utilized as precursors for
thousands of compounds, such as tannins, flavonoids, lignin, etc. [12,13]. PAL proteins from
dicot plants are reported to exhibit high specificity to its substrate phenylalanine, whereas,
in our previous studies, that monocot plant Bambusa oldhamii phenylalanine ammonia-lyase
4 protein (BoPAL4, EC 4.3.1.25) is a dual functional phenylalanine-tyrosine ammonia-lyase
(PTAL) enzyme, catalyzing trans-cinnamic acid and p-coumaric acid production from L-
phenylalanine and L-tyrosine via its PAL and tyrosine ammonia-lyase (TAL) activities [13].

Lactobacillus paracasei is a Gram-positive, heterotrophic Lactobacillus, distributed in
a variety of media, including many fermented dairy products, vegetables, and the hu-
man gastrointestinal tract [14,15]. Because of its industrial value and health-promoting
potential, Lactobacillus paracasei has been extensively studied and used as probiotic [16]
and is believed to have various health-promoting properties for humans, including an-
titumor, anti-inflammatory, and biologics such as microbiological modulation intestinal
bacteria [14]. Although AAL protein function was studied in Lactobacilli [17,18], our un-
derstanding of AAL enzyme in this Genus is still very limited. In addition, Pseudomonas
aeruginosa AAL protein is reported to have PAL enzymatic activity in 2017 [11], which
aroused our interest in the hypothesis that AAL may have similar substrate specificity as
bamboo PALs [12,13]. In this study, we further examined and proved that Lactobacillus
paracasei AAL (LpAAL) has both PAL and TAL activities by using the BoPAL4 protein as a
control group to comprehensively study the substrate specificity in the LpAAL protein.
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2. Materials and Methods
2.1. Chemicals

L-aspartic acid, fumaric acid, L-phenylalanine, L-tyrosine, trans-cinnamic acid, and
p-coumaric acid were obtained from MilliporeSigma (Burlington, MA, USA). Reagents for
protein electrophoresis and molecular biology manipulations were described in previous
publications [12,13,19,20].

2.2. Construction of the Expression Vectors

The full-length LpAAL gene was chemically synthetic by MDBio, Inc. (New Taipei City,
Tai wan) and then subcloned into pET28a plasmid for making pET28a-LpAAL plasmid
(Table 1). The LpAAL gene fragment was amplified from pET28a-LpAAL plasmid by a PCR
reaction and then subcloned into pMAL-c2x plasmid for making a maltose-binding protein
fused LpAAL protein (Table 1).

Table 1. Expression plasmids used for recombinant proteins expressions in Escherichia coli.

Plasmids Relevant Characteristics Source/Reference

pET28a E. coli expression vector with
N-terminal His6-tag fusion Invitrogen

pET28a-LpAAL LpAAL coding sequence
inserted into pET28b This study

pMAL-c2x E. coli expression vector with
N-terminal MBP fusion New England Biolab

pMAL-LpAAL LpAAL coding sequence
inserted into pMAL-c2x This study

pTrcHis-BoPAL4 BoPAL4 coding sequence
inserted into pTrcHisA [13]

2.3. E. coli Strains and Protein Expression Conditions

E. coli Top10 strain was used for recombinant BoPAL4 protein expression [13]. E. coli
DH5α and BL21(DE3) strains were used for plasmid storage and for LpAAL and MBP-
LpAAL expression, respectively. E. coli BL21(DE3) cells carrying the expression plasmids
(Table 1) were grown at 30 ◦C in Luria-Bertani medium (1% tryptone, 0.5% yeast extract,
1% NaCl, and pH 7.0) supplemented with 100 mg/mL ampicillin or 50 mg/mL kanamycin.
The expression of LpAAL and MBP-LpAAL proteins was induced at 30 ◦C with 0.1 mM
isopropyl-β-D-thiogalactoside (IPTG) for 4 h. Cells were centrifuged at 6000× g for 10 min,
and pellets were stored at −20 ◦C freezer before use.

2.4. Preparations of LpAAL and MBP-LpAAL Enzymes

E. coli cells were re-dissolved with 20 mL of 1× lysis buffer (50 mM Tris-HCl, pH
7.5, 10 mM imidazole, 100 mM NaCl, 1 mM PMSF) and disrupted by sonication using a
Branson cell disruptor [19,20]. Cell lysates with LpAAL protein or MBP-LpAAL protein
were placed in a Ni-NTA column for affinity column chromatography, and finally eluted
with buffer containing 250 imidazole.

2.5. SDS-Polyacrylamide Gel Electrophoresis

Purity of target proteins were analyzed by polyacrylamide gel electrophoresis (PAGE)
using a Mini-PROTEAN Tetra Cell system (Bio-Rad, Hercules, CA, USA). Protein sam-
ples on gels were stained and decolorized with Coomassie Brilliant Blue R-250 and 20%
methanol. The image of the gel was captured by a Gel Doc XR+ Imaging System (Bio-Rad,
Hercules, CA, USA).

2.6. AAL-F Activity Assay

The aspartate ammonia-lyase forward reaction activity (AAL-F) was assayed by mea-
suring the production of fumaric acid as the absorbance increased at 240 nm [21] using

16



Fermentation 2023, 9, 49

fumaric acid as the standard. The reaction mixture for the AAL-F assay contained 50 mM
Tris−HCl, pH 8.0, 11 mM fumaric acid, and 50 µL of enzyme solution in a total volume of
1.0 mL. The reaction mixture was incubated at 40 ◦C for 3 min. AAL-F activity unit was
defined as nanomole of fumaric acid formatted per minute.

2.7. AAL-R Activity Assay

The aspartate ammonia-lyase reverse reaction activity (AAL-R) was assayed by mea-
suring the production of L-aspartic acid as the absorbance increased at 293 nm [22] using
aspartic acid as the standard. The reaction mixture for the AAL-R assay contained 50 mM
Tris−HCl, pH 8.0, 40 mM L-aspartic acid, and 50 µL of enzyme solution in a total volume
of 1.0 mL. The reaction mixture was incubated at 40 ◦C for 6 min. AAL-R activity unit was
defined as nanomole of aspartic acid formed per minute.

2.8. PAL Activity Assay

The PAL activity was assayed by measuring the production of trans-cinnamic acid
as the absorbance increased at 290 nm [12] using trans-cinnamic acid as the standard.
The reaction mixture for the PAL assay contained 50 mM Tris−HCl, pH 8.0, 40 mM L-
phenylalanine, and 50 µL of enzyme solution in a total volume of 1.0 mL. The reaction
mixture was incubated at 40 ◦C for 6 min. PAL activity was defined as nanomole of
trans-cinnamic acid formed per minute.

2.9. TAL Activity Assay

The TAL activity was assayed by measuring the production of p-coumaric acid as the
absorbance increased at 310 nm [12] using p-coumaric acid as the standard. The reaction
mixture for the AAL-R assay contained 50 mM Tris−HCl, pH 8.0, 40 mM L-tyrosine, and
50 µL of enzyme solution in a total volume of 1.0 mL. The reaction mixture was incubated
at 40 ◦C for 6 min. TAL activity was defined as nanomole of p-coumaric acid formed
per minute.

2.10. Enzyme Biochemical Properties and Kinetics

To measure the optimum reaction temperature, activities’ assays were conducted at
standard reaction condition in a range of temperatures from 30 to 70 ◦C. To measure the
optimum reaction pH, activities’ assays were conducted at standard reaction condition
in a range of pH from 5.0 to 9.0. To determine the kinetic parameter of AAL-F, AAL-R,
PAL, and TAL, a range of concentration of L-aspartic acid, fumaric acid, L-phenylalanine,
and L-tyrosine were varied from 0~20 mM, from 0~11 mM, from 0~12 mM, and from
0~2 mM, respectively. Km and kcat values were calculated from substrate saturation
curves [12,13,19,20].

3. Results
3.1. Analysis of the LpAAL Gene

The LpAAL gene (GenBank Accession No. EEQ60018) has an open-reading frame
(ORF) of 1395 bp and can be deduced into a 464 amino acid or a 50 kDa polypeptide. The
three-dimensional structure of the AAL protein monomer subunit is dominated by the
α-helix, and, as a homotetramer, it contains a total of four fusion active sites, and each
active site consists of three monomer sequences identified to be conserved, in which about
10 rings (SS-loop) are formed by amino acid residues with the characteristic sequence
GSSxxPxKxN [2,21,23]. The sequence of the LpAAL SS-loop is G308SSIMPGKVN317.

3.2. Expression and Purification of Recombinant LpAAL and MBP-LpAAL Proteins in
Escherichia coli

Initially, full length LpAAL gene was inserted in pET28a plasmid for expressing an
N-terminal His-tagged LpAAL recombinant protein (Figure 2A). The solubility of recombi-
nant LpAAL protein was low, and most of the LpAAL proteins became inclusion bodies.
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This result was similar to the expression of Entamoeba histolytica aspartate ammonia-lyase
protein [24]. Therefore, we constructed another expression vector for expressing a maltose-
binding protein (MBP)-tagged LpAAL with C-terminal His-tag for facilitating purification
(Figure 2A) and stepped forward the induction conditions, including reduced induction
temperature, prolonged induction time, and decreased IPTG concentration, to overcome the
scenario of insoluble LpAAL proteins. The results showed that the recombinant proteins of
LpAAL and MBP-LpAAL purified with Ni-resin resin were separated SDS-PAGE followed
by Coomassie Brilliant Blue R-250 staining (Figure 2B). Both recombinant proteins, LpAAL
and MBP-LpAAL, were migrated to their anticipated positions, and molecular weights
were approximately 50 and 92.5 kDa, respectively. Therefore, E. coli expression system is
capable of synthesizing LpAAL and MBP-LpAAL recombinant proteins [25].
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Figure 2. Preparation of recombinant MBP-LpAAL and LpAAL proteins. (A) LpAAL protein and
MBP-LpAAL fusion protein were expressed in Escherichia coli. (B) Recombinant proteins were purified
using Ni-NTA affinity column and separated using 10% SDS–PAGE, and then stained with Coomassie
Blue dye. Mr, molecular weight SDS–PAGE marker; lane 1, MBP-LpAAL; lane 2, LpAAL. MBP:
maltose-binding protein.

3.3. Optimum Temperature of AAL and AAL-R Activities of LpAAL and MBP-LpAAL Proteins

A previous study had shown that two different AAL proteins purified from Aeromonas
medium and Pseudomonas aeruginosa had optimal reaction temperatures of 35 ◦C and
40 ◦C [7,11]. Singh and Yadav further showed that AAL protein was more stable between
25 and 40 ◦C, after which it may lose AAL activity, presumably due to denaturation at
higher temperatures [7,11]. Recombinant LpAAL and MBP-LpAAL proteins purified from
E. coli were both active enzymes. Our results showed that the optimal reaction temperatures
of AAL-F and AAL-R activities of LpAAL enzyme were both 40 ◦C (Figure 3A), while the
optimal reaction temperatures of AAL-F and AAL-R activities of MBP-LpAAL enzyme are
45 ◦C and 35 ◦C, respectively (Figure 3B). Taken together, the optimal reaction temperature
of LpAAL and MBP-LpAAL recombinant proteins were comparable with other microbial
AAL proteins.

3.4. Optimum pH for AAL-F and AAL-R Activities of LpAAL and MBP-LpAAL Proteins

Normally, AAL enzymes are used to react in alkaline conditions, where the optimum
pH is between 7.0 and 9.0 [23]. The optimal pH of the AAL enzyme purified from Escherichia
coli and Pseudomonas aeruginosa were 8.0 and 8.5, respectively [11,21]. Our result showed
that the optimal reaction pH of both AAL-F and AAL-R activities of LpAAL enzyme was
8.0 (Figure 4A), while the optimal pHs of AAL-F and AAL-R activities of MBP-LpAAL
enzyme were 8.5 and 8.0, respectively (Figure 4B). As a result, the optimal reaction pH of
LpAAL and MBP-LpAAL proteins was comparable with other microbial AAL proteins.
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Figure 3. Optimum reaction temperature of AAL-F and AAL-R activities of LpAAL (A) and MBP-
LpAAL (B) enzymes. Activities were measured under standard assay conditions in a range of
temperatures from 30 to 50 ◦C. All experiments were performed in triplicate and expressed as
average ± standard deviation (S.D., error bars). The average of maximum activity was normalized
as 100%.
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Figure 4. Optimum reaction pH of AAL-F and AAL-R activities of LpAAL (A) and MBP-LpAAL
(B) enzymes. Activities were measured under standard assay conditions in a range of pH from 7.0 to
9.0. All experiments were performed in triplicate and expressed as average ± standard deviation
(S.D., error bars). The average of maximum activity was normalized as 100%.

3.5. Kinetic Parameters for AAL-F and AAL-R Activities of LpAAL and MBP-LpAAL Proteins

The kinetics parameters of the LpAAL and MBP-LpAAL enzymes were studied and
the Km values of the enzymes were calculated using saturation curves (Figure 5) and the
Michaelis–Menten equation. After calculation, the result showed that the Km values of
LpAAL and MBP-LpAAL proteins using aspartic acid as a substrate were 5.7 (Figure 5A)
and 5.2 mM (Figure 5B) at pH 8.0, respectively, and were similar to that of Pseudomonas
fluorescens AAL (Km = 5.1 mM) [21]. The Km values of LpAAL and MBP-LpAAL proteins
using fumaric acid as a substrate were both 8.50 mM at pH 8.0 (Figure 5C,D), which is
significantly different from the study showing the Km value of the Pseudomonas aeruginosa
AAL enzyme using fumaric acid as a substrate to be 21,234 mM [11].
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Figure 5. Kinetic parameters of LpAAL and MBP-LpAAL with L-aspartic acid and fumaric acid as
substrate. (A), to determine LpAAL kinetic parameters using L-aspartic acid as substrate, substrate
saturation curve. (B), to determine MBP-LpAAL kinetic parameters using L-aspartic acid as substrate,
substrate saturation curve. (C), to determine LpAAL kinetic parameters using fumaric acid as
substrate, substrate saturation curve. (D), to determine MBP-LpAAL kinetic parameters using
fumaric acid as substrate, substrate saturation curve. All experiments were performed in triplicate
and expressed as average ± standard deviation (S.D., error bars). The average of maximum activity
was normalized as 100%.

The Vmax values were obtained from double reciprocal plots derived from substrate
saturation curve (Figure 5, Table 1). The Vmax values were divided by protein amounts
(nmole) to obtain the kcat values. The kcat values of LpAAL for L-aspartic acid and fumaric
acid were estimated as 6.70 and 0.45 s−1, respectively. Moreover, the kcat values of MBP-
LpAAL for L-aspartic acid and fumaric acid were estimated as 13.1 and 37.6 s−1, respec-
tively (Table 2). In conclusion, both recombinant LpAAL and MBP-LpAAL proteins were
undoubtedly functional AAL enzymes, and LpAAL and MBP-LpAAL enzyme activities
were comparable.

Table 2. Comparison of biochemical properties and kinetic parameters of AAL activities in various
AAL proteins.

Enzyme Substrate
Specific
Activity
(U/mg)

Optimum
pH

Optimum
Temp (◦C)

Vmax
(nmole/min)

kcat
(s−1)

Km
(mM)

kcat / Km
(s−1 mM) Ref.

LpAAL L-Asp 7.7 × 107 8.0 40 93 6.7 5.70 1.18
This study

fumaric acid 6.09 8.0 40 257 0.45 8.50 0.05
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Table 2. Cont.

Enzyme Substrate
Specific
Activity
(U/mg)

Optimum
pH

Optimum
Temp (◦C)

Vmax
(nmole/min)

kcat
(s−1)

Km
(mM)

kcat / Km
(s−1 mM) Ref.

MBP-
LpAAL

L-Asp 8.3 × 107 8.5 45 97 13.1 5.20 5.20
This study

fumaric acid 5.73 8.0 35 267 37.64 8.50 8.5

pAAL 1 L-Asp —- —- —- —- 4.91 3 × 10−4 —- [11]

BAAL 2 L-Asp —- —- —- 287 (mM/h) —- 213 —- [26]

pfAAL 3 L-Asp —- 8.8 —- —- 130 5.1 25 [21]

1 pAAL: Pseudomonas aeruginosa PAO1; 2 BAAL: Bacillus sp. YM55-1; 3 pfAAL: Pseudomonas fluorescens R124.

3.6. Optimum Temperature and pH between PAL and TAL for LpAAL and MBP-LpAAL

Recently, Patel et al. reported that Pseudomonas aeruginosa AAL protein can uti-
lize phenylalanine as a substrate to yield cinnamic acid [11]. To investigate whether
LpAAL/MBP-LpAAL proteins can also use L-phenylalanine or can further use L-tyrosine
as a substrate, the optimum temperature of PAL and TAL activities were determined to
between 30~50 ◦C. The optimal PAL and TAL activities of LpAAL protein were both at
40 ◦C (Figure 6A), similar to the optimal temperature of MBP-LpAAL (Figure 6B). However,
the optimal temperatures of BoPAL4 protein for PAL (50 ◦C) and TAL activities (60 ◦C)
were significantly higher than that of LpAAL and MBP-LpAAL proteins (Figure 6A,B).
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of temperatures from 30 to 60 ◦C. (B) TAL activities were measured under standard assay conditions
in a range of temperatures from 30 to 60 ◦C. (C) PAL activities were measured under standard
assay conditions in a range of pH from 7.0 to 9.0. (D) TAL activities were measured under standard
assay conditions in a range of pH from 7.0 to 9.0. All experiments were performed in triplicate and
expressed as average ± standard deviation (S.D., error bars). The average of maximum activity was
normalized as 100%.

Accordingly, the optimum pH for PAL and TAL activities were determined between
7.0 and 9.0, and the optimum pH for PAL and TAL activities of LpAAL protein were both
8.0 (Figure 6C), which is similar to the optimum pH for MBP-LpAAL protein (Figure 6D).
In addition, the optimum pH of BoPAL4 protein for both PAL and TAL activities was
8.5, which was comparable with that of LpAAL and MBP-LpAAL proteins (Figure 6C,D).
LpAAL and MBP-LpAAL proteins exhibited better PAL/TAL relative activities at lower
temperature and pH than that of BoPAL4 protein. Taken together, LpAAL and MBP-LpAAL
proteins were able to produce cinnamic acid and p-coumaric acid through their PAL and
TAL activities.

3.7. Kinetics Parameters for LpAAL and MBP-LpAAL with L-Phenylalanine and L-Tyrosine
as Substrates

The Km of LpAAL protein with L-phenylalanine and L-tyrosine as substrates were
4.43 and 1.17 mM, respectively, and the Km of MBP-LpAAL protein of L-phenylalanine and
L-tyrosine as substrates were 4.07 and 1.10 mM, respectively (Table 3). This was not similar
to the result previously reported by Patel et al. with a Km value with L-phenylalanine of
1.7 mM for AAL [11]. In addition, the kcat of LpAAL enzyme with L-phenylalanine and
L-tyrosine were 0.45 and 0.02 s−1 respectively, and the kcat of MBP-LpAAL enzyme based
on L-phenylalanine and L-tyrosine were 0.84, 0.04, and s−1, respectively. By comparing
with the kinetic parameters of BoPAL4 protein, LpAAL and MBP-LpAAL proteins were
truly TAL and PAL enzymes in spite of showing lower catalytic capability than that of
BoPAL4 protein (Table 3).

Table 3. Comparison of biochemical properties and kinetic parameters of PAL and TAL activities in
LpAAL, MBP-LpAAL, and BoPAL4 proteins.

Proteins Substrate Optimum pH Optimum
Temp (◦C) kcat (s−1) Km (mM) Ref.

LpAAL L-Phe 8.0 40 0.45 4.43 This study
L-Tyr 8.0 40 0.02 1.17

MBP-LpAAL L-Phe 8.0 40 0.84 4.07 This study
L-Tyr 8.5 40 0.04 1.10

BoPAL4
L-Phe 9.0 50 1.14 2.10

[13]L-Tyr 8.5 60 0.18 0.10

3.8. Comparison of Specific Activities in LpAAL, MBP-LpAAL, and BoPAL4 Proteins

Besides enzyme kinetic parameters, the specific activities of AAL-F, AAL-R, PAL, and
TAL were compared (Figure 7). The specific AAL-F activity of LpAAL protein was similar to
that of MBP-LpAAL protein (Figure 7A). The specific AAL-F activities of both recombinant
proteins were slightly higher (1.3-fold) than that of the specific AAL-R activities (Figure 7A).
Accordingly, BoPAL4 protein was used as control to evaluate the PAL and TAL activities
of LpAAL and MBP-LpAAL proteins. The results showed that the PAL (Figure 7B) and
TAL (Figure 7C) activities of LpAAL and MBP-LpAAL proteins were about one-half and
one-sixth of BoPAL4 protein. Although the PAL and TAL activities of LpAAL and MBP-
LpAAL proteins were lower than that of BoPAL4, phenylalanine and tyrosine were bona
fide substrates for both LpAAL and MBP-LpAAL proteins.
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Figure 7. Comparison of specific activities in LpAAL, MBP-LpAAL, and BoPAL4. (A) Specific AAL-F
and AAL-R activities in LpAAL and MBP-LpAAL were measured under standard assay condition.
(B) Specific PAL activities in LpAAL, MBP-LpAAL and BoPAL4 were measured under standard
assay condition. (C) Specific TAL activities in LpAAL, MBP-LpAAL and BoPAL4 were measured
under standard assay condition. All experiments were performed in triplicate and expressed as
average ± standard deviation (S.D., error bars).

4. Discussion

In this study, we proved that Lactobacillus paracasei aspartate ammonia-lyase, LpAAL,
has broad substrate specificity and can be used to synthesize at least four products from
four substrates. LpAAL protein is a multifunctional enzyme that is active under alkaline
and mesophilic conditions, catalyzing the nonoxidative deamination of L-aspartic acid,
fumaric acid, L-phenylalanine, and L-tyrosine to yield fumaric acid, L-aspartic acid, trans-
cinnamic acid, and p-coumaric acid. Recombinant LpAAL expressed in E. coli was prone to
form inclusion bodies, and MBP can significantly increase its solubility without affecting
enzymatic activities. In Figure 7A, when the same protein amount of LpAAL and MBP-
LpAAL enzymes were subjected to the same reaction, there was no significant difference
in the specific activity of both proteins. The lower mole ratio of MBP-LpAAL protein
compared to LpAAL could catalyze substrates more efficiently, presumably due to MBP
can stabilize LpAAL protein structure. Most of the AAL enzymes were highly specific for
using aspartic acid as the substrate, but a few other substrate-catalyzing cases were also
observed, including an AAL protein from Pseudomonas aeruginosa with PAL activity [11,21].
In this study, LpAAL and MBP-LpAAL proteins were comprehensively elevated to have
four enzyme activities, namely AAL-F, AAL-R, PAL, and TAL activities. To our knowledge,
our result is the first finding that AAL enzyme can also function as TAL enzyme using a
dual function PAL and TAL enzyme, BoPAL4, as the control protein. In the future, other
putative aromatic substrates can be tested to figure out if they could be utilized as substrate
by LpAAL protein.

Fumaric acid can be used as a medicine for skin diseases [27,28]; L-aspartic acid is used
as a raw material for the production of aspartame [29]; trans-cinnamic acid has the protective
effects in the nervous system [30] and cardiovascular system [31]; and p-coumaric acid
exhibits antimicrobial and anti-inflammatory effects [32]. Immobilization of microbial AAL
proteins has been applied for L-aspartate synthesis [21,26]. All four metabolites of LpAAL
enzyme are applied in food, cosmetic, and medical industries. Therefore, LpAAL protein
can also be immobilized on electrospun nanofibers to further characterize its recyclability,
storage, and kinetic properties.
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Abbreviations

AAL aspartate ammonia-lyase
AAL-F aspartate ammonia-lyase forward reaction
AAL-R aspartate ammonia-lyase reverse reaction
bAAL B: Bacillus sp. YM55-1 aspartate ammonia-lyase
BoPAL4 Bambusa oldhamii phenylalanine ammonia-lyase 4
eAAL e: E. coli aspartate ammonia-lyase
IPTG isopropyl β-D-1-thiogalactopyranoside
LB Luria-Bertani
LpAAL Lp: Lactobacillus paracasei aspartate ammonia-lyase
MBP maltose-binding protein
pAAL p: Pseudomonas aeruginosa PAO1 aspartate ammonia-lyase
PAL phenylalanine ammonia-lyase
pfAAL pf: Pseudomonas fluorescens R124 aspartate ammonia-lyase
PTAL phenylalanine-tyrosine ammonia-lyase
TAL tyrosine ammonia-lyase

References
1. Kazuoka, T.; Masuda, Y.; Oikawa, T.; Soda, K. Thermostable aspartase from a marine psychrophile, Cytophaga sp. KUC-1:

Molecular characterization and primary structure. J. Biochem. 2003, 133, 51–58. [CrossRef] [PubMed]
2. Fibriansah, G.; Veetil, V.P.; Poelarends, G.J.; Thunnissen, A.M.W. Structural basis for the catalytic mechanism of aspartate ammonia

lyase. Biochemistry 2011, 50, 6053–6062. [CrossRef] [PubMed]
3. Karsten, W.E.; Hunsley, J.R.; Viola, R.E. Purification of aspartase and aspartokinase-homoserine dehydrogenase I from Escherichia

coli by dye-ligand chromatography. Anal. Biochem. 1985, 147, 336–341. [CrossRef]
4. Kawata, Y.; Tamura, K.; Yano, S.; Mizobata, T.; Nagai, J.; Esaki, N.; Soda, K.; Tokushige, M.; Yumoto, N. Purification and

characterization of thermostable aspartase from Bacillus sp. YM55-1. Arch. Biochem. Biophy. 1999, 366, 40–46. [CrossRef]
5. Nuiry, I.I.; Hermes, J.D.; Weiss, P.M.; Chen, C.Y.; Cook, P.F. Kinetic mechanism and location of rate-determining steps for aspartase

from Hafnia alvei. Biochemistry 1984, 23, 5168–5175. [CrossRef]
6. Lu, J.; Zhang, J.; Zhang, H.; Wang, X. Studies on the properties of mutants of aspartase from Escherichia coli Wa. Ann. N. Y. Acad.

Sci. 1998, 864, 631–635. [CrossRef] [PubMed]
7. Singh, R.S.; Yadav, M. Single-step purification and characterization of recombinant aspartase of Aeromonas media NFB-5. Appl.

Biochem. Biotechnol. 2012, 167, 991–1001. [CrossRef]
8. de Villiers, M.; Veetil, V.P.; Raj, H.; de Villiers, J.; Poelarends, G.J. Catalytic mechanisms and biocatalytic applications of aspartate

and methylaspartate ammonia lyases. ACS Chem. Biol. 2012, 7, 1618–1628. [CrossRef]
9. Veetil, V.P.; Raj, H.; Quax, W.J.; Janssen, D.B.; Poelarends, G.J. Site-directed mutagenesis, kinetic and inhibition studies of aspartate

ammonia lyase from Bacillus sp. YM55-1. FEBS J. 2009, 276, 2994–3007. [CrossRef]
10. Parmeggiani, F.; Weise, N.J.; Ahmed, S.T.; Turner, N.J. Synthetic and therapeutic applications of ammonia-lyases and aminomu-

tases. Chem. Rev. 2018, 118, 73–118. [CrossRef]
11. Patel, A.T.; Akhani, R.C.; Patel, M.J.; Dedania, S.R.; Patel, D.H. Bioproduction of L-aspartic acid and cinnamic acid by L-aspartate

ammonia lyase from Pseudomonas aeruginosa PAO1. Appl. Biochem. Biotechnol. 2017, 182, 792–803. [CrossRef] [PubMed]
12. Hong, P.Y.; Huang, Y.H.; Lim, G.C.W.; Chen, Y.P.; Hsiao, C.J.; Chen, L.H.; Ciou, J.Y.; Hsieh, L.S. Production of trans-cinnamic acid

by immobilization of the Bambusa oldhamii BoPAL1 and BoPAL2 phenylalanine ammonia-lyases on electrospun nanofibers. Int. J.
Mol. Sci. 2021, 22, 11184. [CrossRef]

13. Hsieh, C.Y.; Huang, Y.H.; Yeh, H.H.; Hong, P.Y.; Hsiao, C.J.; Hsieh, L.S. Phenylalanine, tyrosine, and DOPA are bona fide substrates
for Bambusa oldhamii BoPAL4. Catalysts 2021, 11, 1263. [CrossRef]

24



Fermentation 2023, 9, 49

14. Cui, Y.; Qu, X. Genetic mechanisms of prebiotic carbohydrate metabolism in lactic acid bacteria: Emphasis on Lacticaseibacillus
casei and Lacticaseibacillus paracasei as flexible, diverse and outstanding prebiotic carbohydrate starters. Trends Food Sci. Technol.
2021, 115, 486–499. [CrossRef]

15. Azam, M.; Mohsin, M.; Ijaz, H.; Tulain, U.R.; Ashraf, M.A.; Fayyaz, A.; Kamran, Q. Lactic acid bacteria in traditional fermented
Asian foods. Pak. J. Pharm. Sci. 2017, 30, 1803–1804. [PubMed]

16. Hill, D.; Sugrue, I.; Tobin, C.; Hill, C.; Stanton, C.; Ross, R.P. The Lactobacillus casei group: History and health related applications.
Front. Microbiol. 2018, 9, 2107. [CrossRef] [PubMed]

17. Rollan, G.C.; Manca de Nadra, M.C.; Pesce de Ruiz Holgado, A.A.; Oliver, G. Aspartate metabolism in Lactibacillus murinus CNRS
313. I. Aspartase. J. Gen. Appl. Microbiol. 1985, 31, 403–409. [CrossRef]

18. Fernández, M.; Zúñiga, M. Amino acid catabolic pathways of lactic acid bacteria. Crit. Rev. Microbio1. 2006, 32, 155–183.
[CrossRef]

19. Hsiao, C.J.; Hsieh, C.Y.; Hsieh, L.S. Cloning and characterization of the Bambusa oldhamii BoMDH-encoded malate dehydrogenase.
Protein Expr. Purif. 2020, 174, 105665. [CrossRef]

20. Hsu, W.H.; Huang, Y.H.; Chen, P.R.; Hsieh, L.S. NLIP and HAD-like domains of Pah1 and Lipin 1 phosphatidate phosphatases
are essential for their catalytic activities. Molecules 2021, 26, 5470. [CrossRef]

21. Csuka, P.; Molnár, Z.; Tóth, V.; Imarah, A.O.; Balogh-Weiser, D.; Vértessy, B.G.; Poppe, L. Immobilization of the aspartate
ammonia-lyase from Pseudomonas fluorescens R124 on magnetic nanoparticles: Characterization and kinetics. ChemBioChem 2022,
23, e202100708. [CrossRef] [PubMed]

22. Ida, N.; Tokushige, M. L-Aspartate-induced activation of aspartase. J. Biochem. 1985, 98, 35–39. [CrossRef] [PubMed]
23. Zhang, J.; Liu, Y. A QM/MM study of the catalytic mechanism of aspartate ammonia lyase. J. Mol. Graph. Model. 2014, 51, 113–119.

[CrossRef]
24. Eze, S.O.O.; Ghulam, J.; Husain, A.; Nozaki, T. Molecular cloning and characterization of aspartate ammonia-lyase from Entamoeba

histolytica. Nigerian J. Biochem. Mol. Biol. 2009, 24, 1–7.
25. Wang, L.J.; Kong, X.D.; Zhang, H.Y.; Wang, X.P.; Zhang, J. Enhancement of the activity of L-aspartase from Escherichia coli W by

directed evolution. Biochem. Biophy. Res. Commun. 2000, 276, 346–349. [CrossRef] [PubMed]
26. Cárdenas-Fernández, M.; López, C.; Alvaro, G.; López-Santín, J. Immobilized L-aspartate ammonia-lyase from Bacillus sp. YM55-1

as biocatalyst for highly concentrated L-aspartate synthesis. Bioprocess Biosyst. Eng. 2012, 35, 1437–1444. [CrossRef]
27. Mrowietz, U.; Christophers, E.; Altmeyer, P. Treatment of psoriasis with fumaric acid esters: Results of a prospective multicentre

study. Br. J. Dermatol. 1998, 138, 456–460. [CrossRef]
28. Roa Engel, C.A.; Straathof, A.J.; Zijlmans, T.W.; van Gulik, W.M.; van der Wielen, L.A. Fumaric acid production by fermentation.

Appl. Microbiol. Biotechnol. 2008, 78, 379–389. [CrossRef]
29. Werpy, T.; Petersen, G. Top Value Added Chemicals from Biomass: Volume I-Results of Screening for Potential Candidates from Sugars and

Synthesis Gas (No. DOE/GO-102004-1992); National Renewable Energy Lab.: Golden, CO, USA, 2004. [CrossRef]
30. Prorok, T.; Jana, M.; Patel, D.; Pahan, K. Cinnamic acid protects the nigrostriatum in a mouse model of Parkinson’s disease via

peroxisome proliferator-activated receptorα. Neurochem. Res. 2019, 44, 751–762. [CrossRef]
31. Song, F.; Li, H.; Sun, J.; Wang, S. Protective effects of cinnamic acid and cinnamic aldehyde on isoproterenol-induced acute

myocardial ischemia in rats. J. Eethnopharmacol. 2013, 150, 125–130. [CrossRef]
32. Liu, Y.; Xu, W.; Xu, W. Production of trans-cinnamic and p-coumaric acids in engineered E. coli. Catalysts 2022, 12, 1144. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

25



Citation: Ren, K.; Wang, Q.; Hu, M.;

Chen, Y.; Xing, R.; You, J.; Xu, M.;

Zhang, X.; Rao, Z. Research Progress

on the Effect of Autolysis to Bacillus

subtilis Fermentation Bioprocess.

Fermentation 2022, 8, 685. https://

doi.org/10.3390/fermentation8120685

Academic Editor:

Mohammad Taherzadeh

Received: 2 November 2022

Accepted: 25 November 2022

Published: 28 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Review

Research Progress on the Effect of Autolysis to Bacillus subtilis
Fermentation Bioprocess
Kexin Ren †, Qiang Wang †, Mengkai Hu, Yan Chen, Rufan Xing, Jiajia You, Meijuan Xu, Xian Zhang *
and Zhiming Rao *

Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University,
Wuxi 214000, China
* Correspondence: zx@jiangnan.edu.cn (X.Z.); raozhm@jiangnan.edu.cn (Z.R.)
† These authors contributed equally to this work.

Abstract: Bacillus subtilis is a gram-positive bacterium, a promising microorganism due to its
strong extracellular protein secretion ability, non-toxic, and relatively mature industrial fermen-
tation technology. However, cell autolysis during fermentation restricts the industrial application of
B. subtilis. With the fast advancement of molecular biology and genetic engineering technology, vari-
ous advanced procedures and gene editing tools have been used to successfully construct autolysis-
resistant B. subtilis chassis cells to manufacture various biological products. This paper first analyses
the causes of autolysis in B. subtilis from a mechanistic perspective and outlines various strategies
to address autolysis in B. subtilis. Finally, potential strategies for solving the autolysis problem of
B. subtilis are foreseen.

Keywords: Bacillus subtilis; cell autolysis; gene editing; fermentation technology; chassis cell

1. Introduction

B. subtilis is a generally recognized as safe (GRAS) microorganism [1], which is famous
for its strong ability for heterologous expression, clear physiological and biochemical char-
acteristics, and legacy relatively simple to operate. In addition, they have the advantages
of being easy to cultivate and robust in industrial fermentations [2]. Using B. subtilis as the
chassis cell, the exogenous introduction of the desired synthetic pathway and the systematic
optimization of the strain’s own global metabolism and the coordination of the balance
between the strain’s metabolic network and the exogenous pathway allow for the efficient
production of a large number of products. As a crucial industrial biotechnology powerful
chassis cell, B. subtilis produces valuable enzymes and biopolymers [3]. For example,
xylanase can be fermented in a recombinant strain of Bacillus subtilis to obtain an enzy-
matic activity of 38 U/mL [4], and L-asparaginase (ASN) can reach a yield of 407.6 U/mL
(2.5 g/L) by Bacillus subtilis fermenters [5]. Biopolymers are primarily represented by
riboflavin, surface activator, ethylene coupling, phytase, xylanase, L-asparaginase, chon-
droitin, N-ethyleneglycolate phytase, xylanase, L-asparaginase, chondroitin, N-acetyl acyl
glucosamine, etc. [6] (shown in Figure 1). The yield of riboflavin in Bacillus subtilis was
ahead of other strains of the chassis. As early as 1999, Perkins et al. applied genetic engi-
neering technology to construct a high-yielding strain of riboflavin using Bacillus subtilis as
the substrate cells, and the yield of riboflavin could reach 15 g/L at 56 h of fermentation [7].
In the agriculture field, B. subtilis is not only used to treat plant and animal illnesses and
to replace hazardous chemical fungicides to minimize the danger to other species and the
environment [8]. Regarding probiotic foods, B. subtilis can enter animals in the form of
spores [9]. After germination, it can produce many antibacterial substances to inhibit the
growth of harmful intestinal microorganisms such as Escherichia coli to achieve the effect of
gastrointestinal protection [10].
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However, there is a problem with cell autolysis in fermentation cultures of B. subtilis.
Cell autolysis is widespread in microorganisms, such as bacteria, actinomycetes, and fungi.
The researchers defined the self-structural degradation process that bacteria undergo at
the end of their life cycle as “autolysis” and found that “autolysins” such as cytosolic
hydrolases and peptidoglycan hydrolases, which catalyze the hydrolysis of the cell wall
peptidoglycan layer, are closely related to the autolysis process. Reduced cell autolysis in
B. subtilis leads to a significant increase in cell secretion of recombinant proteins [11] and
other productions. In a later stage of fermentation or under fermentation conditions un-
suitable for cell growth, the cells will begin to autolyze. This effect leads to a substantial
reduction in cell biomass, which seriously affects the expression of products and fermen-
tation efficiency [12]. In particular, high-yield strains modified by metabolic engineering
are more likely to occur during cell autolysis. For example, WB800 [13] (B. subtilis with
eight extracellular proteases knocked out), most often applied to express extracellular pro-
teases, has more severe cell autolysis [14]. Therefore, it is essential to study the autolysis of
B. subtilis. Studies have shown that the root cause of B. subtilis autolysis is that the activity
of autolysins is controlled by various conditions to perform their respective functions and
thus hydrolyze the peptidoglycan of the cells. These autolysis enzymes include those
closely related to the growth and development of B. subtilis and those from prophages.

This review analyzes the relevant factors of B. subtilis autolysis in terms of mechanism,
summarizes the functions of critical autolysins in its autolysis process, and outlines the
various effective strategies that have been used in recent years to address autolysis in
B. subtilis and the results they have achieved. Finally, future research directions for solving
the autolysis problem of B. subtilis have been prospected.

2. Mechanism and Causative Factors of Autolysis Phenomenon

Microbial autolysis is mainly manifested in the action of enzymes on the cell wall. As
shown in Figure 2, the cell wall of B. subtilis consists primarily of peptidoglycan and anionic
polymers. The anionic polymers provide chemical bonds that can be hydrolyzed, thus gen-
erating a more significant number of potential active sites for bacterial autolysins action [15].
These actions eventually lead to disrupting the cross-linked structure of peptidoglycan
and the peptidoglycan cleavage [16]. The following figure shows the structural units and
autolysis action sites (four in total) of the B. subtilis metrocyte cell wall and spore cortex.
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In addition to the normal senescence and death of cells, any factors that are unsuit-
able for the growth and physiological metabolism of microorganisms and cause extreme
disturbance in their physiological state can effectively induce autolysis expression and
cause microbial autolysis. Comprehensive of the existing reports at home and abroad,
we summarize the various factors that can cause cell autolysis in B. subtilis, as shown in
Figure 1.

2.1. Physical Factors That Induce Autolysis

The main physical factors are temperature, osmotic pressure, and pH. Among them,
temperature variation is an essential environmental parameter affecting microbial cell
growth and reproduction. High-temperature fermentation has some advantages in produc-
tion because it creates a harsh environment (preventing the growth of hybrid bacterium)
that promotes the growth of the target strain. Nonetheless, raising the high temperature of
the culture might have a detrimental impact on microorganism development and lead to
autolysis of the cultured cells in certain situations.

B. subtilis can grow at 25~40 ◦C, and the optimum temperature for its growth is
35 ◦C. As mentioned in the article by Regamey and Karamat et al. [17], after B. subtilis
was subjected to thermal excitation at 50 ◦C, prophage spβ was induced, and many cells
underwent autolysis. Similarly, Nandy et al. [18] found that moving B. subtilis from 37 ◦C
to 48 ◦C water bath conditions caused massive autolysis of B. subtilis cells. According to
Antelmann et al. [19], high-temperature incubation caused the production of autolysis
enzymes in some bacteria, leading to massive cell autolysis of these microorganisms.
This phenomenon poses a severe threat to microbial culture. Therefore, using a higher
temperature to culture microorganisms and avoid cell autolysis has become one of the main
obstacles to high-temperature culture microorganisms. One of the most successful strategies
to overcome this issue is to improve microbial strains to adapt to high-temperature fermentation
settings [20]. In addition to this, autolysis of B. subtilis induced by supercooling was also found by
Yamanaka et al. [21]. Following a rapid decrease in temperature, the physiology of B. subtilis
cells changes profoundly; this phenomenon is called cold shock [22]. B.subtilis vegetative
cells undergo autolysis when exposed to cold shock treatment.

In the aspect of osmotic pressure, the suitable osmotic pressure for Bacillus subtilis
is converted to a culture speed of approximately 200–250 rpm. Svarachorn et al. [23]
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discovered that when B. subtilis cells lose their capacity to regulate osmotic pressure, the
intracellular potassium ions of the bacterium will leak, and the cells will not take up glucose.
If the bacterium is continuously incubated at 37 ◦C in high concentrations of near-monovalent
cations, autolysis of cells will be observed. Sahoo et al. [24] and Yamanaka et al. [21] exposed
B. subtilis to drastic pressure change conditions (rate of 1.482/s). After 10 h incubation, they
found that the biomass of the bacterium decreased drastically. The effect of high pressure
on the autolysis of B. subtilis can also be understood during the decontamination of HHP
(high hydrostatic pressure) [25].

pH is a very important parameter for microbial growth, a comprehensive indicator of
metabolic activity, and closely related to microbial autolysis. Different species of microor-
ganisms have different pH requirements. The optimum pH for most bacteria is 6.5–7.5. The
optimal culture pH for B. subtilis is about 7. Jolliffe et al. [26] found that Bacillus subtilis
showed the highest autolysis of its cells when it was in alkaline medium (pH = 9).

2.2. Chemical Factors That Induce Autolysis

Chemical factors are mainly the effects of monovalent cations and antibiotics on
cell autolysis. These substances affect the normal expression of autolytic enzymes and
proteases in cells. For example, Svarachorn et al. [27] found that monovalent cations such
as K+, NH4

+, Na+, Cs+, and Li+ could cause intracell autolysis of B. subtilis 168 when the
concentration of K+, NH4

+, Na+, Cs+, and Li+ was 100 mM. The autolysis rate of cells in the
above buffer was in the range of 2.8–4.0 k × 102/min. This shows that high concentrations
of monovalent cations in buffers can promote autolysis in B. subtilis 168, mainly due to
activating important, internal, and significant N-acetylmuramoyl-L-alanine amidase inside
this bacterium, e.g., NH+, Li+, Rb+, Cs+, and Na+ at 100 mM. Their enzyme activities were
increased by 6.4, 3.9, 3.9, 3.6, and 3.4 times, respectively. Autolysis is more likely to occur
when protein synthesis is active, but peptidoglycan synthesis is inadequate.

The role of proteases in antibiotic-induced cell lysis is also a more complex process [28].
Jolliffe et al. [29] investigated the impact of nafcillin on B. subtilis intracell autolysis and
discovered that mutants that release many proteases are incredibly resistant to nafcillin-
induced fatal and lytic effects. Under nafcillin induction, however, protease-deficient
bacteria were more sensitive to mortality and lysis.

2.3. Biological Factors That Induce Autolysis

Biological factors mainly include external and internal factors, which are the microbial
interactions and alterations in the autolysin gene expression level of B. subtilis. Among
the external factors, B. subtilis in the same culture system compete with each other for
nutrients. The interaction between microorganisms causes autolysis. As for internal factors,
mutations in some genes that can affect the expression of autolysis enzymes can also have
a consequence on cell autolysis.

2.3.1. Cell Autolysis Caused by Cannibalism

The phenomenon of “kill one’s kind” in B. subtilis was reported by Pastor et al. [30].
They found that B. subtilis cells forming spores are prone to cannibalism, whereby the bac-
teria delay the formation of spores in other cells by cannibalism. The nature of cannibalism
is that B. subtilis that have entered sporulation can produce and export a killing factor and
a signaling protein. Synergistic action prevents other sister cells from forming spores and
causes sister cell autolysis. Immediately after Allenby et al. [31] discovered the significance
of the phenomenon of cannibalism, when B. subtilis was subjected to phosphate-deficient
conditions, the harsh conditions significantly induced the lysis of non-spores, thus provid-
ing a good source of nutrients for other cells. To test this idea, the researchers transferred
B. subtilis to a carbon-deficient medium and the bacteria underwent rapid cell autoly-
sis [31,32]. Nandy et al. [33] revealed that this crucial regulatory protein of B. subtilis,
Spo0A, which controls spore development, uses a certain antimicrobial factor to lyse E. coli
cells under its regulation.
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Gonzalez-Pastor et al. [34] analyzed the nature of B. subtilis “conspecific” and con-
cluded that those cells entering the spore pathway produce and export a killing factor
(SkfA) and a signal peptide protein (SdpC). The genes encoding these two proteins are
located on the skfA operon and the sdpC operon, respectively, where the skf operon element
is responsible for the output of SkfA and the product of immune function against SkfA [30].
Together, skfA and sdpC cause sister cell autolysis and prevent the formation of spores. The
processing and secretion of the sdpC gene also produces a sporulation-delaying protein
(SDP). SDP is a peptide toxin that kills cells outside the biofilm to support continued growth.
SDP rapidly collapses the proton motive force (PMF) of B. subtilis, which induces dramatic
autolysin-mediated lysis [35,36].

The sdpC operon is also expressed in Spo0A-active cells, producing a signaling protein
(called delaying the formation of spore protein, SdpC) that causes transcription of the yvbA
gene into the protein YvbA. The YvbA protein turns on the operon containing the ATP
synthase gene (atp) and the lipid catabolism inhibitor gene (yusLKJ), thereby delaying the
entry of Spo0A-activated cells to delay entry into the bud formation process. However,
in Spo0A-inactivated cells, SdpC signaling protein also induces the production of YvbA
protein, which promotes the death of Spo0A-inactivated cells by inhibiting a σW factor. The
opened element of the metabolic inhibitor gene (yusLKJ) decomposes, thereby delaying
the entry of Spo0A-inactivated cells into the formation process of spores. However, in
Spo0A-inactivated cells, the SdpC signaling protein also induces the production of YvbA
protein, which promotes the death of Spo0A-inactivated cells by inhibiting a σW factor.
(This σW factor is associated with antibiotic resistance and detoxification and protects cells
from lysis by killing aspects.) Thus, in Spo0A-inactivated cells, YvbA assists the killing
factor in causing cell autolysis. The final result of the above process is that the nutrients
released by the dead cells are used as food for the Spo0A-activated cells, keeping the
Spo0A-activated cells growing instead of entering the formation process of spores [34].

2.3.2. Gene Mutations Cause Cell Autolysis

In B. subtilis, the expression of autolysis enzymes is regulated by a variety of genes.
However, with the use of B. subtilis in industrial development, many of the mutants pro-
duced by genetic modification to improve fermentation yield are more prone to autolysis
because they disrupt this regulatory balance. According to Kodama, the B. subtilis gene
mutant is an excellent host for exogenous protease synthesis [37]. Stephenson [14] reported
in the early years that mutants deficient in the extracellular proteases NprE and AprE were
more likely to increase the intracellular hydrolysis of B. subtilis between the transition and
stabilization phases of batch cultures of the bacterium. Afterward, the Wong group [38] con-
structed deletion mutants of eight major exogenous protease genes in B. subtilis. Although
the production of cellulase was improved in this mutant, the cells were highly susceptible
to autolysis during culture. In recent studies, a number of other genes have also been found
to be associated with autolysis. Palomino et al. [39] found that high salt and pbpE mutations
lead to cell wall defects. The resulting mutant peptidoglycan shows increased solubility
and sensitivity to mutant autolysins. Perez [40] found that spoVG mutations decreased
and spoVS mutations increased sigma(D)-directed gene expression, causing cell separation
and autolysis.

2.4. Other Factors That Induce Autolysis

Autolysis of bacterial cells is readily caused by the severe circumstances to which
bacteria are exposed, including nutritional deficits. Such harsh conditions act as an inducing
factor, resulting in the cannibalism mentioned above. For example, Allenby et al. [30]
reported that when B. subtilis was subjected to phosphate-deficient conditions, the harsh
conditions significantly induced transcription of the skfA operon element in B. subtilis,
which made it enter a state of cannibalism, leading to cell autolysis. It is worth adding that
Jolliffe et al. [41] discovered that adding chemicals that distribute charge or pH gradients
to B. subtilis cells might lyse the bacterium.
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3. B. subtilis Key Autolysins Enzymes

From the above studies, it is clear that autolysis in B. subtilis is ultimately caused by
autolysins. The final results of various evoked autolytic factors are stimulated autolysins ex-
pression. Therefore, the research conducted on autolysins is the key to solving the autolysis
problem. B. subtilis produces several hydrolases during the trophic growth phase [42–44].
Smith et al. [45] nicely summarized the autolysins associated with B. subtilis growth and
development. Based on the specificity of autolysins’ hydrolysis of B. subtilis cell wall pepti-
doglycan and the specificity of the hydrolytic chemical bonds of the autolysins, autolysins
and peptidoglycan hydrolases can be classified as muramidase, acetyl-glucosaminidase,
acetylmuramoyl alanine amidase, and endopeptidase. The functions of several of the most
critical enzymes and their mechanisms of action in autolysis are detailed in Figure 3.
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3.1. Analysis of the Mechanism of Action of Related Enzymes

The respective functions of the life cycle of B. subtilis autolysis enzymes are demon-
strated in Figure 3. Among these hydrolases, N-acetylmuramoyl-L-alanine amidase (ami-
dase, LytC or CwIB) and N-acetyl-β-glucosaminidase (glucosaminidase, LytD or CwlG)
are two of the significant autolysins [46–48]. During the nutritional development stage of
bacteria, they carry the majority of the autolysis activity. Inactivation of LytC and LytD
show that these two autolysins bear 95% of the autolytic activity of the cells [49,50]. In
addition to the main autolysins described above, other less significant enzymes were dis-
covered individually in nutritional cell surface extracts, including LytF (CwlE) and LytE
(CwIF) [51–53]. Table 1 summarizes the peptidoglycan hydrolase-related genes. People
are still researching the roles of various additional, less significant, but potentially vital
autolysins. Different groups studying the functions of the above autolysins have come to
different conclusions due to subtle differences in strain genetic background and experimen-
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tal conditions. Still, they all have the same impression about these autolysins. There is a
high degree of functional redundancy in these various multifunctional autolysins.

3.1.1. The Role of Autolysins in the Formation of Spores

Autolysins aid cell differentiation. Regarding B. subtilis differentiation activities,
including the formation of spores and germination, which need substantial peptidoglycan
rearrangements and alterations, almost all of them are affected by autolysins [54,55].

Even though spores have considerable resistance and dormancy, they possess a stress-
sensitive system that reacts to germination agents. Maternal cell autolysis aids in the
dispersion of mature spores to a more favorable environment. Foster et al. [56] found the
presence of a 30 kDa sized protein associated with maternal cell autolysis in the formation
of spores that are well expressed before maternal cell autolysis occurs. It is presumed to
be primarily responsible for maternal cell autolysis. Then, Kuroda et al. [57] cloned and
identified the gene responsible for encoding this protein and named it “cwlC.” They tested
the function of the cwlC deletion mutant. They showed that the mutant did not undergo
significant phenotypic changes in shoot cell formation, germination, and shoot resistance
to heat and autolysins. Moreover, in the cwlC mutant, the mother cell still underwent
cell autolysis. They also found that CwlC proteins hydrolyze both the nutrient cell wall
peptidoglycan of B. subtilis and the peptidoglycan of spores. Mother cell autolysis required
for the release of mature endosperms during the formation of spores is mainly dependent
on two amidases of the LytC family, CwlC and LytC; CwlC and LytC play complementary
roles in hydrolyzing the cell wall peptidoglycan of mother cells [44,56].

In addition, endospore formation in B. subtilis produces a germination-specific lyase
(GSLE) that can only be isolated from germinating spores in its active form and can only
hydrolyze the stress peptidoglycan of permeabilized, undamaged spores in vitro. GSLE is
present in dormant spores as an inactive preprotein [58].

3.1.2. Role of Autolysins in the Digestion of the Asymmetric Septum, Cortical
Maturation, and Related Differentiation Processes

The B. subtilis autolysins play an essential role in asymmetric septum digestion, cortical
maturation, and related differentiation processes [15]. spoIID is involved in the digestion
of the asymmetric septum, as strains carrying mutations in this gene are found when the
septum is only partially digested and remains in an encircled state around the cell. spoIID
encodes a modified protein similar to the LytB sequence. Studies claim that spoIID may
control the movement of an autolysin to digest peptidoglycan from asymmetric septa [59].

3.1.3. The Role of Autolysins during the Vegetative Phase

The main autolysins during the vegetative phase of B. subtilis are LytC and LytD;
the lytC gene encodes LytC, and lytC is located within the operon element lytLABC [50].
lytC is active at the end of the logarithmic growth phase of B. subtilis, and this autolytic
activity is maintained until late in the stabilization phase. It remains active even during
the formation of spores (referred to in Section 3.1.1 mentioned above). LytC and LytD are
the main autolysins produced by B. subtilis during growth. Both of them are transcription-
ally regulated by sigD. sigma D is expressed during vegetative growth and is associated
with exponential growth and transcription of genes expressed during early stationary
periods [60,61]. Furthermore, both proteins are required for bacterial motility. Knocking
out the lytC gene in B. subtilis ATCC 6051 increased bacteriophage density and amylase
activity by 1.6-fold. lytC and lytD deletion also inhibited cell lysis, but the inhibition was
less than in the lytC-only mutant.

lytE and lytF encode peptide chain endopeptidases and are involved in bacterial segre-
gation. Deleting lytE and lytF alone resulted in mutants with defective growth segregation
(division or separation). Still, the inhibitory effect on cell autolysis was not significant. In
addition, during cell growth, cells must expand covalently closed macromolecules of the
cell membrane [62]. B. subtilis contains two functionally redundant D, L-endopeptidases
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(CwlO and LytE) that cleave peptide crosslinks to allow expansion of PG (the cell wall
peptidoglycan) [63]. Double deletion of lytE with the cwlO mutant, which affects cell length
increase, leads to a bacteriophage lethal effect [64].

3.2. Prophage Autolysins

In addition to the numerous autolysins involved in the growth and development, there
are also autolysins from B. subtilis prophage. When the expression of autolysin encoded by
prophages (PBSX) is induced, pores with auxiliary or unknown functions are produced
in the peptidoglycan cell wall. The cytoplasmic membrane material protrudes through
these openings and is released as a membrane sac (MV) [65]. The induced cells eventually
die due to loss of membrane integrity. The vesicle-producing cell leads to cell autolysis
through the enzymatic action of releasing autolysin, which induces the formation of MV
in neighboring cells [66]. The study of prophage sequences has been studied since as
early as 1997; Presecan [67] identified many potentially non-essential chromosomal motifs
in the whole genome nucleotide sequence of B. subtilis, particularly 10 relatively large
AT-rich regions representing known prophages and prophage-like regions scattered across
the genome. Analog sequences (pro1-7) are obtained by horizontal gene transfer [68–70].
Prophage PBSX, spβ, and skin remain lysogenic [17,71,72]. Lysogenic phages usually encode
peptidoglycan hydrolases, called prophage autolysins. Under certain conditions, it can lyse
host cell walls and release phage particles after replication.

3.2.1. Prophage Autolysins PBSX

PBSX, a phage-like phibacin of B. subtilis 168, carried by bacteria can be induced
to lyse DNA-damaging agents and produce PBSX particles; however, these particles
cannot transmit the PBSX genome [73]. This suicide reaction produces particles that kill
non-lysogenic strains of PBSX. The prophage PBSX includes xlyA, which encodes the
peptidoglycan hydrolase XlyA mentioned above, xepA encodes an export protein XepA,
xhIA encodes a membrane-associated protein XhlA, and xhIB encodes a perforin protein
XhIB. The proteins encoded by the latter three genes play an assisting role in cell autolysis.
In subsequent studies conducted by Krogh et al. [74], it was found that a late operon
located within B. subtilis PBSX was used to express autolysins associated with the prophage
PBSX, as shown in Figure 3. Four different genes on late operon encode these autolysins
proteins [73].

Table 1. Summary of peptidoglycan hydrolase-related genes.

Gene Comments Function Ref

1 cwlC Amidase, mother cell-specific Cell separation, spore [43,55]

2 lytC Amidase, vegetative/sporulation expressed
only during vegetative growth

Cell separation, motility, cell lysis, mother cell
lysis [46–48]

3 lytD Glucosaminidase, vegetative Motility [48,49]

4 lytE lytF Encoding peptide chain endopeptidase Participation in bacteriophage isolationCell
separation, motility, cell lysis, mother cell lysis [46–48,50–52]

5 gslEgslE GSLE-related proteinsGSLE-related proteins Cortex hydrolysisCortex hydrolysis [57]

6 spoIIDlytE lytF
Control of the activity of an autolysin to digest
peptidoglycan from asymmetric septaEncoding

peptide chain endopeptidase

digestion of the asymmetric
septumParticipation in bacteriophage isolation [50–52,59]

7 xlyAspoIID
Amidase, mitomycin C-inducibleControl of the
activity of an autolysin to digest peptidoglycan

from asymmetric septa
PBSX lysisdigestion of the asymmetric septum [59,75]

8 cwlAcwlC Amidase, silent gene in the skin
elementAmidase, mother cell-specific Cryptic prophageCell separation, spore [43,55,76,77]
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3.2.2. XlyA Amidase Family

As further research into it, Longchamp et al. [72] divided and identified two peptidogly-
can hydrolases of the XlyA amidase family, XlyA and YomC, and found YomC is within the
spβ, respectively, and belongs to the B. subtilis prophage autolysins. Another enzyme from the
XlyA family, N-acetylmuramoyl-L-alanine amidase, is an active peptidoglycan hydrolase [75].
The protein N-acetylmuramoyl-L-alanine amidase (CwlA) is related to cell autolysis. Later
studies showed that CwlA is an autolysin gene located within the skin component of the
prophage [76]. Kunst et al. [77] also found that the two open reading frames yqxH and yqxG
immediately adjacent to cwlA encode two other proteins, respectively, which they hypothe-
sized to be related to the autolytic activity of CwlA and named them “Yqxh” (similar to holin)
and “Yqxg” (similar to phage-related lytic exoenzyme), respectively.

3.2.3. Prophage Autolysins BlyA

Regamey and Karamata [17] identified and characterized a DNA fragment in B. subtilis
and named it “blyA” gene, which encodes a protein with a molecular weight of 39.6 kDa
and contains 367 amino acids (BlyA). BlyA exhibited N-acetylcytidyl-L-alanine amidase
activity associated with spβ phage-mediated cell autolysis. They conclusively demonstrated
that BlyA belongs to the prophage spβ autolysins and that heat stimulation of B. subtilis
CU1147 (CU1147 is an Spβc2 lysogenic strain, and Spβc2 is a temperature-sensitive phage)
would induce this Spβc2 to express BlyA and lead to cell autolysis.

3.3. The Effect of Phosphopiridic Acid on Peptidoglycan Hydrolase

It has been shown that the peptidoglycan hydrolase associated with B. subtilis autolysis
is regulated by lipoteichoic acid in the cell wall and the action of extracellular proteases.
Lipoteichoic acid (LTA) can absorb Mg2+ to support the activity of several synthetic
enzymes in the cell membrane. It also functions as a storage element and regulates the
activity of intracell autolysis enzymes [78]. In B. subtilis, LTA modification is controlled by
the dltA-E operon. Previous studies have shown that deletion of the dltA-D gene disrupts
LTA modification, which further alters the cell surface microenvironment and enhances
cell autolysis [79–81].

3.4. Effect of Proteases on Cell Autolysis

B. subtilis produces at least eight extracellular proteases [82]. Some examples suggest
that these extracellular proteases are associated with cell autolysis. Jolliffe et al. reported
that B. subtilis protease mutants have autolysin levels in the cell wall equal to or higher than
wild-type strains [35]. Extracellular proteases have been identified as involved in degrading
peptidoglycan hydrolases in the cell walls. Extracellular protease deficient strains showed
increased lysis, where the extracellular proteases AprE and NprE had a greater ability to
stabilize autolysins than NprB, Bpr, Mpr, and Epr [83]. Coxon et al. [84] found that the
B. subtilis protease deletion mutant had a higher peptidoglycan folding rate while increasing
susceptibility to intracell autolysis. In his research, Stephenson found that B. subtilis strains
with inactivated protease genes exhibited cell autolysis, and mutants lacking multiple
extracellular proteases became more susceptible to autolysis [14].

4. Strategies to Inhibit Cell Autolysis in B. subtilis
4.1. Inactivation-Associated Autolysins Genes

Inactivating single or few autolysin genes in B. subtilis cells becomes the first choice
on the road to solving the autolysis problem. The strategies and results for modifying
the autolysis aspects are presented in Table 2. Starting from the main control of autoly-
sis gene lytC, Kuroda and Sekiguchi et al. [49] reported that lytC mutants are resistant
to cell autolysis even after 6 days of culture at 37 ◦C. Similarly, Yamamoto et al. [64]
found that inactivation of the lytC gene effectively inhibited the cell autolysis in wild-type
B. subtilis cells and found that it can reduce the cell wall hydrolysis activity in stable cells
by approximately 90%. On this basis, Smith and Foster et al. [44] found that dual mutants
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of the lytC and cwlC genes were effective against autolysis of mother cells during late
B. subtilis bacteriophage formation. Nugroho et al. [85] reported that a double mutant of
the cwlC and cwlH genes inhibited autolysis in B. subtilis cells. In addition, other knockout
strategies for spore-associated autolysin genes are gradually emerging. Gonzalez-Pastor et al. [34]
found that a mutant of a killing factor (SkfA) in B. subtilis protects non-spores from lysis by
cells forming spores. Kodama et al. [37] found that introducing a significant autolysin gene
mutation (lytC mutation) into B. subtilis mutant strain with a deletion of spo0A effectively
suppressed cell autolysis caused by the spo0A mutation. Chen R. et al. [60] demonstrated
that appropriate deletion of autolysin genes could improve recombinant protein yield in
extracellular protease-deficient strains, and knockdown of autolysin-related genes lytC
and sigD in tandem with eight extracellular proteases could effectively increase exogenous
protein yield and delay autolysis.

4.2. Inactivation Operons and Regulatory Genes

Inhibition of autolysis can also be achieved by regulating the operon of autolysin,
phibacin, or other regulatory genes. The dlt operon mediates lysophosphatidic acid-D-
alanylation, the primary net adverse charge modification process on the cell surface. dlt
operon deficiency can improve the net negative charge of the cell wall. dltABCD deletion
studied by Chen et al. [78] increased nattokinase, α-amylase, and β-mannanase of B. subtilis
by 37.13%, 44.53%, and 53.06%.

Genevieve S Dobihal et al. [86] enabled artificial control of B. subtilis cell wall hydrolysis
by regulating the WalRK two-component signaling pathway, homeostasis of cell membrane
cleavage, and elongation. They also found that the cleavage products of PG hydrolases
(LytE and CwlO) in the WalR regulon could effectively inhibit WalK signaling, thus offering
the potential for therapeutic development.

Zhou et al. [87] knocked down spo0A, a regulatory gene regulating skf and sdp. They
found that the knockdown spo0A strains showed significantly faster autolysis rate and lower
production of exogenous alkaline protease. The results also confirmed the complexity of the
regulatory gene spo0A in the whole metabolic network of the bacterium, and further exploration
of the critical regulators and signaling of the genes related to similar feeding is needed.

In the operon of prophage autolysins, it was reported that inactivation of Pcf factor
would inhibit the expression of the prophage PBSX autolysin genes xlyA, xhlA, xhIB, and
xepA, thereby inhibiting the cell autolysis of the bacterium [88].

4.3. Deletion of the Prophage Sequence

As previously stated, prophage sequences include many hydrolytic enzymes related to
cell autolysis. Therefore, the elimination of these sequences improves autolysis significantly.
Analysis of the genome of B. subtilis revealed that 4.2 Mb B. subtilis genome contains
10 horizontally obtained prophages (PBSX and spβ) and prophage-like sequences (pro1-7
and skin) [89]. In addition, 2.8% of the genome contains two large operons that produce
secondary metabolites (pks and pps). Westes reported a 7.7% (0.53 Mb) reduction in the
genome of B. subtilis ∆6 mutant strains produced by deleting two prophages (spβ and PBSX),
three primary phage-like sequences (pro1, pro6, and skin), and the pks operon [12]. Takuya
Morimoto et al. [90] generated a strain MGB469 in which all prophage and prophage-like
sequences except pro7 and pks and pps operons were deleted. In this case, cell growth was
normal. Li et al. [91] deleted all known prophages (prophage1-7, spβ, skin, and PBSX) on
the B. subtilis 168 genomes, and the autolysis rate of the deleted strain B. subtilis BSK756
was significantly reduced compared to that of the parents, which further confirms that
the deletion of the prophage sequence containing autolysin has an ameliorating effect on
cell autolysis.

4.4. Tool-Mediated Genome-Wide Editing by CRISPR and Others

As the research of the cell hydrolytic enzymes of B. subtilis continues, key genes are
being explored and genetic editing is being carried out in large quantities to improve
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autolysis and produce a variety of products efficiently. In this process, CRISPR, a tool more
suitable for large-scale gene editing, has played an important role. Gerald E. M et al. [92]
found that sequential deletion of skfA, sdpC, and xpf genes reduced cell lysis and increased
biomass. Zhao et al. [93] inactivated peptidoglycan hydrolase-related genes alone or
in different combinations, including sigD, lytE, lytF, lytC, lytD, and lytG. Compared to
B. subtilis 168, mutants with multiple gene inactivations (e.g., ∆sigD ∆lytE ∆lytD) exhibited
easier sedimentation, significantly increased growth rate, improved sensitivity to antibiotics,
and improved α-amylase production. Mutants ∆sigD ∆lytE ∆lytD and ∆sigD ∆lytE ∆lytC
∆lytD also showed increased tolerance to the high osmotic pressure of sodium chloride.
They allowed unsterilized fermentation, all of which contributed to lower processing costs.

Table 2. Strategies and results of the modification of autolysis aspects.

Gene Remodeling Method Remodeling Results Ref

1 skfA Deactivation Protects cells that do not form budding spores from lysis [29]

2 lytC, cwlC Deactivation The cells were still resistant to autolysis after six days of
incubation at 37 ◦C. [56]

3 lytC + sigD Knockout Slowed autolysis, improved exogenous protein production [59]

4 dlt operon Knockout Nattokinase, α-amylase, and β-mannanase increased by
37.13%, 44.53%, and 53.06%, respectively. [77]

5 bylA, cwlH Deactivation Reduction of heat stress-induced autolysis [84]
6 Pcf Deactivation Inhibition of autolysis genes and thus cell autolysis. [87]

7 prophage1-7 + spβ
+ skin + PBSX Delet Significantly lower autolysis rate [88]

8 sigD + lytE + lytD
+ lytC Knockout

Easier sedimentation, significantly increased growth rate,
improved sensitivity to antibiotics, and increased

alpha-amylase production. Tolerance to the high osmotic
pressure of sodium chloride was improved.

[93]

Liu et al. [94] used B. subtilis ATCC6051 as the expression host and deleted eight
extracellular proteases (aprE, nprE, nprB, epr, mpr, bpr, vpr, and wprA), spoIIAC, and srfAC to
produce mutant B. subtilis ATCC6051∆10. The final maximum extracellular PUL activity
(625.5 U/mL) showed the highest expression level (stem cell weight 18.7 g/L).

Zhang et al. [95] used B. subtilis strain WS5 (already deficient in the protease-encoding
genes nprE and aprE) as a starting strain and disrupted the six protease-encoding genes
(nprB, bpr, mpr, epr, vpr, and wprA) in the genome in sequence using the CRISPR/Cas9
system to finally obtain a recombinant strain WS9PUL that achieved 5951.8 U/mL of
branched-chain amylase activity.

Wang et al. [11] reduced cell lysis and enhanced biomass by deleting skfA, sdpC, xpf,
and lytC alone. A multiple deletion mutant LM2531 (skfA sdpC lytC xpf ) was constructed.
After 4 h of incubation, its biomass production was significantly increased compared to
the prototype B. subtilis 168 (wild type) strain, lysing 15% and 92% of cells in LM2531
and wild-type cultures, respectively. In addition, two expression vectors were constructed
under the control of the P43 promoter to produce recombinant proteins (β-galactosidase
and nattokinase). Cultures of LM2531 and wild-type transformants had 13,741 U/mL and
7991 U/mL of intracellular β-galactosidase, respectively (1.72-fold increase). In addition,
strain LM2531 produced a 2.6-fold increase in secreted nattokinase compared to the wild
type (5226 IU/mL and 2028 IU/mL, respectively).

4.5. Minimal Genome of B. subtilis

As more and more autolysis-related genes are deleted, it has been found that “minimal
genome” may also be an effective approach for addressing autolysis. Since completing the
whole genome sequencing of B. subtilis, Kunst et al. [77] found that the construction of the
minimal genome of B. subtilis has also started to develop rapidly. The B. subtilis genome
has been deleted from 7.7% in the beginning to 36.5% in the present. The corresponding
non-essential genes (e.g., spore, motility, antibiotic synthesis, secondary carbon sources
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metabolism, and unknown function genes) have been heavily depleted [96]. The strains
obtained by deleting different fragment lengths have various performances. Specialized
B. subtilis genomic databases have been established, such as DBTBS, SubiWiki, MetaCyc,
SubtiList, SubtiPathways, and SubtInteract databases. Researchers can extract the required
information from these databases and analyze data, including DNA sequences, metabolic
pathways, protein interactions, and gene transcriptional regulation, to enable genomic
modification of B. subtilis as a chassis host.

5. Conclusions

This review is devoted to the summary of autolysis in B. subtilis. We proceed from
the mechanism of autolysis in B. subtilis (effect of autolysin on the cell wall) to (1) analyze
the external and internal causes of autolysis, (2) introduce the currently known autoly-
sis function, and (3) propose the solution measures to resist autolysis in recent decades.
Researchers have been working on the autolysis problem of B. subtilis because the ability
to produce recombinant proteins is a major advantage of using it, and the yield of these
heterologous proteins is often tied to cellular biomass. In the case of the β-galactosidase
described in the article by Wang et al. [11], wild bacteria, for example, and enzyme produc-
tion began to decrease along with biomass after 7 h of incubation, while the biomass of
the modified autolysis-resistant strain was still increasing and accompanied by enzyme
production. Therefore, it can also be further understood that reducing the autolysis prob-
lem of B. subtilis can also extend the fermentation cycle and meet the needs of energy
saving and efficient production. Although the external factors that induce autolysis in
B. subtilis are largely understood, controlling these factors also provides researchers with a
challenge. Moreover, multiple genes control autolysis in B. subtilis; therefore, it is currently
difficult to accurately assess the specific contribution of each autolysis enzyme in the cell
autolysis process. Researchers have been working to inactivate multiple autolysis-related
genes simultaneously. With the in-depth study of autolysis enzyme function in B. subtilis,
more and more regulatory factors controlling autolysis have been discovered and applied,
and the study of prophages has led to the gradual implementation of minimal genome
construction. In the future, more precise metabolic regulation techniques and holographic
analysis will help to overcome the bottleneck of cell autolysis, and by combining tech-
niques and strategies from the histological investigation, laboratory evolution, metabolic
engineering, and synthetic biology, B. subtilis will be able to maintain stable biomass under
high temperature and other environments, especially in industrial large-scale high-density
fermentation production. New metabolic engineering tools such as the CRISPR-Cas system
will be the mainstay to achieve this [97]. As research advances and bioinformatics, struc-
tural biology, and other fields advance, adopting innovative methods will be even more
effective in improving the B. subtilis autolysis issue. In the future, with the deepening of the
autolysis problems investigation and research, the precise autolyzed-related gene research
and control, to further improve the fermentation production of B. subtilis such as chassis
cell production capacity and efficiency, make the training cost reduced in the process of
its application which is expected to achieve even closely integrated biomass and yield of
high-efficiency production.
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Abstract: Escherichia coli is a major contributor to the industrial production of organic acids, but its
production capacity and cost are limited by its acid sensitivity. Enhancing acid resistance in E. coli is
essential for improving cell performance and production value. Here, we propose a feasible strategy
for improving cellular acid tolerance by reducing ATP supply restriction. Transcriptome assays
of acid-tolerant evolved strains revealed that the galactitol phosphotransferase system transporter
protein GatA is an acid-tolerance factor that assists E. coli in improving its resistance to a variety of
organic acids. Enhanced GatA expression increased cell survival under conditions of lethal stress due
to D-lactic acid, itaconic acid and succinic acid by 101.8-fold, 29.4-fold and 41.6-fold, respectively.
In addition, fermentation patterns for aerobic growth and oxygen-limited production of D-lactic
acid were identified, and suitable transition and induction stages were evaluated. GatA effectively
compensated for the lack of cellular energy during oxygen limitation and enabled the D-lactic acid
producing strain to exhibit more sustainable productivity in acidic fermentation environments with a
55.7% increase in D-lactic acid titer from 9.5 g·L−1 to 14.8 g·L−1 and reduced generation of by-product.
Thus, this study developed a method to improve the acid resistance of E. coli cells by compensating
for the energy gap without affecting normal cell metabolism while reducing the cost of organic
acid production.

Keywords: Escherichia coli; acid sensitivity; GatA; D-lactic acid; sustainable productivity

1. Introduction

Well-defined genetic backgrounds and the ease with which genetic manipulation can
be accomplished, coupled with the rapidity of transitions between production runs, have
made Escherichia coli a desirable host with broad applicability to fermentation [1,2]. For
example, engineered E. coli has become an important platform for organic acid produc-
tion [3]. The global market for lactic acid, one of the three major organic acids, is expected
to reach USD 5.02 billion by 2028 [3]. D-lactic acid (D-LA) is an important monomer
feedstock for industrial syntheses, including that of the thermoplastic polyester polylactic
acid Poly(D-, L-lactic acid) synthesized with L-lactic acid in a specific ratio is optimal in
many aspects [4,5]. D-LA fermented by E. coli can maximize the titer and purity required
for the synthesis of polymers to meet industrial production requirements [6–9]. However,
the accumulation of acidic metabolites leads to a rapid shift in environmental pH away
from neutral, limiting the productivity and production of E. coli which is acid-sensitive.

Decreased pH or high proton concentrations can interfere with ATP production [10].
Cells initiate response mechanisms to defend against an adverse acidic environment and
devote more energy to regulating the expression of factors that act to counter the effects of
the acid [11–13]. An insufficient ATP supply greatly affects the fermentation capacity of the
cells. To maintain fermentation stability and improve productivity, exogenous neutralizers
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(e.g., KOH, NH4OH and Ca(OH)2) are commonly used to maintain the pH in a dynamic
and stable neutral environment [14,15]. However, fermentation is prone to the accumu-
lation of microsoluble by-products such as salts that increase osmotic stress, potentially
influencing cell growth and metabolism [16]. In addition, the recovery cost is increased by
the dissociation of the acid product at higher pH [17,18], and strict maintenance of a neutral
fermentation environment increases the production costs [3,11]. Therefore, improving the
tolerance of E. coli to organic acids to increase production is urgently required.

Various strategies have been used to improve the acid tolerance of cells to acidic
metabolites. Adaptive evolution, or even genomic shuffling, have been the predominant
strategies [19–21]. The combined strategy of mutagenesis using atmospheric and room
temperature plasma (ARTP) and adaptive laboratory evolution increased the growth
of E. coli cells by 3.12-fold and the yield of succinate under anaerobic conditions up to
0.69 g·g−1 glucose [22]. Multiple E. coli strains show improved 3-hydroxypropionic acid
tolerance and production performance following mutation or deletion of the transcription
factor yieP [23]. Glutamic acid decarboxylase gadBC as an anti-acid factor in the E. coli
acid-resistant system (AR2), assists in the production of higher succinic acid titers in E. coli
at low pH conditions [24]. Although some success has been reported, it is impossible to
generalize and fully predict strain responses. In addition, the applicability of anti-acid
factors remains a challenge, as overexpression may disrupt or compete with metabolic
pathways that are already enhanced in the producing strains.

The aim of this study was to develop an effective strategy that promotes tolerance
to a wide range of organic acids in E. coli, and increases the ability to produce organic
acids without affecting normal cellular metabolism. In a previous study, we used an
adaptive evolutionary strategy to obtain an evolved strain of E. coli DLA3, with an increased
tolerance to D-LA from 3.4 g·L−1 to 4.2 g·L−1 [25]. We compared the differences in transcript
levels between DLA3 and the parental strain E. coli MG1655 before and after D-LA lethal
stress, and found that the transporter factor GatA, which acts in the transmembrane
transport metabolic pathway of galactitol has potential as a universal anti-acid component.
Overexpression of GatA compensated for the stress of limited cellular ATP production at
low pH and greatly improved the ability of E. coli to survive the lethal threat of multiple
organic acids. By comparing the effects of different fermentation patterns on yield, a two
stage fermentation strategy was determined to improve the productivity of D-LA by E. coli,
and the fermentation conditions during the transition period and period of induced cell
growth were investigated. Overexpression of GatA relieved restrictions on ATP supply at
low pH in the strain engineered for D-LA production and noticeably improved productivity
and glucose utilization. This study provides a reference for improving the acid tolerance of
strains for organic acid production and reducing the cost of production.

2. Material and Methods
2.1. Strains, Plasmids, and Culture Conditions

E. coli MG1655 was used as the parent strain. The MG1655-derived strain was obtained
by knocking out the genes pflB, adhE and frdA using the λRed recombinant system tool [6],
and named LBBE317. LBBE317 produced more D-LA without changing growth rate and
biomass accumulation [26]. All the strains and plasmids used in this study are listed in
Table S1. Using E. coli MG1655 genomic DNA was used as a template to amplify the gene
linearized fragment gatA with homology arms of 18 and 22 bp by PCR. The linearized
fragment was ligated with the linearized vector pTrc99a (One-step Cloning Kit, Vazyme
Biotech, Nanjing, China) to form a recombinant plasmid, which was then transformed into
E. coli. DNA purification, gel extraction and plasmid preparation were performed using kits
from Sangon Biotech Co. Ltd. (Shanghai, China). E. coli cells were cultured in Luria–Bertani
(LB) medium at 37 ◦C with shaking at 220 rpm. The inoculation rate is usually 2%. When
appropriate, LB medium was supplemented with 100 µg·mL−1 ampicillin. Overexpression
of the recombinant plasmid was induced at an OD600 of between 0.5–0.6 by the addition of
200 µM isopropyl β-D-1-thiogalactopyranoside (IPTG).
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2.2. Growth Curve Assays

Overnight seed cultures were transferred to 500 mL shake flasks containing 50 mL
of fresh LB medium with a 2% inoculum, and 2 mL samples were taken every 2 h. Cell
suspensions diluted to the appropriate concentration (OD600 less than 0.8) were measured
using a spectrophotometer (723N, Shanghai Precision Scientific Instruments Co., Ltd.,
Shanghai, China), and the cell density was marked by an value OD600 of [26]. The growth
curves of the cells were plotted with the sampling time as the horizontal coordinate and
absorbance value as the vertical coordinate. The experiment was repeated three times, and
the results were averaged.

2.3. Stress-Tolerance Assays

Cells were cultivated in 10 mL LB medium in a 100 mL shake flask and collected
during the exponential phase. The collected cells were washed twice with 100 mM PBS
solution (pH 7.2). The mixture was centrifuged (6000× g) for 3 min, and the supernatant
was discarded. The cells were resuspended in an equal volume of lethal stress LB medium
(with adjustment of organic acids), and the stress time was started. The appropriate pH of
lethal stress was considered as one that would permit the culture to reach a cell survival
rate of 10−4% after 4 h of incubation [27]. In this experiment, the pH of the lethal stress
LB medium for D-LA, succinic acid and itaconic acid was 4.0, 4.3 and 4.2, respectively.
Samples were withdrawn at 0, 1, 2, 3, and 4 h, washed twice by the same procedure,
and resuspended in an equal volume of 100 mM PBS. Cell suspensions (10 µL of a serial
gradient dilution) were dropped onto agar LB plates and incubated for 24 h at 37 ◦C. Plates
containing 30–300 colony-forming units (CFU) were counted. Each sample was analyzed in
triplicate. Stress tolerance is shown as the survival rate, and the transmission of errors was
calculated according to Equations (1) and (2). The experiment was repeated three times,
and the results were averaged.

C =

(
An

A0

)
÷
(

Bn

B0

)
× 100% (1)

∆C = C×
√(

∆A
A

)2
+

(
∆B
B

)2
(2)

A: Number of viable bacteria after stress of the engineered strain (A0, number of viable
bacteria at 0 h; An, number of viable bacteria at 1, 2, 3, or 4 h); ∆A, error in the number of
viable bacteria after stress of the engineered strain; B: number of viable bacteria after stress
of the control strain (B0, number of viable bacteria withdrawn at 0 h; Bn, number of viable
bacteria withdrawn at 1, 2, 3, or 4 h); ∆B: error of viable bacteria after stress of the control
strain; C: survival rate (%); ∆C: error of survival rate (%).

2.4. Intracellular ATP Detection

Cell cultures were sampled at 2 mL per hour under incubation conditions of D-LA
lethal stress (D-LA concentration, pH and sampling time settings were the same as for
stress-tolerance assays), and rapidly transferred to liquid nitrogen to prevent metabolism
(5 min). Frozen cells were placed on ice to thaw and collected by centrifugation (8000× g,
4 ◦C) for 10 min. Intracellular ATP content was determined using an ATP assay kit
(Beyotime, Biotechnology, Shanghai, China). Whilst keeping the ice surface manipulated,
cells were gently ejected and added to the specific lysis cytosol reagent in the kit without
additional disruption/lysis of cells. After lysis, cells were centrifuged (12,000× g, 4 ◦C)
for 5 min and 1 mL of supernatant was used for subsequent assays, of which 0.5 mL was
used to determine intracellular ATP concentration and the remaining 0.5 mL was used
to detect intracellular protein concentration using the Protein Concentration Assay Kit
(Beyotime Biotechnology, Shanghai, China). ATP content was expressed as nmol·mg−1 of
intracellular protein.
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2.5. Intracellular pH Detection

Intracellular pH was measured fluorescently using 2′,7′-bis(2-carboxyethyl)-5(and
6)-carboxyfluorescein acetoxymethyl ester (BCECF AM, Beyotime Biotechnology, Shanghai,
China) as a fluorescent probe. Three mL of cells cultured under different conditions were
harvested by centrifugation at 7000× g for 3 min and washed three times with 50 mM
HEPES-K (Sigma-Aldrich, Shanghai, China) buffer (pH 8.0) [25]. The cell precipitate was
resuspended in 3 mL of the same buffer and 1 µL of BCECF AM was added and mixed in a
water bath at 30 ◦C for 20 min. Cells were washed three times with 50 mM potassium phos-
phate buffer (pH 7.0) and resuspended. The fluorescence intensity of bacterial suspension
(S) and filtrate (F) was measured by fluorescence spectrophotometer with excitation spectra
of 490 nm (pH sensitive) and 440 nm (pH insensitive). The luminescence was measured
at 525 nm. The width of the excitation and emission slits was set to 5 nm. The ratio of the
emission intensity was calculated according to Guan et al. [28]. The extracellular pH (pHex)
was used as the data of the medium measured by the pH meter.

2.6. Fermentation Analysis

Cells were precultured as described above and transferred to 150 mL of fresh LB
medium (1000 mL flasks). Seed cultures were incubated for 9 h at 37 ◦C with shaking
at 220 rpm. Seed cultures were inoculated into a 5 L bioreactor (T&J—Atype; Parallel
-Bioreactor. Co, Shanghai, China) with an initial OD600 of 0.08 containing 3 L of AM2
medium [6], the inoculation rate was approximately 5%. Subsequently, single-phase or two-
phasefermentation was performed, as shown in Table S2. Fermentation was stopped when
glucose utilization was below 0.2 g·L−1·h−1. The pH was controlled with 15% (w·v−1)
ammonia and the temperature was maintained at 37 ◦C. IPTG (200 µM) was used to induce
fermentation of the recombinant strains.

2.7. Metabolite Detection

Samples from the cultures were centrifuged (12,000× g) for 3 min. The concentrations
of D-LA, acetic acid, and succinic acid in the sample supernatant were analyzed by HPLC
(1260 Infinity LC, Agilent, Santa Clara, CA, USA) using an Aminex HPX-87H ion-exclusion
chromatography column (300 × 7.8 mm). 5.0 mM H2SO4 solution was used as the mobile
phase (0.5 mL min−1) at column temperature 40 ◦C, and using a 210 nm photodiode
array detector.

2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, San
Diego, California, U.S.A). Statistical significance was set at p-values < 0.05 and is indicated
with an asterisk: *, p < 0.05; **, p < 0.01; ***, p < 0.005 and ****, p < 0.001.

3. Results and Discussion
3.1. Identification and Functional Verification of GatA

Candidate proteins with the potential to enhance lactic acid tolerance in E. coli were
identified by comparing transcriptomic data before and after evolution under D-LA lethal
stress [25]. From this analysis, gatA was regarded as a candidate acid-tolerant functional
factor that enhances E. coli lactate tolerance. Its expression was significantly upregulated by
2.62- and 2.09-fold, respectively, under conditions of before and after evolution under D-LA
lethal stress. The RNA-seq raw reads were submitted to NCBI under BioProject number
PRJNA675154.

An overexpression recombinant strain of E. coli (GatA) was constructed based on the
gene gatA sequence (Figure 1A). Expression of GatA was induced to turn on at a pre-log
growth OD600 of 0.5–0.6 (Incubation for 2.5 h). This recombinant strain grew normally
in LB medium without acid stress, and the cell density at the stabilization phase was
not obviously different from that of the control strain (Figure 1B), indicating that the
overexpression of GatA did not affect the physiological metabolism of the cells; therefore,
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the difference in survival performance of the cells under lethal stress culture conditions
could be assessed at the same growth level. After 4 h of incubation, the pH value that
decreases the cell viability by 6 orders of magnitude (from 106 to 100) could obviously
reflect the variability of cells [27,29]. In this study, we follow the previous pH setup value
4.0 of D-LA lethal stress medium [25,26]. When cells at mid-log growth were reacquired
and transferred to D-LA lethal stress medium (pH 4.0), the number of viable cells decreased
rapidly. The difference in survival between the recombinant strain E. coli (GatA) and the
control strain E. coli (Vector) gradually increased with culture time, and when cultured for
4 h, the survival of E. coli (GatA) increased 101.8-fold (Figure 1C).
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Figure 1. Construction and performance of recombinant strain E. coli (Vector) and E. coli (GatA).
(A) The recombinant plasmid pTrc99a/GatA was constructed by inserting the galactitol transport
factor gatA into plasmid pTrc99a. (B) Growth curve of recombinant strains in normal growth condition
without acid stress. (C) Cell viability of recombinant strains under conditions of D-LA lethal stress.

gatA encodes the small hydrophilic peptide GatA, which plays an important role in
the transport and phosphorylation of the phosphotransferase system (PTS) [30]. PTS is
dependent on phosphoenolpyruvate (PEP), which mainly phosphorylates various sugars
and their derivatives and transports them intracellularly through a cascade of phosphoryla-
tion reactions [31]. Of the three cellular transport mechanisms, PTS belongs to the group
translocation category, which means that substrates are metabolized simultaneously during
transport [32]. Polypeptide chain GatA (EII A) and GatB (EII B) equipped with transmem-
brane protein GatC (EII C), are a specific transporter protein complexes of galactitol [32].
Previously, GatC was shown to eliminate ATP limitation and replace the original ATP-
dependent transporter protein to transport xylose [33]. As is well-known, ATP is used as an
energy source by cells, and cells consume energy to maintain their growth and metabolism,
while withstanding adverse factors in the extracellular environment. Therefore, we hypoth-
esized that the anti-acid factor GatA enhances cell survival under conditions of organic acid
stress, with the beneficial effects due to a globalized ATP repletion mechanism (Figure 2A).
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Figure 2. Overexpression of galactitol transport factor GatA enhances cell survival under D-LA
lethal stress (pH 4.0) through ATP supply. (A) GatA is involved in the galactitol PTS pathway, the
overexpression of GatA enhances cell survival number under D-LA lethal stress. (B) Overexpression
of GatA enhances intracellular ATP of the strain against D-LA lethal stress. (C) Overexpression
of GatA maintains intracellular pH homeostasis in strains that were incubated under lethal stress
conditions of D-LA. *, p < 0.05.

We then monitored the intracellular ATP concentration under the same LB medium
condition of D-LA stress (pH 4.0), and the same time of induction of GatA expression
with Figure 1C condition. Intracellular ATP content accumulated with cell growth, so
that a higher ATP content of approximately 1.06 nmol·mg−1 protein accumulated in the
cells of the recombinant strain E. coli (GatA) when it was first transferred to a lethal stress
culture environment (0 h stress). Cells appear to initiate ATP repletion mechanism during
the initial phase of acid-stress stimulation. The intracellular ATP concentrations of E. coli
(GatA) and E. coli (Vector) peaked at 4.95 and 3.89 nmol·mg−1 protein at 1 h of lethal stress
incubation, and then decreased to 1.93 and 0.56 nmol·mg−1 protein after 4 h of lethal stress
incubation (Figure 2B). ATP concentration peaked at 1 h of stress and then decreased. This
may be due to the rapid accumulation of ATP to resist stress when cells in the exponential
phase are forced to leave a neutral environment and are placed in a lethal acidic culture
environment that severely exceeds cellular tolerance. However, the physiological activity
of cells is inevitably weakened and may even undergo apoptosis. The recombinant strain
E. coli (GatA) maintained a high ATP content throughout the stressful environment culture,
indicating that the intervention with gatA helped the cells accumulate ATP to counteract the

47



Fermentation 2022, 8, 665

organic acid stress. The H+-ATPase involved in proton transfer is essential for maintaining
intracellular pH (pHi) [34], so it can be speculated that the higher energy status in the
overexpressing GatA recombinant strain provides more energy for the catalytic action of
H+-ATPase to pump the accumulated protons out of the cell to maintain intracellular pH
homeostasis and relieve acid stress [35,36]. When the cells were first exposed to D-LA
lethal stress, there was no significant difference in pHi between strains. The pHi decreased
sharply with increasing stress time, but the pHi of E. coli (GatA) decreased less rapidly
than that of E. coli (Vector). After 4 h of stress, the pHi of E. coli (GatA) was higher than
that of E. coli (Vector) by 0.6. This indicated that the recombinant strain had a higher
ability to maintain pHi under acidic stress environment to alleviate acid stress (Figure 2C).
Acid-tolerant production strains can metabolize more products [23,26]. The candidate
acid-tolerant factor GatA showed the potential to increase D-LA yield by promoting acid
tolerance in D-LA-producing strains.

3.2. Aerobic Growth and Oxygen-Limited Fermentation Pattern Facilitate D-LA Production

Lactic acid is one of the main metabolites associated with biological growth pro-
cesses [37]. Our initial findings suggest that GatA can act as a functional factor conferring
acid resistance. However, before confirming whether this gene, which helps improve sur-
vival of strains under conditions of exogenous organic acid stress, can be applied in actual
production experiments, it is necessary to select the optimal fermentation pattern in D-LA-
producing strains to characterize the usefulness of this effect. The strong link between cell
growth and acid production promotes the production of D-LA fermentation. Three main
types of fermentation patterns have been reported for D-LA: single-phase fermentation
(SPF, low-speed stirring 100 rpm for full process oxygen limitation incubation) [6,7], two-
phase fermentation I (TPF I, growth phase with oxygen supply and high-speed agitation
400–600 rpm, switching to restricted oxygen supply and low-speed stirring 100 rpm at
transition to acid production phase but no aeration) [8] and two-phase fermentation II (TPF
II, same growth phase as TPF I, transition to microaerobic state with 1 L·min−1 aeration
and 200 rpm agitation) [9]. In this study, we used each of these three patterns for the D-LA
producing strain LBBE317 to determine the optimal fermentation pattern in a 5 L bioreactor.

In this study, the D-LA titer was preferred as the screen for optimal fermentational
standard under normal pH condition value 7.0. Pattern TPF accumulated biomass rapidly
during the 12 h of aerobic growth, and metabolized higher D-LA 51.7–53.8 g·L−1 in
the 40 h acid production phase with low-speed stirring (Figure 3A), but a 0.19 g·g−1

lower yield of TPF2 was accompanied by the accumulation of cell density (Figure 3B).
Pattern SPF accumulated D-LA 46.4 g·L−1 and was not selected, although full-scale SPF
demonstrated a higher productivity of 1.03 g·L−1 h−1 and yield of 0.89 g·g−1 glucose
in the whole 48 h process (Figure 3C), which was not beneficial for the accumulation of
cell mass, resulting in lower productivity later in the fermentation. Therefore, two-phase
fermentation TPFI with aerobic growth and oxygen-limited fermentation is recommended
as the fermentation process.

3.3. Effect of Biomass at the Transition Point between Growth and Acid Production Stages

During the transition to the acid-producing stage, cellular activity is dominated by
acid accumulation. The biomass content during the aerobic phase of growth influences
the flow of glucose metabolism to lactate [9]. Therefore, biomass at the transition point
between the aerobic growth and acid-producing stages may be correlated with the rate
of D-LA production. The two-stage fermentation pattern was found to be optimal, and
recombinant plasmid-induced expression of the acid-resistance factor GatA was turned
on at the aerobic growth stage, consistent with the settings for inducing expression during
the growth stage when acid tolerance was analyzed. Strain LBBE317, which contained an
empty plasmid, was constructed for further examination of fermentation points.
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Figure 3. Effect of three different fermentation patterns on the synthesis of D-LA utilizing glucose
by strain LBBE317. (A) Two-stage fermentation I (TPF1, growth stage with oxygen supply and
high-speed agitation, switching to restricted oxygen supply and low low-speed stirring at transition
to acid production stage). (B) Two-stage fermentation II (TPF2, same growth stage as TPFI, transition
to microaerobic state with little aeration and low speed agitation). (C) Single-stage fermentation (SPF,
low-speed stirring for full process oxygen limitation incubation).

Different transition points have a noticeable effect on the accumulation of D-LA under
normal pH condition value 7.0. When the biomass accumulated to about 50% (OD600
~8.6) of the maximum biomass (OD600~17) at the transition to the acid-producing stage
(Figure S1), both D-LA production 33.4 g·L−1 and productivity 0.56 g·L−1 h−1 were affected
and the fermentation cycle was prolonged. This inefficiency may have been caused by the
low activity of key enzymes in the cellular D-LA production pathway. D-LA titer could
reach 45.6–48.7 g·L−1 when the biomass accumulated to approximately 70% (OD600~12)
or 90% (OD600~15.5) of the maximum biomass for the transition. However, 90% biomass
accumulation results in a 12.5% longer fermentation cycle, which is a negative factor
for rapid equipment turnaround. In conclusion, a biomass accumulation of 70% of the
maximum biomass was the optimal condition used for subsequent studies.

3.4. Inductional Effect on D-LA Synthesis at Different Growth Stages

Conditions under which a culture is at its highest growth rate is considered the
optimal time to induce expression in a strain [38]. IPTG enables control of the lac promoter
to regulate recombinant protein manufacturing in E. coli, but inappropriate induction times
affect cell proliferation [39] and thus product accumulation. Therefore, after determining
the optimal transition point for D-LA production, the effect of adding inducers during
three different growth periods on D-LA synthesis was evaluated: late lag phase (LLP,
OD600~3.0), pre exponential phase (PEP, OD600~4.5) and mid-pre exponential phase (MPEP,
OD600~6.0).

When IPTG is added at low cell densities, the metabolism of the target protein is
assumed to harm normal bacterial growth under normal pH condition value 7.0, leading to
a decrease in OD600 [40,41]. Similarly, in this study, when 200 mM IPTG was added during
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LLP, the recombinant plasmid was activated prematurely and cell growth was retarded
thereby negatively affecting D-LA biosynthesis, and the concentration of D-LA was reduced
to 36.4 g·L−1 (Figure 4A). In contrast, the growth rate and biomass accumulation of cells in
the exponential phase were not significantly affected by addition of the inducer. When the
cells were induced with PEP, the D-LA titer reached a maximum of 48.9 g·L−1 (Figure 4B),
which was higher than that of 46.6 g·L−1 when the inducer was added at MPEP (Figure 4C).
Shorter fermentation cycle and outstanding productivity were more favorable for D-LA
production. Theses results suggest that the addition of IPTG at the pre-exponential phase
is suitable for the synthesis of D-LA, allowing the acid-resistant effect of the functional
element to be observed more clearly.
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Figure 4. Effect of IPTG addition on D-LA synthesis during growth to different growth stages.
(A) Addition of IPTG at LLP (late lag phase) had a shorter fermentation cycle but lower D-LA
synthesis. (B) Addition of IPTG at PEP (pre-exponential) had the maximal amount of D-LA synthesis.
(C) Addition of IPTG at MPEP (mid pre-exponential period) had D-LA synthesis close to that at PEP
period, but with slightly longer fermentation cycle.

3.5. LBBE317PGA Enhanced D-LA Production under Low pH Incubation

When oxygen is abundant, E. coli can use one molecule of glucose to produce 36–38
ATP molecules. However, D-LA synthesis occurs during anaerobic metabolism, and
under these conditions, only two ATP molecules accumulate after one molecule of glucose
produces two molecules of D-LA. Although a moderately low rate of oxygen supply to
the medium can promote consumption of the carbon source [42], suprathreshold oxygen
tension may affect D-LA production and productivity [16], and the synthesis of by-products
is also not conducive to efficient isolation of the downstream product. Previously, it has
been suggested that deletion of the ATP-dependent transporter protein within the D-LA-
producing engineered strain CL3 leads to an improvement in cell growth rate, indicating
an increase in theoretical ATP production [6]. Subsequently, Utrilla et al. confirmed that
a mutation in GatC (GatCS184L) was responsible for increased xylose consumption by
whole-genome sequencing, but the mechanism was not clear [33]. In this study, we clarified
that the overexpression of GatA, another necessary component of the galactitol transport
complex, effectively replenishes the ATP content of cellular metabolic processes and relieves
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ATP supply restriction. This suggests that GatA may bring about cellular tolerance to D-LA
while maintaining metabolic production.

Stress caused by the accumulation of acidic products threatens the productivity of
cells. To maximize the effectiveness of the application of anti-acid components, it is
necessary to determine the pH at which the strain is most affected by acid stress. Based
on the pKa of lactate (3.86), the pH values of the acid-producing phase medium settings
(6.69, 5.47, 4.53 and 3.53) [11] were considered in a previous study, we found that with
increasing concentrations of D-LA, the stress to cells by acid stress peaked when the pH
was maintained at pH 5.5 [26]. Overexpression of GatA showed greatly enhanced survival
under D-LA stress and was therefore transferred into LBBE317 as LBBE317PGA. During
the aerobic growth stage, LBBE317PGA exhibiteda higher growth rate of 0.26 h−1. When
transitioning to the lactic acid production stage, the acid production rate of LBBE317PGA
was not visibly inhibited compared with that of the control strain LBBE317P, indicating
that the enhanced expression of GatA did not affect the cellular activity of metabolizing
D-LA. When the environmental pH dropped to 5.5, the ammonia pump was turned on to
maintain the pH. The D-LA production of the control strain LBBE317P was approximately
9.5 g·L−1 (Figure 5A), while LBBE317PGA produced approximately 14.8 g·L−1 D-LA,
which represents an increase of 55.7%, and maintained a higher cell density (Figure 5B).
The titers of succinic and acetic acids were reduced by 67.2% and 58.5%, respectively.
These results confirmed that the overexpression of the galactitol transport factor GatA
markedly enhanced the metabolic activity of E. coli under acid stress. With the assistance
of the transporter protein GatA, the limitation of ATP supplementation was effectively
compensated for while simultaneously ensuring the metabolism of D-LA and normal
physiological activities.

To further validate the tolerance brought about by overexpression of GatA, we exam-
ined the effects of GatA on exogenous organic acids with different numbers of carbons and
not limited to three-carbon D-LA. We tested the survival rate under stress with four-carbon
succinic acid and five-carbon itaconic acid. Cell survival was calculated in the same way as
for the validation of D-LA stress. After 4 h of itaconic acid lethal stress (pH 4.2, itaconic acid
adjusted), the survival rate of the recombinant strain was 29.4 times higher than that of the
control (Figure 6A). It is possible that E. coli has a weaker baseline tolerance to succinic acid,
and the strain survived for a shorter time. After 3 h of succinic acid lethal stress (pH 4.3,
succinic acid adjusted), the survival rate of the recombinant strain was 41.6-fold higher
than that of the control strain (Figure 6B).

The trends of ATP concentration under itaconic acid and succinic acid lethal stress
conditions were similar to the trends under D-LA lethal stress conditions, both exhibiting an
increasing trend followed by a decreasing trend. Under itaconic acid lethal stress conditions,
the intracellular ATP concentrations of E. coli (GatA) and E. coli (Vector) peaked at 4.18 and
3.72 nmol·mg−1 protein at 1 h incubation, and then decreased to 1.16 and 0.45 nmol·mg−1

protein after 4 h stress incubation. The pHi also decreased sharply with increasing stress
time. After 4 h stress incubation, the pHi of E. coli (GatA) was higher than that of E. coli
(Vector) by 0.44 (Figure S2A). Under succinic acid lethal stress conditions, the intracellular
ATP concentrations of E. coli (GatA) and E. coli (Vector) peaked at 3.56 and 3.34 nmol·mg−1

protein at 1 h incubation, and then decreased to 0.76 and 0.56 nmol·mg−1 protein after 4 h
incubation. After 4 h stress incubation, the pHi of E. coli (GatA) was higher than that of
E. coli (Vector) by 0.12 (Figure S2B).

These results suggest that GatA is an effective anti-acid factor with wide applications
in enhancing organic acid tolerance in E. coli.
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Figure 6. Cell viability of recombinant strains under different organic acid lethal stress conditions with
incubation time. (A) Recombinant strains incubated under itaconic acid lethal stress. (B) Recombinant
strain incubated in succinic acid lethal stress.

4. Conclusions

In this study, overexpression of the galactitol-specific PTS enzyme IIA component
GatA improved the tolerance of E. coli at low pH to D-LA, itaconic acid and succinic acid
at low pH. Furthermore, regulated overexpression of GatA regulation allowed E. coli to
ferment D-LA at lower pH environments, increasing the titer by 55.7%. To the best of our
knowledge, this is the first report showing that the galactitol transporter GatA can enhance
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the stress tolerance of E. coli to a variety of organic acids. Based on the commonality of
PTS, we believe that this anti-acid element may also have applications in improving the
production efficiency of other organic acids.
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//www.mdpi.com/article/10.3390/fermentation8120665/s1, Figure S1: Effect of different biomass
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used in this study; Table S2 Bioreactor experimental fermentation conditions.
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Abstract: To investigate the changes of the main ingredients in black garlic (BG) during fermentation,
the contents of moisture, total acids and reducing sugars were determined. Allicin, 5-Hydroxy
methylfurfural (5-HMF), and total phenols were also determined as bioactive substances. DPPH
scavenging capacity was determined to indicate the antioxidant activity of BG. The changes in
hardness and color were detected as well. The results showed that the moisture content decreased
from 66.13% to 25.8% during the fermentation. The content of total acids, total phenols, and reducing
sugars increased from 0.03 g/g to 0.29 g/g, from 0.045 µg/g to 0.117 µg/g, and from 0.016 g/g to
0.406 g/g, respectively. The content of 5-HMF increased from 0 to 4.12 µg/mL continuously, while
the content of allicin increased from 0.09 mmol/100 g to 0.30 mmol/100 g and then decayed to
0.00 mmol/100 g. The L*, a*, and b* values of BG were 23.65 ± 0.44, 0.64 ± 0.06, and 0.85 ± 0.05,
respectively. There was a higher intensity of dark color in BG than that in fresh garlic. The hardness
values decreased first and then increased in later fermentation from 465.47 g to 27,292.38 g. Principal
component analysis (PCA) showed that the samples were divided into three clusters, including
cluster1 (fresh garlic, S0), cluster2 (S1), and cluster3 (S3−S9). This research effectively clarified the
various stage of the BG fermentation process, and it is expected to supply references for reducing
production time in industrial BG fermentation.

Keywords: black garlic; physicochemical properties; antioxidant activity; principal components analysis

1. Introduction

Garlic is widely used as a condiment around the world. According to authoritative
data, China is the main garlic-producing area all over the world, and the yield of garlic
reaches 2 million tons annually. Previous research has shown that garlic has a series
of biologically active functions, e.g., improving cardiovascular function [1], preventing
cancer [2], regulating blood sugar [3], and possessing antibacterial effects [4] and anti-
hypertension [5]. Generally considered, organosulfur compounds are the main flavor
ingredients in garlic, and they are the most important contributor to the biological activity
as well [6,7].

Nowadays, black garlic (BG) is becoming more and more popular around the world as
a derivative of fresh garlic (FG). BG is made by heat-treating FG at 60–80 ◦C for 1−3 months
under humidity control [8]. With high-temperature treatment, biochemical reactions in-
clude the Maillard reaction, caramelization reaction, and enzyme reaction, with the color of
garlic turned from white to black. Meanwhile, the composition and taste have also changed
tremendously [9].

With the growing popularity of BG, more and more research has been performed on
it. A lot of studies have shown that the antioxidant capacity of BG is stronger than that of
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FG [10–15]. Most of the current research is devoted to the influence of the total amount of
polyphenols and flavonoids on the scavenging ability of free radicals [16–19].

Several studies are devoted to exploring the changes of certain specific compounds
during heat treatment in BG. For example, Yuan et al. [20] studied the changes in various
sugar contents in FG and BG. Sembiring et al. [21] reviewed the contents of components in
BG. Some studies used omics methods to comprehensively determine the ingredients in
BG. William [9] used UHPLC-HRMS to quantitatively analyze organic acids, organosulfur
compounds, glycerophospholipids, and Maillard reaction products. Ding et al. [11] used
NMR to quantitatively analyze the ingredients in BG with different packaging materials.

As has been proved, LCMS is a mighty tool for characterizing the compositions of
different plant substrates, and it also can be used to analyze the compositions of FG and BG.
For example, UPLC-Q-TOF/MS [22] was used to determine the content in the compositions
of glycerophospholipids, flavonoids, organic oxygen compounds, and fatty acids in Pu’er
tea. Wang et al. [23] used UPLC-Q-TOF/MS to analyze the changes of bitter metabolites in
beer fermentation; 1239 characteristic peaks were obtained, and 32 biochemical markers
were further determined.

At present, most studies focus on the differences between BG and FG, and the im-
provement of biological activity caused by these differences is also interesting. There
are relatively few studies on the changes in the content of various substances. In this
work, the contents of moisture, total acids, total phenols, reducing sugars, allicin, and
5-Hydroxymethylfurfural (5-HMF) were determined to explore the changes in various
physicochemical properties of BG during fermentation. In addition, the DPPH scavenging
capacity, hardness, and color of BG were detected.

2. Materials and Methods
2.1. Overall Strategy

The workflow of this study is shown in Figure 1. Samples were taken every other
day during the fermentation of BG. The samples were treated with liquid nitrogen first.
Then, the samples were ground. Finally, extraction was conducted according to the method
mentioned below. We determined the contents of various ingredients in samples. The
data we obtained were analyzed statistically. We classified the differences between black
garlic and fresh garlic into three aspects: sensory, physicochemical properties, and bioactive
functions.
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2.2. Material

Fresh garlic collected in 2021 at the optimal ripening stage was provided by RT-Mart
(Hefei, Anhui, China). The bulbs were stored at −20 ◦C until used. Cysteine, barbituric
acid, and 5-HMF were from Shyuanye (Shanghai, China). Other reagents were supplied by
HUSHI (Shanghai, China). Deionized water (18 MΩ cm−1) was obtained through a Milli-Q
water purification system from Millipore (Bedford, MA).

2.3. Sample Preparation

In the BG fermentation, samples were taken on 0, 1, 3, 5, 7, and 9 days as S0, S1, S3, S5,
S7, and S9, respectively. Sensory evaluation and colorimetric and hardness measurements
were performed immediately. Then, every 5 g sample were ground in a mortar. They
were transferred into a 100 mL beaker containing 50 mL of deionized water and were
ultrasonically extracted at 30 ◦C for 20 min. Then, the solution was filtered, and the filter
residue was discarded. The filtrate was moved into a volumetric flask, followed by dilution
with deionized water to 100 mL. It was diluted with deionized water to the appropriate
concentration, when it was used.

2.4. Sensory Evaluation

The sensory properties of samples were analyzed by sensory evaluation. Sensory evalua-
tion was conducted according to the method proposed by different researchers [24–27]. Healthy
panelists (8 females and 8 males, 20–25 years of age), who had good cognition on the quality
attributes on black garlic, were recruited from School of Food and Biological engineering,
Hefei University of Technology (Hefei, China). Before sensory evaluation, commercial BG
was used to help participants get familiar with sensory characteristics.

For sensory analysis, a whole BG sample was put into a glass container which was
marked with a random number. The containers were placed on a plate for each panelist to
evaluate them at the same time. The evaluations of taste, color, texture, smell, and dryness
were recorded (0 = unsatisfactory and 10 = satisfactory extremely for taste, smell, color,
dryness, and texture) by the same panel. The average scores for all descriptors of samples
obtained from each panelist were taken. Water was drunk as a taste neutralizer before the
evaluation of the next sample.

2.5. Basic Analysis of BG

The sample was dissolved using deionized water to 50 mg/mL. The contents of
moisture, total phenolic, total acids, reducing sugars, allicin, and 5-HMF were analyzed.
The content of moisture and reducing sugars were determined by the method conducted
by Zambrano [28] and Huang [29]. The content of total acids was determined in keeping
with the Chinese National Standard (GB). The content of total phenols was determined
with the Folin−Ciocalteu method and gallic acid was used as a standard.

In addition, the contents of allicin and 5-HMF were determined by the spectrophoto-
metric method, according to the method conducted by Joan [30] and Feng [31].

2.6. Hardness and Color

The colors of FG and BG surfaces were determined using a CHROMA METER, CR-400
(Minolta, Osaka, Japan). The results were presented in the CIE system, where L*, a*, and b*
represent lightness, redness/greenness, and yellowness/blueness, respectively.

The hardness values of FG and BG were determined using a Texture Analyzer (Stable
Micro Systems, Godalming, Surrey, UK). The maximum force required to break samples
individually was presented as gram (g).

2.7. Measurement of Oxidation Resistance

The DPPH scavenging activity assay was conducted in the light of the method reported
by Ren et al. [32]. DPPH was dissolved in ethanol to 0.25 mg/mL in an Erlenmeyer flask.
To ensure the stability of the DPPH solution, the reagents were prepared 2 h in advance.
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To protect the DPPH solution from the light, the flask was covered with aluminum foil
and stored in a fridge. During measurement, the DPPH solution was diluted to one-fifth
of its original concentration. All experiments were repeated three times. One milliliter of
appropriately diluted samples was added to 1 mL DPPH solutions. As a control, 1 mL of
ethanol was added instead of 1 mL of appropriately diluted samples. As for the blank,
1 mL samples were mixed with 1 mL ethanol, and the absorbance was measured at 571 nm.

2.8. Statistical Analysis

Statistical analyses of the data were conducted by SPSS Statistics 19.0 (IBM Corporation,
Chicago, IL, USA) and Origin 2021b (OriginLab, Northampton, Massachusetts, USA). All
experiments were performed in triplicate. All data were expressed as mean ± standard
deviation (SD). ANOVA tests, followed by the LSD multiple range test, were conducted for
chroma parameters. Differences were considered statistically significant at p < 0.05.

3. Results
3.1. Sensory Evaluation

The results of the sensory evaluation are shown in Table 1. In general, the acceptability
of the garlic was progressively higher, as fermentation progressed. The quality was at its
best on the seventh day, after which there was no significant change in product quality. In
terms of color, the garlic turned completely black in the first three days of fermentation.
Regarding dryness and texture, there were no significant changes throughout the fermen-
tation process, and the scores were high. In regard to odor, the score gradually increased
as the fermentation progressed, but there was no significant difference. In terms of taste,
the scores on the first three days of fermentation showed significantly lower scores than
those on the fifth day and beyond, reaching a score of 14 on the fifth day and continuing to
increase with no significant change thereafter. The product scores improved significantly
on the first five days, reaching the maximum score on the seventh day and maintaining it.
The final product score stayed around 86 points.

Table 1. Sensory scores of samples during the fermentation.

Samples Color Dry Degree Texture Smell Taste Total Score

S1 6.67 b 16.67 a 17.67 a 13.33 a 3.67 b 58.00 d

S3 17.67 a 17.00 a 15.00 a 13.67 a 7.00 b 70.33 c

S5 17.67 a 17.00 a 15.67 a 15.00 a 14.67 a 80.00 b

S7 18.00 a 18.33 a 16.00 a 17.00 a 17.33 a 86.67 a

S9 18.00 a 18.33 a 16.00 a 16.67 a 17.33 a 86.33 ab

a–d Different superscripts in the same column indicate significant differences in the comparison of sensory
parameters at different fermentation times.

3.2. Physicochemical Properties
3.2.1. Moisture

As can be seen from Figure 2A, the moisture content showed a decreasing trend
during the production process. The moisture content decreased faster at the beginning of
fermentation. The moisture content in fresh garlic (S0) was 66.13%, and after one day of
fermentation (S1), the moisture content was 53.52%. The rate of decline was 19.07%. In
the subsequent production process, the rates of the moisture content decline slowed down
during the nine-day fermentation, which decreased from 53.52% in S1 to 25.8% in S9, with
an average decline rate of 8.7%. The average rate of the moisture decline throughout the
fermentation process was approximately 9.93%.
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Figure 2. The change of moisture content (A), total acids content (B), reducing sugars content (C), and
hardness (D) during BG fermentation. All data were expressed as mean ± standard deviation (SD).

3.2.2. Total Acids

During the fermentation process, the total acid content showed a significant upward
trend, as shown in Figure 2B. The rate of increase was faster in the first three days. The total
acid content in fresh garlic (S0) was low at 0.0309 g/g, and then, it increased to 0.0911 g/g
after the first day of fermentation (S1), with a growth rate of 195%. The average growth
rate for the first three days of fermentation was about 78.76%. In the following four days,
the total acid content increased from 0.1765 g/g (S3) to 0.2420 g/g (S7), with an average
growth rate of about 8.21%. The total acid content in the product at the end of fermentation
was 0.2914 g/g (S9), which was nine times higher than in fresh garlic (S0), with an average
growth rate of 28.32%.

3.2.3. Reducing Sugars

As can be seen from Figure 2C, the reducing sugar content showed a significant
increasing trend during the entire fermentation process. The increase in reducing sugar
content was not significant at the beginning of fermentation. There was no significant
difference in the reducing sugar content for the first two days (1.58% in S0 and 1.99% in
S1). From then on, the reducing sugar content increased dramatically, from 1.99% in S1 to
40.57% in S9, with an average growth rate of 45.77%.

3.2.4. Hardness

As can be seen from Figure 2D, the hardness of garlic decreased significantly im-
mediately after the beginning of fermentation. The hardness of the fresh garlic (S0) was
21,711.77 g, and the hardness of the sample at the end of the first day of fermentation
(S1) was 465.47 g, a 98% decrease compared to that of S0. During the next four days, the
hardness remained at a lower level and increased slightly (465.47 g for S1, 530.41 for S3,
and 2182.23 for S5). From the fifth day until the end of fermentation, the hardness showed
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a sharp increase, with 2186.23 g for S5, 15,653.56 g for S7, and 27,292.38 g for S9, an 11-fold
increase compared to that of S5, with an average growth rate of 87.97%.

3.2.5. Color

As can be seen from Figure S1, the white color of the garlic disappeared after one day
of fermentation. By the third day, the garlic changed to dark brown, and after five days
the color of the samples became completely black. Table 2 shows the chromaticity values
of the products. The L* values of the samples kept decreasing with the extension of the
fermentation time. The L* values of S0, S1, and S3 were 63.73, 37.00, and 22.86, respectively,
indicating that the colors of the samples became closer to black. The L* of S5 was the lowest
at 19.34, after which the L* values of the samples increased slightly but remained stable,
indicating that the blackening of the samples was completed and the color stabilized. a*
and b* values at the fermentation a* changed from −2.17 in S0 to 12.77 in S1 and then to
1.86 in S3. b* changed from 21.94 in S0 to 19.84 in S1 and then to 2.95 in S3. Correspondingly,
the ∆E values of the samples showed an increasing trend in the first three days, from 43.00
in S0 to 72.61 in S3, and remained stable in the subsequent production process, indicating
that the total color difference of the samples was increased.

Table 2. Chromaticity of samples with different fermentation days.

Chroma S0 S1 S3 S5 S7 S9

L* 63.73 ± 0.67 a 37.00 ± 0.40 b 22.86 ± 0.32 c 19.34 ± 0.24 e 21.33 ± 0.32 d 23.65 ± 0.44 c

a* −2.17 ± 0.18 e 12.77 ± 0.17 a 1.86 ± 0.09 b 1.11 ± 0.06 c 1.01 ± 0.05 c 0.64 ± 0.06 d

b* 21.94 ± 0.39 a 19.84 ± 0.41 b 2.95 ± 0.17 c 1.79 ± 0.03 d 1.46 ± 0.06 d 0.85 ± 0.05 e

∆L 37.28 ± 0.62 a −55.70 ± 1.00 b −72.56 ± 1.09 d −78.74 ± 1.00 e −72.45 ± 0.77 d −70.39 ± 0.88 c

∆a −2.28 ± 0.20 e 12.44 ± 0.44 a 2.15 ± 0.20 b 1.17 ± 0.06 cd 1.26 ± 0.08 c 0.77 ± 0.06 d

∆b 21.31 ± 0.28 a 15.23 ± 0.41 b −1.69 ± 0.15 c −2.66 ± 0.15 d −3.10 ± 0.18 d −3.62 ± 0.10 e

∆E 43.00 ± 0.63 d 59.08 ± 0.93 c 72.61 ± 1.09 b 77.13 ± 1.89 a 72.52 ± 0.77 b 70.48 ± 0.89 b

* All data were expressed as mean ± standard deviation (SD). L*, lightness; a*, redness/greenness; b*, blue-
ness/yellowness. Different superscripts (a–e) within the row indicate significant differences of each color parame-
ter compared for the same fermentation time.

3.3. Bioactive Functions
3.3.1. Allicin

As shown in Figure 3A, the fresh garlic (S0) contained a very small amount of allicin,
with a specific content of 0.09 mmol/100 g. On the first day of fermentation, the allicin
content increased significantly, with 0.30 mmol/100 g in S1. After the first day, the allicin
content decreased sharply, with the allicin contents from S3 to S9 decreasing to nearly 0.

3.3.2. 5-HMF

The change of 5-HMF content during fermentation is shown in Figure 3B. In the early
stage of fermentation, no 5-HMF was detected in S0, S1, and S3. From S5, 5-HMF started
to be produced gradually and accumulated rapidly. 5-HMF contents were found to be
0.14 µg/mL in S5 and 4.12 µg/mL in S9, with an average growth rate of 133%.

3.3.3. Polyphenols

Overall, the polyphenol content showed a clear increasing trend during the fermen-
tation process, as shown in Figure 3C. The total phenolic content in fresh garlic (S0) was
0.045 µg/g and the content increased extremely rapidly in the first three days, while the
phenolic content in S3 was 0.10 µg/g with an average growth rate of 30.50%. At the later
stage of fermentation, the growth rate of the polyphenol content slowed down but still
showed an obvious increasing trend. For S9, the polyphenol content was 0.12 µg/g, with
an average growth rate of 11.51% throughout the fermentation stage, which exceeded the
polyphenol content in fresh garlic by 25 times.
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Figure 3. The change of allicin content (A), 5-HMF (5-Hydroxymethylfurfural) content (B), total
phenols content (C), and antioxidant properties of black garlic (DPPH scavenging activity) (D) during
the fermentation. All data were expressed as mean ± standard deviation (SD).

3.3.4. Antioxidation Property

The antioxidant capacity can be characterized by DPPH scavenging activity. Figure 3D
shows the changes in the DPPH scavenging activity of BG during the fermentation. The
DPPH scavenging rate of fresh garlic was relatively low at 31.72%. The DPPH scavenging
rate increased to a relatively high level after the first day of fermentation, and the DPPH
scavenging rate of S1 was 78.79%, which was 2.5 times higher than that of fresh garlic.
From S3 to S9, the DPPH scavenging rate increased slowly. At the end of fermentation, the
DPPH clearance rate of S9 was 99.47%, which was about three times that of fresh garlic (S0).

3.4. Principal Components Analysis

The obtained PCA biplot is shown in Figure 4. It can be observed from the figure
that the two principal components explained 88.4% of the total variability, of which PC1
was the most significant, explaining 77.7% of the total variability. A significant separation
caused by the fermentation time was observed along PC1, especially the separation of
the samples at the beginning of the fermentation from the later stages of the fermentation.
What influenced PC1 positively were DPPH scavenging activity, total phenol, total acids,
reducing sugars, and 5-HMF. Their concentrations discriminated BG in the later stages
of production from the rest of the fermentation times. PC2 also affected the separation
of FG and samples at the beginning of fermentation. In this case, allicin and moisture
scored the highest, indicating that the separation of S0 and S1 samples was mainly caused
by changes in allicin and moisture content. In contrast, these two compounds were the
only compounds with negative values in PC1. Obviously, the samples can be grouped
into three clusters, including cluster1 (fresh garlic, S0), cluster2 (S1), and cluster3 (S3−S9),
respectively. This showed that the BG during fermentation was mainly divided into three
stages by the changes of physicochemical properties, which included FG (unfermented),
initial fermentation, and late fermentation. It is conducive to the formation of a better
quality of BG by proper adjustment of production conditions.
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Figure 4. Principal component analysis based on the contents of main components in black garlic at
different processing times. The biplot describes the evolution of garlic during fermentation and the
contribution of compounds to the variability among samples.

The data obtained in the fermentation experiment were statistically analyzed by PCA
to discriminate among fermentation times and establish the physicochemical factors with
the largest contribution to separation.

4. Discussion

Black garlic is produced from fresh garlic in a long-time fermentation with a high-
temperature and high-humidity environment. Compared with fresh garlic, black garlic not
only has no harsh odor, but also has improved texture and taste, especially some special
physicochemical properties, and it is well received by consumers [33].

The black garlic obtained from the treatment differs significantly from the fresh garlic
in all dimensions, and all the differences are ultimately reflected in the increase in consumer
acceptance. According to the results of sensory evaluation, the most significant changes in
the sensory evaluation of each dimension during the fermentation process were taste and
color. The production process of black garlic is macroscopically a dynamic combination of
various biochemical reactions, and the final effect reflected in the product is the browning
reaction, including enzymatic browning and the Maillard reaction. The Maillard reaction
is the most important reaction in black garlic production. The Maillard reaction, also
known as a non-enzymatic browning reaction, is a widespread non-enzymatic browning in
food processing. The Maillard reaction is an important reaction in the formation of flavor
and color in foods [34]. The end product of the Maillard reaction is melanoidin, a high-
molecular-weight brown compound, which is the reason why black garlic turns black [15].
During the heat treatment of black garlic, the cells are broken under high temperature.
Enzymes and substrates come into full contact, and various enzymatic reactions occur at
an accelerated rate. Alliin is degraded to allicin, which is the origin of the pungent taste of
garlic. Allicin continues to degrade under the action of enzymes and high temperature to
various organic sulfides, and the pungency disappears [9]. Likewise, polysaccharides are
degraded by enzymes and high temperatures to the corresponding monosaccharides and
oligosaccharides, producing a sweet taste. In this way, the spiciness of the garlic disappear,
and a sweetness emerge. Therefore, the taste of black garlic is better and more acceptable
than that of fresh garlic.

During the production of black garlic, the physicochemical properties change con-
siderably. The production process of black garlic is a high-temperature process in which
the moisture of the BG continued to evaporate, which means that the moisture content
continues to decrease. The change in moisture content can have both physical and chemical
effects on black garlic. Physically, the decrease in moisture causes a change in texture. BG
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becomes sticky and waxy rather than crunchy, as the moisture content decreases, providing
the consumer with a completely different taste than fresh garlic. Chemically, the moisture
content is one of the most important factors affecting the rate of the Maillard reaction.
The strength of the Maillard reaction depends heavily on the hydration of the medium.
Firstly, studies have shown that too low moisture content inhibits the Maillard reaction,
and it is difficult for the Maillard reaction to occur in completely dry foods. Within a
certain range of moisture content, the higher the moisture content, the faster the Maillard
reaction. Secondly, too high moisture content also inhibits the Maillard reaction [35]. In our
research, 5-HMF, a marker of Maillard reaction, started to be produced in large quantities
on the fifth day. We speculated that the moisture content above 40% is not conducive
to the Maillard reaction. As the moisture content decreased, the texture of the sample
inevitably changed. Hardness is relevant to the strength of the sample, which is expressed
as the maximum force of the first compression [36]. The maximum compressive force
during crushing was used to explain the texture of samples from the point of hardness. The
hardness of fresh garlic suddenly decreased at the beginning of production and gradually
increased during the fermentation process. The results are in agreement with the study
reported by Karnjanapratum [12], which found a significant increase in hardness during
the fermentation process. Several studies have reported that steam pretreatment softens
the garlic matrix and controls color production in BG at a higher rate during fermenta-
tion [12,37,38]. As the Maillard reaction proceeds, the alkaline amino groups in the BG
decrease gradually [35]. Acids are also produced because of the degradation of free amino
acids, peptides, and sugars [39]. This results in a significant increase in the total acid content
of black garlic compared to that of fresh garlic, giving it a sour taste as well. Fructans are
the most abundant polysaccharides in garlic [24]. During the heat treatment of garlic, both
the total polysaccharide and fructan contents decrease, and the fructan content increases.
Fructan hydrolases are easily inactivated at high temperatures [40], so it is speculated that
heating is the main cause of polysaccharide degradation. It has been shown that fructose
is the main reducing sugar in black garlic [24], and glucose is not detected in black garlic.
Therefore, it is the Heyns rearrangement rather than the Amadori rearrangement that
occurs in the Murad reaction in black garlic. During the fermentation of BG, the content
of reducing sugars continuously increases. According to the changing trend of reducing
sugar content, Li et al. proposed the concept of the reducing sugar balance point (RSBP) to
characterize the degree of the Maillard reaction [24]. The generation rate of reducing sugar
was greater than the consumption rate before RSBP. Oppositely, the generation rateis less
than the consumption rate after RSBP. The key point of RSBP indicates that the reducing
sugar required for the Maillard reaction is gradually reduced. The Maillard reaction may
be restricted after RSBP, and the reaction rate decreases accordingly. The end product of
the Maillard reaction is melanoidin, which causes the garlic to turn black [41]. Moreover,
blackening is an important indicator of black garlic ripening. According to our observations,
the garlic turned dark brown on the third day and was completely black by the fifth day,
indicating that the product entered the ripening stage. The observation of the product was
consistent with the colorimetric measurements. The blackening of BG was significantly and
positively correlated with 5-HMF content [42]. BG started to darken, when 5-HMF started
to accumulate in large amounts. In addition to the Maillard reaction, enzymatic browning
is also a cause of black formation.

Allicin is an important characteristic flavor substance in fresh garlic, and it is the
source of the pungent flavor of garlic. In fresh garlic, allicin is produced by the degradation
of alliin in the presence of alliinase. Under the function of relevant enzymes and high
temperature, allicin further generated a series of organosulfur compounds such as S-allyl-
L-cysteine (SAC), S-propenyl-L-cysteine (SPC), γ-glutamyl-S-allyl-L-cysteine (GSAC), and
γ-glutamyl-S-1-propenyl-L-cysteine (GSPC), among which SAC is considered as the main
biologically active substance in BG [9]. This is the reason why the allicin content rose
sharply at the beginning of black garlic production and then fell sharply. 5-HMF in black
garlic is formed by fructose through the Maillard reaction, which is one of the important
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intermediate products of the Maillard reaction and an important indicator to mark the stage
of the Maillard reaction [43]. It is also an important indicator to characterize the maturation
of BG and is closely related to the blackening of BG. Our results revealed that 5-HMF was
not detected in the early stage of black garlic fermentation but accelerated accumulation
from the fifth day, indicating that the Maillard reaction was in the primary stage in the
first four days, entered the intermediate stage and started to accelerate from the fifth day.
Polyphenols are an important class of bioactive substances in black garlic. It is reported that
polyphenols have several biologically active functions such as improving cardiovascular
and cerebrovascular function, kidney function, and eye health [44]. Some researchers
have performed in vitro gastrointestinal digestion simulations on black garlic [45]. They
found that polyphenols decreased at the beginning of the digestion process and were
mainly affected in gastrointestinal digestion. The Folin−Ciocalteu method is currently the
classical method for the detection of polyphenols, although its selectivity and specificity
are questionable [46]. In the above experiments of in vitro digestion, researchers used
UHPLC-HRMS to analyze phenolics in black garlic [45]. Caeic acid and gallic acid are the
main compounds in the fresh garlic, while these compounds plus coumaric acid are the
main ones found in the black garlic. In our study, the polyphenol content in black garlic
at the end of fermentation was 2.45 times higher than that in fresh garlic. In some other
studies, the polyphenol content was increased by 1.5 to 10 times [16,47]. We assumed that
it is the difference in raw materials that causes the difference in polyphenol content. The
phenolic content of black garlic is greatly influenced by the raw material variety, cultivation,
and environment [48]. There are several explanations for why the polyphenol content
increases. First, bound forms are broken under high temperature, leading to the increase
of free forms. Second, enzymatic oxidation involving the antioxidant compounds may be
inhibited in the raw plant material. Third, at the later phase of the browning reaction, the
levels of the complex polyphenols increase [17]. It is generally believed that the antioxidant
properties of BG come from polyphenols, in which sulfhydryl and electrophilic groups
have the effects of scavenging oxygen and free radicals. Our research found that black
garlic had three times the DPPH scavenging capacity of fresh garlic, approaching 100%.
Relevant studies have shown that polysaccharides are also partly responsible for excellent
antioxidant properties. Research by Cheng et al. [49] showed that the chemical modification
of polysaccharides is an effective method to improve antioxidant capacity.

Overall, compared to fresh garlic, black garlic has a significant improvement in
organoleptic, physicochemical properties, and bioactive functions, which leads to a higher
acceptance of black garlic in certain groups of consumers. Although there is a general un-
derstanding of the content changes of various substances in the BG production process, the
mutual transformation mechanism is still unclear and further research is needed. Currently,
metabolomics and proteomics are widely used to analyze the changes of metabolites in
BG. Further research on BG metabolites will help clarify the formation mechanism of BG,
shorten the production cycle and improve the quality.

5. Conclusions

This work studied the changes in the physicochemical properties and the contents of
various characteristic substances of homemade BG during the fermentation with statistical
methods. The results showed that during the whole heating production process, the
moisture content slightly reduced, and the total acid and the reducing sugar content
continued to increase, endowing the product with a sweet and sour taste. Polyphenols
and 5-HMF were used as biologically active substances in BG, whose contents presented a
trend of continuous increase. The content of allicin increased drastically and then decreased
sharply, so the pungent smell disappeared. In terms of color, because of the Maillard
reaction, 5-HMF concentration gradually accumulated, and the samples started to turn
black on the 3rd day and completely black on the 5th day. The beginning of maturity of
BG was marked by the formation of black color, which was consistent with experimental
results. The results of PCA showed that the samples at each fermentation stage were
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quite different. The contributions of the two main components were 71.5% and 14.1%,
respectively. The samples were obviously separated along time. The products on the 3rd to
9th days were clustered together, indicating that the product began to mature after three
days of fermentation.

Although there is general understanding of the content changes of various substances
in the BG production process, the mutual transformation mechanism is still unclear and
further research is needed. Currently, metabolomics and proteomics are widely used
to analyze the changes of metabolites in BG. Further research on BG metabolites will
help clarify the formation mechanism of BG, shorten the production cycle and improve
the quality.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fermentation8110653/s1, Figure S1: Changes of the colors of the samples
(S0–S9) during the fermentation.
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46. Bedrníček, J.; Laknerová, I.; Lorenc, F.; Moraes, P.P.d.; Jarošová, M.; Samková, E.; Tříska, J.; Vrchotová, N.; Kadlec, J.; Smetana, P.
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Abstract: Geosmin produced by Streptomyces can cause an earthy off-flavor at trace levels, seriously
deteriorating the quality of Chinese liquor. Geosmin was detected during the Daqu (Chinese liquor
fermentation starter)-making process, which is a multi-species fermentation process in an open
system. Here, biocontrol, using the native microbiota present in Daqu making, was used to control
the geosmin contamination. Six native strains were obtained according to their inhibitory effects on
Streptomyces and then were inoculated into the Daqu fermentation. After inoculation, the content of
geosmin decreased by 34.40% (from 7.18 ± 0.13 µg/kg to 4.71 ± 0.30 µg/kg) in the early stage and by
55.20% (from 8.86 ± 1.54 µg/kg to 3.97 ± 0.78 µg/kg) in the late stage. High-throughput sequencing
combined with an interaction network revealed that the fungal community played an important
role in the early stage and the correlation between Pichia and Streptomyces changed from the original
indirect promotion to direct inhibition after inoculation. This study provides an effective strategy for
controlling geosmin contamination in Daqu via precisely regulating microbial communities, as well
as highlights the potential of biocontrol for controlling off-flavor chemicals at trace levels in complex
fermentation systems.

Keywords: biocontrol; geosmin; Streptomyces; Daqu; native microbiota

1. Introduction

Geosmin is a volatile metabolite produced by Streptomyces, cyanobacteria, and fungi [1,2],
which can cause an earthy off-flavor at trace levels (the threshold is at the ng/L level) [3],
seriously deteriorating the flavor and quality of multiple products, such as aquatic prod-
ucts [4–6], drinking water [7,8], juice [9,10], and especially Chinese liquor [1,4]. Geosmin
contamination has always been a serious problem for the Chinese liquor industry and
leaves a dirty and dusty impression. The highest concentrations of geosmin have been
determined in the light-aroma-type liquor [2,4]. Geosmin has an extremely low threshold
(from 6 to 10 ng/L), and people usually start to feel uncomfortable at 7 ng/L at 45 ◦C [11,12].
Therefore, although the concentration of geosmin in food and beverages remains at a very
low level, it still causes unpleasant feelings. In our previous studies, Streptomyces spp.
acting as the geosmin producer have been regarded as the most frequent and serious
microbial contamination. Streptomyces spp. produce a vast array of antibiotics that inhibit
the growth and metabolism of brewing functional yeasts and molds, thereby reducing the
flavor compounds (alcohols and esters) in Chinese liquor [1,2,4,13].

Chinese liquor is a traditional distilled alcoholic beverage with thousands of years’
history [4,14]. Different from distilled liquors in the West, such as whisky and brandy,
Chinese liquor is a typical solid-state fermentation product from grains [13], with sacchari-
fication and fermentation simultaneously proceeding [14]. Daqu acts as the saccharifying
and fermenting agent and contributes a large number of functional communities to the
fermentation process of liquor [2,15,16]. Daqu is manufactured through a spontaneous
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solid-state fermentation process in an open environment [15]. Functional mold, bacteria,
and yeasts form a special microbiota and produce various enzymes and flavor compounds
through growth and metabolism during Daqu fermentation. The dominant mold existing
in the Daqu includes the genus Aspergillus (A. terreus, A. oryzae), Rhizopus (R. oryzae, R. peka),
Thermomyces (T. crustaceus), and Thermoascus (T. crustaceus). Yeasts mainly include Pichia
(P. anomala, P. fermentans, P. kudriavzevii), Saccharomyces (S. cerevisiae), Wickerhamomyces (W.
anomalus), Torulaspora, and Candida. Bacteria includes Bacillus (B. subtilis, B. licheniformis,
B. amyloliquefaciens, B. sonorensis), Lactobacillus (L. helveticus, L. fermentum, and L.panis),
Lactococcus (L. lactis), Weissella (W. cibaria), and acetic acid bacteria species [5,17]. Therefore,
microbiota in Daqu largely determine the characteristics of Daqu and Chinese liquor [13].
However, in an open system, high concentrations of geosmin were found during the
Daqu-making process, causing damage to the quality of the liquor [13].

Recently, several effective methods have been suggested to control geosmin in drink-
ing water and wine. For example, activated carbon, chlorination, ozonation process, and
K2FeO4 oxidation were applied in drinking water [8,18–21]. Chitosan, zeolite, and filtration
have been used to remove geosmin from white wine [22]. However, these methods are not
effective to control geosmin and Streptomyces contamination in the practical production of
Daqu making. Biocontrol is an efficient and environmentally friendly approach to rationally
improve the fermentation quality, where some bacteria and yeasts have been used as biocon-
trol agent in fermented foods production [23–25]. For instance, non- and low-fermenting
yeast strains were used in grape juice to control the ochratoxin A producer Aspergillus
spp. [23]. Bacillus megaterium was used in peanuts to control the aflatoxin produced by
Aspergillus flavus and reduce the post-harvest rot problem of peanut kernels [24]. In our pre-
vious study, Bacillus showed a good ability to inhibit geosmin production in the simulated
fermentation experiments on a laboratory scale [2]. Therefore, biocontrol could be a more
promising solution to solve the urgent requirements in geosmin contamination. However,
different from the laboratory-scale fermentation, the practical production process of Daqu is
in an open environment with multi-species and is influenced by multiple factors. Therefore,
whether biocontrol effectively controls geosmin production in the complex fermentation
process of Daqu still needs further verification.

In this study, Streptomyces albus F5A-1 was used as the representative strain of Strepto-
myces spp. A medium-temperature Daqu was used to select the functional microorganisms
that inhibited Streptomyces growth. Then, the functional microorganisms were inoculated
into the Daqu-making process to evaluate their effects on the geosmin production, microbial
structure, and flavor metabolites of the Daqu. Headspace solid-phase microextraction–gas
chromatography–mass spectrometry (HS-SPME-GC-MS) was used to determine the con-
tent of geosmin and other volatile metabolites. High-throughput sequencing was used to
determine the microbial community structure during Daqu fermentation.

2. Materials and Methods
2.1. Strains

The indicator strain of geosmin production was Streptomyces albus F5A-1, which was
previously isolated from medium-temperature Daqu and stored in our lab at −80 ◦C in a
Luria-Bertani (LB) broth glycerol stock [1,2].

Geosmin-inhibiting microorganisms were isolated by the conventional agar dilution
method from medium-temperature Daqu. As a type of Daqu, the maximum temperature
in the production of medium-temperature Daqu is 40–50 ◦C. For the isolation of geosmin-
inhibiting microorganisms, 10 g of the Daqu sample was mixed with 90 mL of sterile saline
solution (0.90% (wt/vol)) and then shaken for 1 h at 200 rpm at 30 ◦C. The homogenates
were diluted serially 10-fold with sterile saline solution. Finally, 100 µL of the dilution was
spread on the agar plates and incubated. The fungi, which included mold and yeast, were
incubated in potato dextrose agar (PDA; potato extract 6 g/L, glucose 20 g/L, penicillin–
streptomycin solution 100 mg/L, and agar 20 g/L) plates at 28 ◦C for 5 days. Bacteria was
incubated in Luria-Bertani (LB) agar (peptone 10 g/L, NaCl 10 g/L, yeast extract 5 g/L,
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nystain 10 mg/L, and agar 20 g/L, pH: 7.4) plates at 37 ◦C for 2 days. The colonies of
different forms were purified by repetitive streaking until a single-colony morphology.
DNA of isolated strains was extracted based on previously described methods [26]. For
fungi, primers ITS1 and ITS4 were used to amplify the ITS region [27]. For bacteria, primer
sets 27F and 1492R were used to amplify the 16S rRNA genes [28]. PCR products were
obtained by GENEWIZ (Suzhou, China). The sequences were used for BLAST searches
(http://www.ncbi.nlm.nih.gov/BLAST/, accessed on 1 April 2020) for the identification
of isolates. Finally, all the isolates were stored in their corresponding broth glycerol stock
at −80 ◦C.

The growth inhibition assays were carried out according to Zhi et al. [2]. Every
inhibition zone on the plate was measured six times with a vernier caliper. The final
value is the average of the six values. We quantified the growth inhibition based on the
diameter ratio of inhibition zone to colony (R inhibition zone/R colony). The strains with R
inhibition zone/R colony > 1.15 were chosen as the geosmin-inhibiting microorganisms.

2.2. Preparation of Geosmin-Inhibiting Microorganisms

The yeast strains were separately inoculated into yeast extract–peptone–dextrose
(YPD) broth (yeast extract 10 g/L, peptone 20 g/L, and glucose 20 g/L) at 30 ◦C, spun
at 200 rpm for 2 d, and Bacillus was inoculated into Luria-Bertani (LB) broth (beef extract
5 g/L, peptone 10 g/L, sodium chloride 10 g/L) at 37 ◦C, spun at 200 rpm for 2 d. After
inoculation, each seed broth was centrifuged at 12,000 rpm/min for 10 min; then the
supernatant was discarded, and the precipitated cells were washed three times with sterile
normal saline. The precipitated cells were then resuspended in sterile water and counted
using a hemocytometer. Finally, each suspension was separately diluted to 106 cells/g Daqu
and then mixed them together to inoculate into the Daqu fermentation.

2.3. Experimental Design and Daqu Sample Collection

The experiments were performed in a distillery in Shaanxi Province, China (34◦55′ N;
107◦32′ E). Four independent batches of Daqu fermentation from two workshops (Work-
shops A and B, which were closely located) were chosen. Two batches from Workshop A
were the test group (inoculation with the geosmin-inhibiting microorganisms) and another
two batches from Workshop B were the control group. Four batches used the same raw
materials (wheat) and technological parameters (such as the water content and machine
parameters (pressure and the times of pressing bricks)). The seed broth was evenly mixed
with crushed materials. Then, the uninoculated and inoculated Daqu were fermented in the
same way. According to a previous study, geosmin is mainly produced in the early and the
middle stage of fermentation [2,29]. Hence, the Daqu samples were collected on Days 0, 3,
5, 10, 15, and 20. Samples were collected from the upper, middle, and lower layers, and
three Daqu bricks were obtained from each layer. Finally, the rind and the core of the Daqu
bricks from different points in the same layer were separately crushed and then mixed
to form one sample (Figure S1). Six parallel samples were obtained in each fermentation
time. Daqu samples were then transferred to the lab for the analysis of physicochemical
parameters, volatile compound analysis, and microbial community.

2.4. Total DNA Extraction, Amplification, and Sequencing

Each sample (7 g) was treated with 0.1 mol/L sterile phosphate-buffered saline (PBS)
and centrifuged at 300× g for 10 min at 4 ◦C. The supernatant was then centrifuged again at
4 ◦C, 13,000× g, for 10 min. An E.Z.N.A. (easy nucleic acid isolation) soil DNA kit (Omega
bio-tek, Norcross, GA, USA) was used for isolating DNA, according to the manufacturer’s
instructions. The DNA isolated from the six parallel samples was mixed to form one sample
to reduce the heterogeneity before amplification and sequencing. The bacterial V3–V4
region of the 16S rRNA gene was amplified using sets F338 and barcode-R806 primers [30].
The fungal ITS2 region was amplified with primers ITS3 and ITS4 [31]. A PCR purification
kit was used to purify the PCR products. The barcoded PCR products were sequenced on a
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MiSeq benchtop sequencer for 250-bp paired-end sequencing (2 × 250 bp; Illumina, San
Diego, CA, USA) at Beijing Auwigene Tech. Ltd. (Beijing, China).

The generated raw sequences were processed using QIIME v.1.9.1 and R v.3.3.1, (http:
//www.r-project.org, accessed on 1 December 2020) [32]. Briefly, the raw sequences
were quality-filtered, and sequences with ambiguous bases (‘N’) were removed using
Trimmomatic. Chimeric sequences were removed using the Uchime algorithm. The high-
quality sequences were clustered (with a 97% sequence similarity threshold) into OTUs
using the Qiime Uparse pipeline [33–35]. The bacterial OTU sequences were annotated
using the Silva database (Release 138 http://www.arb-silva.de, accessed on 1 January
2021) [36]. The fungal OTU sequences were compared using a BLAST search against
the UNITE fungal ITS database (Release 8.2 http://unite.ut.ee/index.php, accessed on 1
January 2021). Then, the Chao1 richness and Shannon diversity indices were calculated
using Qiime [37].

2.5. Real-Time Quantitative PCR (qPCR) to Estimate Microbial Biomass

The biomass of Streptomyces albus was determined by real-time quantitative PCR
(qPCR). We extracted template DNA for a standard curve from the Daqu substate in which
10× serial dilutions of conidial suspensions of Streptomyces albus had been inoculated, as
described by Hoffman and Winston [38]. ddH2O was used to dissolve the DNA, and
then DNA concentrations were quantified using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). A Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) was used for qPCR analysis. The genomic DNA was
used as the template to amplify Streptomyces albus by primers 245F (5′-TCT TCT TCG ACG
ACC ACT TCC T-3′) and 551R (5′-CGG CGC ATC TCG ATG TAC TC-3′) [5]. Each reaction
was conducted in 20.0 µL which contained 10.0 µL SYBR Green Supermix (SYBR Premix
ExTaq II, Takara, Dalian, China), 0.4 µL of each primer (20 µM), 1.0 µL of DNA template,
and 8.2 µL ddH2O. The amplification conditions and calibration curves were as follows:
initial denaturation at 98 ◦C for 5 min, followed by 30 cycles of denaturation at 95 ◦C for
60 s, annealing and extension at 56 ◦C for 5 s, and increases of 0.5 ◦C every 5 s from 65 ◦C
to 95 ◦C for melting curve analysis. The standard curve was established according to the Ct
values obtained from the genomic DNA of the serially diluted spores and the logarithm of
the corresponding initial spore concentrations.

2.6. Analysis of Volatile Compounds and Geosmin

We added 5 g of the Daqu samples to 20 mL ultrapure water. The samples were treated
at 4 ◦C for 30 min ultrasonically and centrifuged 4000× g for 10 min. After centrifugation,
8 mL of supernatant and 20 µL menthol (internal standard, 100 µg/mL) were added into a
20 mL headspace vial with 3 g NaCl. [4]. Volatile compounds and geosmin were determined
by headspace solid-phase microextraction–gas chromatography (HS-SPME-GC-MS) on a
DB-Wax column (30 m × 0.25 mm i.d., 0.25 µm film thickness; J&W Scientific, Folsom, CA,
USA), as described by Gao et al. [39].

2.7. Physicochemical Parameters Detection and Analysis

We detected the total titratable acidity by titration, as described by Li et al. [40].
Liquefying power and saccharifying power were determined by the method in He et al. [17].
The amount of starch liquefied was regarded as one unit of liquefying power. The amount
of glucose released per hour by 1 g of Daqu was defined as the saccharifying power [17].
The esterifying power and fermenting power were determined based on the national
professional standard methods. The content of ethyl caproate produced by 50 g of Daqu
per 7 days in the mixture of caproic acid and ethanol at 35 ◦C was regarded as one unit
of esterifying power. The amount of CO2 released by 1 g of Daqu per 72 h at 30 ◦C was
regarded as one unit of fermenting power [17]. Each detection was conducted in triplicate
and indicated by dry weight.
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2.8. Statistical Analysis

The statistical analysis and data plots were performed with OriginPro 2018 (OriginLab,
Northampton, MA, USA), Microsoft Office Excel 2016 (Microsoft, Redmond, WA, USA),
and Adobe Illustrator CC 22.0 (Adobe Systems Incorporated, San Jose, CA, USA). Principal
component analysis (PCA) was analyzed via CANOCO (vision 5). The relationships among
microbial communities were calculated based on all possible Spearman’s rank correlations
between the abundant genera. To reduce network complexity, only the genera with rel-
atively high abundance (with average abundance of >0.5%) were considered [41]. The
correlations were considered valid if they were significant at p < 0.05 (with false discovery
rate correction) [42]. The creation and visualization of the network were conducted by
Gephi (Web Atlas, Paris, France) [43]. Each genus was represented by a node. A strong and
significant correlation between nodes was represented by the edge [44,45].

2.9. Data Availability

All sequences generated were submitted to the NCBI database under the accession
number PRJNA691687 and PRJNA886836.

3. Results and Discussion
3.1. Isolation of Geosmin-Inhibiting Microorganisms from Daqu

A total of 50 strains (including 23 bacteria, 22 yeasts, and 5 mold) were isolated
from the medium-temperature Daqu. These strains were used for antagonism against
Streptomyces albus by modified agar well-diffusion assay [46]. Finally, six strains, including
five yeasts and a Bacillus strain, with R inhibition zone/R colony > 1.50 were chosen as the
geosmin-inhibiting microorganisms [2]. These six strains were Pichia fermentans Y1B-2,
Pichia fermentans Y1A-1, Pichia kudriavzevii MY5-2, Saccharomyces cerevisiae Y8-2, Issatchenkia
orientalis Y2A-1, and Bacillus subtilis J7-4. The sketch map of the antibacterial experiment is
shown in Figure 1. The R inhibition zone/R colony values of these strains are shown in Table 1.
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Table 1. The R inhibition zone/R colony values of the six strains.

Strains R inhibition zone/R colony

Pichia fermentans Y1B-2 2.82 ± 0.08
Pichia fermentans Y1A-1 2.69 ± 0.07

Pichia kudriavzevii MY5-2 2.14 ± 0.03
Saccharomyces cerevisiae Y8-2 2.90 ± 0.06
Issatchenkia orientalis Y2A-1 2.18 ± 0.03

Bacillus subtilis J7-4 2.28 ± 0.04

Saccharomyces cerevisiae Y8-2 and Pichia fermentans Y1B-2 had the largest inhibition on
the growth of Streptomyces albus, and their R inhibition zone/R colony values reached 2.90± 0.06
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and 2.82 ± 0.08, respectively. S. cerevisiae is one of the most important species in fermented
foods and contributes to the production of alcohols and esters [47]. In winemaking, S.
cerevisiae is widely used as a starter culture [48]. Moreover, inoculation with S. cerevisiae
has been recommended to enhance flavor complexity and microbial community stability.
For example, pomegranate wine fermentation with S. cerevisiae inoculation transformed
the negative correlations into positive correlations among the fungal communities [48].
Inoculated S. cerevisiae can suppress wild microflora, determining the starter’s ability to
dominate the process [49]. Pichia is a very critical non-Saccharomyces and plays important
roles in fermented food fermentation. P. fermentans is one of the most important species of
the Pichia genus. A P. fermentans strain isolated from Chinese liquor increased the esters and
fatty acids levels in mixed fermentation of wines [50]. Mixed fermentation with P. fermentans
and S. cerevisiae enhanced the fruity and floral traits in wine [51]. P. kudriavzevii has an
ecological function and can maintain the diversity of the yeast community and antagonize
fungal blooms [52,53]. In addition, P. kudriavzevii can also decrease the level of some unsafe
compounds, such as ethyl carbamate in Baijiu fermentation [54]. However, there have
been few studies reporting use of S. cerevisiae and Pichia for control of Streptomyces-caused
food or beverage contamination. Therefore, Daqu microbes have developed an intrinsic
community structure during their natural evolution. Native functional microorganisms
can efficiently inhibit the growth of Streptomyces albus, indicating that they are effective
biocontrol agents to prevent Streptomyces contamination and geosmin production during
Daqu fermentation.

3.2. Geosmin and Physicochemical Parameters Analysis during Daqu Fermentation

Figure 2A shows the geosmin contents in the early stage and late stage during Daqu
fermentation. Compared to the control group, the inoculation of geosmin-inhibiting mi-
croorganisms (test group) significantly (p < 0.05) reduced the geosmin content in Daqu.
In the early stage, the geosmin content in the test group was 4.71 ± 0.30 µg/kg, which
was significantly (p < 0.05) lower than that in the control group (7.18 ± 0.13 µg/kg), thus
being reduced by 34.40%. In the late stage, the geosmin content in the test group was
3.97 ± 0.78 µg/kg, and it was 8.86 ± 1.54 µg/kg in the control group. The geosmin content
was thus reduced by 55.20% in the late stage of Daqu fermentation by the inoculation of
geosmin-inhibiting microorganisms. These results revealed that these inoculation microor-
ganisms quickly reside in the Daqu and inhibit geosmin production.

The physicochemical parameters of the rind and the core of Daqu are shown in
Figure 2B,C and Table S2. In the rind of Daqu, the test group exhibited a higher liquefying
power, saccharifying power, and esterifying power than the control group. By inoculation of
geosmin-inhibiting microorganisms, the liquefying power increased from 0.71 g starch/g.h
to 0.82 g starch/g.h; the saccharifying power increased from 0.55 g glucose/g.h to 0.74 g
glucose/g.h; and the esterifying power increased from 0.1 g/50 g·7 d to 0.33 g/50 g·7 d.
The liquefying power and saccharifying power in the test group was 13.50% and 25.7%
higher than the control group, respectively. However, the fermenting power and acidity
were decreased after inoculation of geosmin-inhibiting microorganisms. The fermenting
power decreased from 0.46 g/0.5 g·72 h to 0.24 g/0.5 g·72 h, and the acidity decreased
from 0.78 mmol/10 g to 0.68 mmol/10 g. In the core of the Daqu, the physicochemical
parameters showed no significant differences between the test group and control group.
Only the liquefying power decreased from 0.18 g starch/g.h to 0.13 g starch/g.h after the
inoculation of geosmin-inhibiting microorganisms.

The enzymes in Daqu have pivotal effects on initiating the ethanol fermentation of
Chinese liquor through hydrolyzing macromolecules. A higher liquefying power and
saccharifying power in the test group indicated its greater starch hydrolysis capacity.
During Daqu fermentation, the abundant microorganisms, such as Bacillus, Lactobacillus,
and filamentous fungi, have the ability to secrete starch-degrading enzymes [55]. These
results revealed that inoculation with geosmin-inhibiting microorganisms changed the
microbial composition in the Daqu.
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3.3. Microbial Community Structure and Interaction during Daqu Fermentation

qPCR was applied to detect the dynamics in the Streptomyces albus biomass during
Daqu fermentation. Figure 3A shows the total biomass of Streptomyces albus in the early stage
and late stage during Daqu fermentation. In the early stage, the biomass of Streptomyces albus
was 3.02 ± 0.08 log10 spore count/g in the test group, which was significantly (p < 0.001)
lower than that in the control group (5.51 ± 0.48 log10 spore count/g). Streptomyces
albus was reduced by 45.20% in the early stage after inoculation with geosmin-inhibiting
microorganisms. In the late stage, the biomass of Streptomyces albus in the test group was
3.06 ± 0.39 log10 spore count/g, whereas it was 5.62 ± 0.39 log10 spore count/g in the
control group; thus, significantly (p < 0.001) decreased by 45.60%.

High-throughput sequencing was applied to investigate the microbial community
structures during Daqu fermentation. A total of 1,065,436 high-quality reads from the
V3–V4 region of 16S rRNA gene, and 917,050 high–quality reads from the ITS region were
obtained from all 21 samples. For bacteria, we found an average of 50,735 reads per sample,
ranging from 17,688 to 93,991 reads; and for fungi, an average of 43,669 reads per sample,
ranging from 26,306 to 76,944 reads. The rarefaction curves of the microbial communities
reached a saturation plateau, indicating that microbial communities were well represented
at the sequencing depth.

Microbial alpha diversity was determined based on the Shannon index and Chao1
index (Tables S3 and S4). Bacterial diversity was significantly higher (p < 0.05) in the control
group than that in the test group (Figure 3B,C). Fungal diversity showed no significant
difference between two groups (p > 0.05). At the genus level, a total of 135 bacterial genera
and 40 fungal genera were identified from all samples (Tables S5 and S6). Only 12 bacterial
genera and 7 fungal genera were abundant (with over 1% average abundance).
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Principal component analysis (PCA) of the bacterial community was carried out based
on weighted UniFrac distances (Figure 4B). The two axes explained 34.36% and 53.87%
of the variance in bacterial community differentiation, respectively. Results showed that
the bacterial community structure in the test group and the control group of Daqu in the
first five days of fermentation were close and differentiated from the other samples. From
the 10th day, the bacterial communities of the control group and the test group began
to show greater differences. It can be seen that the bacterial community mainly play an
important role in the 5 days to the 20 days during Daqu fermentation. Lactobacillus and
Weissella were the most abundant (with over 20% average abundance) genera in Daqu.
In addition, Staphylococcus, Acetobacter, Pediococcus, Sebaldella, Acinetobacter, Streptomyces,
and Pantoea were also abundant (with over 1% but under 20% average abundance) in
the Daqu. During fermentation, Lactobacillus and Weissella in the rind and the core of
the Daqu were the most abundant at the beginning of fermentation (in the first 3 days
of fermentation). After fermenting for 3 days, Lactobacillus decreased in the test group,
and was lower in the test group than that in the control group at the end of fermentation.
In the rind of Daqu, the relative abundance of Lactobacillus, Staphylococcus, Pediococcus,
Acetobacter, Streptomyces, and Bacillus were lower in the test group than those in the control
group; whereas the relative abundance of Weissella and Acinetobacter were higher in the
test group than those in the control group at the end of fermentation. In the core of the
Daqu, the relative abundance of Lactobacillus, Weissella, Streptomyces, Acetobacter, Pediococcus,
Sebaldella, Pantoea, Apibacter, Bacillus, and Lactococcus were lower in the test group than
those in the control group; whereas the relative abundance of Staphylococcus, Acinetobacter,
Brevibacterium and Enterococcus were higher in the test group than those in the control group
at the end of fermentation (Figure 4A).
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For fungi, the two axes explained 36.51% and 50.49% of the variance in the fungal
community, according to the PCA analysis (Figure 5B). Results showed that the fungal
community structure of the core of the Daqu in both the test group and control group in the
first five days differentiated from the other samples, and the fungal community showed
obvious clustering in the next 15 days. Combined with the relative abundance analysis
of Pichia and Saccharomyces, it can be seen that the fungal community plays an important
role in the first five days of Daqu incubation. What is more, seven fungal genera were
abundant (with over 1% average abundance) in the Daqu samples. Pichia and Thermoascus
were the most abundant (with over 25% average abundance) genera in Daqu. Meanwhile,
Lichtheimia, Aspergillus, Rhizopus, and Saccharomyces were also abundant (with over 1% but
under 20% average abundance) in Daqu. During fermentation, Pichia dominated in the rind
of the Daqu and Thermoascus dominated in the core of the Daqu. In the rind of the Daqu, the
relative abundance of Pichia and Candida in the test group was lower than in the control
group, and the relative abundance of Thermoascus, Lichtheimia, Rhizopus, Saccharomyces,
and Aspergillus was higher in the test group than those in the control group at the end of
fermentation. In the core of the Daqu, it can be clearly seen that the domination of Pichia was
gradually replaced by Thermoascus as the Daqu fermentation proceeded. Pichia decreased
and Thermoascus increased both in the test and control group during fermentation. On the
5th day of Daqu fermentation, the relative abundance of Pichia was 81.5% in the test rind
of the Daqu, 73.9% in the control rind of the Daqu, 26.7% in the test core of the Daqu, and
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19.9% in the control core of the Daqu. The relative abundance of Saccharomyces was 1.4% in
the test rind of the Daqu, 0.7% in the control rind of the Daqu, 0.9% in the test core of the
Daqu, and 0.4% in the control core of the Daqu (Figure 5A).
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the core of test group; Cr represents the rind of the control group; Cc represents the core of the
control group.

To illuminate the effect of inoculation of geosmin-inhibiting microorganisms on mi-
crobial interaction during Daqu fermentation, the correlations among the microbes were
explored based on Spearman’s rank correlations (|ρ| > 0.5 and p < 0.05). Figure 6A shows
the correlation among microorganisms in the control group and Figure 6B shows the cor-
relation among microorganisms in the test group. We put the Streptomyces on the left;
the first column to the right of Streptomyces represents microorganisms directly related to
Streptomyces, and the second column to the right of Streptomyces represents microorganisms
indirectly related to Streptomyces. In the control group, 38 pairs of significant and robust
correlations, including 20 pairs of positive correlations and 18 pairs of negative correlations,
were identified from 19 genera, with an average degree (AD) of 4.75 (Figure 6A). For the
network, the average path length (APL) between the nodes was 2.72 edges, with a network
diameter (ND; the longest distance between nodes) of four edges, and an average clustering
coefficient of 0.685. In the test group, 38 pairs of significant and robust correlations, includ-
ing 21 pairs of positive correlations and 17 pairs of negative correlations, were identified
from 19 genera, with an average degree (AD) of 4.00 (Figure 6B). For the network, the
average path length (APL) between nodes was 2.15 edges, with a network diameter (ND)
of four edges, and an average clustering coefficient of 0.609.
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Figure 6. Relationships among microbial communities in the control group (A) and test group
(B). A connection represents a significant (p < 0.05) and strong (Spearman’s |ρ| > 0.6) correlation.
The size of each node is in proportion to the relative abundance of each microorganism, and the
nodes are colored by phylum (Firmicutes, purple; Ascomycota, green; Actinobacteria, blue; others,
orange; Proteobacteria, dark green.). The Spearman’s correlation coefficient (ρ) is in proportion to
the thickness of each connection (edge) between two nodes. The color of the edges represents the
positive (red) or negative (blue) relationship. The Pichia circled in the box is the main microorganism
that inhibits the growth of Streptomyces.

In the test group, the positive interactions between the microbes were significantly
enhanced. The correlation between Pichia and Streptomyces changed from the original
indirect promotion to a direct inhibition effect. Pichia had a significant negative corre-
lation with Streptomyces after inoculation of geosmin-inhibiting microorganisms. These
results revealed that inoculation changed the correlation among microbes. In a complex
multi-species fermentation system, microbial communities are shaped and stabilized by
the interactions between microorganisms, and these interactions greatly determine the
composition, dynamics, and functionality of the microbial community [56]. Therefore,
our study demonstrated that a shift in microbial interaction played a pivotal role in in-
hibiting the growth of Streptomyces and geosmin production after inoculation. This was
also found in a previous study where S. cerevisiae inoculation transformed the microbial
negative correlations into positive correlations during pomegranate wine fermentation [48].
Therefore, illuminating the microbial interactions is necessary to evaluate the effect of
microbial inoculation.

3.4. Volatile Compounds Analysis during Daqu Fermentation

The flavor compounds of the Daqu contribute significantly to the flavor of Chinese
liquor [4,17], so it is important to maintain the flavor of the Daqu stable or enhance the
volatile compounds by inoculation with geosmin-inhibiting microorganisms. A total of 30
volatile compounds were determined from the Daqu samples, including 8 alcohols, 3 alde-
hydes, 10 esters, 4 acids, and 5 aromatic compounds (Dataset 2). PLS-DA was performed to
analyze the variability in the volatile compounds between the different groups. When two
compounds were calculated, the cumulative R2X, R2Y, and Q2 values were 0.666, 0.882, and
0.693, respectively. PLS-DA analysis showed that the volatile compounds in the test group
was clearly separated from the control group. Inoculation of geosmin-inhibiting microor-
ganisms changed the volatile compounds in the both the Daqu rind and core. To determine
which compounds caused segregation, a VIP score (variable importance for the projection)
of >1.0 was used. Fourteen compounds were identified for metabolic differences between
the two groups, including 4 alcohols (2-methyl-1-propanol, 1-hexanol, 3-methyl-1-pentanol,
and heptanol), 4 esters (hexyl acetate, ethyl-2-hydroxyhexanoate, ethyl acetate, and ethyl-
2-methylbutyrate), 1 acid (acetic acid), 2 aldehydes (hexanal and 3-methyl-butanal), and
3 aromatics (butylated hydroxytoluene, ethyl phenylacetate, and phenethyl alcohol), as

79



Fermentation 2022, 8, 588

shown in Figure 7. 1-Hexanol and ethyl acetate showed the largest difference between
two groups. Inoculation significantly (p < 0.05) increased the contents of 1-hexanol, from
0.173 ± 0.104 mg/kg to 0.955 ± 0.008 mg/kg, and ethyl acetate, from 0.262 ± 0.013 mg/kg
to 1.338 ± 0.139 mg/kg. 1-Hexanol is a very important compound in Chinese liquor. A pre-
vious study found that 1-hexanol was strongly and positively correlated with Candida [57].
Ethyl acetate is one of the most abundant esters in Chinese liquor and provides pear-like
and banana-like aromas [58]. Ethyl acetate greatly influences the style and quality of the
liquor. Previous studies have found that yeasts are the main contributors to ethyl acetate
production. For example, co-culture of S. cerevisiae and Wickerhamomyces anomalus produced
a higher level of ethyl acetate during liquor fermentation [59]. A higher level of ethyl
acetate in the test group may be attributable to the increase in Saccharomyces (Figure 5A).
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Figure 7. Heatmap of the differential volatile compounds (VIP > 1.0) between the test group and
control group. The color scale represents the scaled abundance of each compound, indicated as the
Z-score, with red and blue indicating high and low abundances, respectively. The histogram shows
the VIP value.

4. Conclusions

Geosmin contamination has always been a serious problem in freshwater [60–62].
However, in recent years, the Chinese liquor industry also has been plagued by geosmin
contamination due to its significantly negative effect on the liquor’s flavor and quality [2,4].
A musty off-flavor may arouse psychosomatic effects, such as headaches, stress, or stomach
upsets [61,63]. In this study, Streptomyces albus F5A-1 was selected as a model strain to
represent the Streptomyces genus, which was the geosmin producer during Chinese liquor
production. In turn, a medium-temperature Daqu fermentation system was employed
as a model to identify the functional strains that can inhibit the growth of Streptomyces
and thus geosmin production. By combining in vitro antibacterial experiments and in
situ inoculation, we obtained six native functional strains (yeasts and Bacillus species) as
biocontrol agents and achieved the goal of geosmin reduction. In addition, we revealed that
microbial interaction significantly affected the growth of Streptomyces and thus production
of geosmin. This study highlights the potential of biocontrol for controlling off-flavor
chemicals at trace levels in complex fermentation systems, and also provides an effective
and eco-friendly strategy for controlling geosmin contamination in medium-temperature
Daqu via regulating microbial communities.
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Abstract: Xyloglucan (XG) is the predominant hemicellulose in the primary cell wall of superior
plants. It has a fundamental role in controlling the stretching and expansion of the plant cell wall.
There are five types of enzymes known to cleave the linear chain of xyloglucan, and the most
well-known is xyloglucanase (XEG). The immobilization process can be used to solve problems
related to stability, besides the economic benefits brought by the possibility of its repeated use
and recovery. Therefore, this study aims at the optimization of the xyloglucanase production of
Trichoderma longibrachiatum using a central composite rotatable design (CCRD) with tamarind and
jatoba seeds as carbon sources, as well as XEG immobilization on ionic supports, such as MANAE
(monoamine-N-aminoethyl), DEAE (diethylaminoethyl)-cellulose, CM (carboxymethyl)-cellulose,
and PEI (polyethyleneimine). High concentrations of carbon sources (1.705%), at a temperature of
30 ◦C and under agitation for 72 h, were the most favorable conditions for the XEG activity from T.
longibrachiatum with respect to both carbon sources. However, the tamarind seeds showed 23.5%
higher activity compared to the jatoba seeds. Therefore, this carbon source was chosen to continue
the experiments. The scaling up from Erlenmeyer flasks to the bioreactor increased the XEG activity
1.27-fold (1.040 ± 0.088 U/mL). Regarding the biochemical characterization of the crude extract, the
optimal temperature range was 50–55 ◦C, and the optimal pH was 5.0. Regarding the stabilities
with respect to pH and temperature, XEG was not stable for prolonged periods, which was crucial
to immobilizing it on ionic resins. XEG showed the best immobilization efficiency on CM-cellulose
and DEAE-cellulose, with activities of 1.16 and 0.89 U/g of the derivative (enzyme plus support),
respectively. This study describes, for the first time in the literature, the immobilization of a fungal
xyloglucanase using these supports.

Keywords: xyloglucanase; Trichoderma longibrachiatum; Hymenaea courbaril; Tamarindus indica;
enzyme immobilization

1. Introduction

Xyloglucan (XG) is the predominant hemicellulose in the primary cell wall of superior
plants. This includes all the dicotyledonous and non-gramineous monocotyledonous
plants [1]. XG is usually strongly associated with cellulose through hydrogen bonds,
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forming a tridimensional net of cellulose and xyloglucan [2]. It is probably the second most
abundant polymer in nature, after cellulose [3]. It is highly soluble in water, which prevents
it from forming crystalline microfibrils such as cellulose [4].

XG is composed of a linear chain of glucose residues linked by β-1,4 bonds, which
contain up to 75% of their residues joined to α-D-xylopyranose at the position O-6. Al-
though, some structures of xyloglucan may present a β-D-galactopyranose or an α-L-
arabinofuranose linked to the residues of xylose, or even an α-L-fucopyranose connected
to residues of galactose [5]. This structural diversity is decurrent from the varied species of
plants [6].

Xyloglucan plays a fundamental role during the growth and cellular differentiation of
plants, which is related to the control of the stretching and expansion of the cell wall. In
some terrestrial plants, XG is the main reserve polysaccharide in the seeds [7]. However,
the extraction of XG is not an uncomplicated process, mainly due to the strong hydrogen
bonds between cellulose and xyloglucan. In addition, the covalent bonds formed with
pectins and xylans make the process even more challenging. Usually, the extraction is
performed through an alkaline solution combined with chaotropic agents [8].

The enzymes that cleave XG present great utilities in the degradation and conversion
of lignocellulosic biomass, mainly due to its synergistic potential with cellulases at the
degradation of the plant cell wall [9–11]. Furthermore, the enzymes that degrade and/or
modify xyloglucans can be used in the production of new surfactants of oligoxyloglu-
cans [12] in the pharmaceutical [13], textile, and paper industries [14]. Furthermore, the
aqueous solutions of XG have a high viscosity, exhibiting Newtonian fluidity, unlike most
polysaccharides [15]. That is why they are often used as food additives for increasing
viscosity or as stabilizers [16].

Five identified types of enzymes can cleave the linear chain of xyloglucan: endo-β-D-
1,4-glucanase, which is specific for xyloglucan, also known as endoxyloglucanase or simply
xyloglucanase (XEG) (EC 3.2.1.151); exoxyloglucanase (EC 3.2.1.155); oligoxyloglucan
β-glucosidase (EC 3.2.1.120); cellobiohydrolase, which is specific for oligoxyloglucans
from the reducing extremities (EC 3.2.1.150); and xyloglucan endotransglucosylase (EC
2.4.1.207) [17].

The immobilization of xyloglucanases can solve problems caused by losses in the
stability of free enzymes, which limit their use in large-scale applications. Besides the
economic benefits of immobilization, the possibility of its repeated use decreases the
general costs of production. This fact is the main reason why, over the last years, science
has seen many attempts to obtain immobilized enzymes with high operational and storage
stability [18–20].

Due to their constitution, tamarind (Tamarindus indica Linn.) and jatoba (Hymenaea
courbaril) seeds have been utilized for the cultivation of microorganisms or as substrates to
produce microbial enzymes [7,21]. In addition, these seeds are rich in xyloglucan, which
corresponds to about 40% of their dry mass [22,23].

The ionic adsorption method of enzymatic immobilization is considered simple, cheap,
efficient, and reversible [24,25]. In this context, elucidating the enzymatic properties can
suggest the vast potential of xyloglucanases for biotechnological applications. Therefore,
this study reports the first ever optimization of the production of xyloglucanase from
Trichoderma longibrachiatum and its immobilization on ionic supports.

2. Material and Methods
2.1. Maintenance of the Fungus and Culture Medium

Trichoderma longibrachiatum LMBC 172 was maintained through the inoculation of its
spores in potato dextrose agar medium (PDA) (Sigma-Aldrich, Saint Louis, MO, USA),
keeping it through successive transfers in glass tubes containing the same medium, and
incubating it at a temperature of 30 ◦C. Afterward, the test tubes were refrigerated for up
to 30 days.
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2.2. Submerged Cultivation of the Fungus

The acquirement of xyloglucanases was performed according to Contato et al. [21]. A
solution with 106–107 spores/mL from the fungus was created. The fungus was grown in
test tubes and suspended in sterile distilled water, and its spores were counted in a micro-
scope through a Neubauer chamber. The suspension was inoculated into 125 mL Erlen-
meyer flasks with 25 mL of Khanna medium (Khanna’s salt solution [20×]: NH4NO3 (2.0 g),
KH2PO4 (1.3 g), MgSO4.7H2O (0.362 g), KCl (0.098 g), ZnSO4.H2O (0.007 g), MnSO4.H2O
(0.0138 g), Fe2(SO4)3.6H2O (0.0066 g), CuSO4.5H2O (0.0062), distilled water (100 mL)
(5.0 mL), yeast extract (0.1 g), carbon source (1.0 g), and distilled water 100 mL) [26].
The media were supplemented with 1% (w/v) of two different carbon sources: tamarind
(Tamarindus indica, Fabaceae) or jatoba (Hymenaea courbaril L., Caesalpinioideae) seeds,
which were previously pretreated (boiled in water, dried, and ground to 20 mesh) to secure
the sanitary quality of the seeds and avoid the growth of other associated fungi. The
Erlenmeyer flasks were incubated at 30 ◦C under static conditions or were shaken (at
120 rpm), both up to 96 h, with sampling every 24 h. The samples were filtered with a
vacuum pump, and the filtrates were used as enzymatic extracts to determine extracellular
enzymatic activities, performed in triplicate.

2.3. Optimization of Production through Factorial Design

The central composite rotatable design (CCRD) type “star” was used to evaluate the
influence of different variables on the production of xyloglucanases and obtain the best
conditions. The design consisted of assays with two independent variables (temperature
and concentration of carbon source) in 4 levels (−1.41; −1; +1; +1.41). The effect of the
independent variables was evaluated with respect to the variable response of xyloglucanase
activity (mU/mL). The results were adjusted for a second-order polynomial equation.
For the construction of the experimental design, the points shown in Table 1 were used,
consisting of assays ranging from 24 to 96 h, with samplings every 24 h. The α axial points
were chosen due to α =

√
k, where k represents the number of evaluated factors. For k = 2,

we have the points α = ±1.41 [27].

Table 1. Values used to construct the factorial design for T. longibrachiatum LMBC 172.

−1.41 −1 0 1 1.41

Temperature (◦C) 23.95 25.0 30.0 35.0 37.05
Carbon source (%) 0.3 0.5 1.0 1.5 1.7

2.4. Enzymatic Determination

The xyloglucanase activity was measured with xyloglucan (Megazyme®) as sub-
strate [28]. The activity was determined by quantifying the number of reducing sugars
using 3,5-dinitrosalicylic acid (DNS), according to the Miller method [29]. The assay mix-
ture consisted of 25 µL of 1% (w/v) substrate solution in distilled water, 10 µL of 50 mM
sodium acetate buffer, pH 5.0, and 15 µL of enzyme extract. A blank was carried out
for each enzymatic assay by adding the enzyme extract after the assay time had elapsed
with 50 µL of DNS. The absorbance was measured at 540 nm, and reducing sugars were
quantified using a standard glucose curve (0–1 mg/mL). The detection limit was 3 µg
of reducing sugar. The activity unit was defined as the amount of enzyme that releases
one µmol of reducing sugar per minute per mL, and it was expressed as milliunit per mL
(mU/mL).

2.5. Scaling for Bioreactor

The best cultivation condition was verified through a factorial design. Cultivation
was carried out in a 5 L BioFlo 310-New Brunswick® bioreactor (Eppendorf, Hamburg,
Germany), containing 3.0 L of workload, and under batch fermentation method to in-
crease enzyme production. The same culture medium previously used for cultivation
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in Erlenmeyer flasks was sterilized in an autoclave at 121 ◦C for 30 min and aseptically
placed in the reactor. The aeration of 1.0 vvm was performed by continuous injection of
filtered, compressed air from a sterile filter. The dissolved oxygen concentration (DO) was
controlled, employing a DO probe ranging from 0 to 100%. A volume of 3 mL of antifoam
204 (Sigma® A 6426) was added to the culture medium at the beginning of the process. The
fermentation was carried out at 30 ◦C and for 72 h for Trichoderma longibrachiatum, using
tamarind seeds as carbon source. Protein concentration and DO were monitored every 24 h
through an appropriate collector for the bioreactor, allowing the samples to be taken safely.

The following Equation (1) was used to scale and determine that the agitation speed
would be 280 rpm:

Ni.tm = 1.54 V/Di3 (1)

where:

Ni = stirring speed (1/s);
tm = mixing time constant;
V = volume of medium;
Di = impeller diameter.

2.6. Protein Quantification

The proteins obtained in extracellular solutions were quantified by Bradford’s method [30],
whereby 40 µL of Bradford’s reagent was added to 160 µL of the enzymatic extracts
and incubated for 5 min at room temperature. Finally, the absorbance was read on a
spectrophotometer (Shimadzu, Kyoto, Japan) at 595 nm, using bovine albumin as standard.
The results were expressed in µg of protein/mL.

2.7. Effects of Temperature and pH on the Enzymatic Activity

The effects of temperature and pH on the enzymatic activity were determined for
the enzymes produced in the bioreactor. In order to determine the optimal temperature,
different temperatures were applied (40 to 80 ◦C, with intervals of 5 ◦C between each). To
determine thermostability, the enzymes were incubated for up to 24 h at 30 to 70 ◦C, with
intervals of 10 ◦C between each. In addition, the influence of pH on the enzymatic activity
was verified through the solubilization of the substrate in 100 mM of citrate-phosphate
buffer (range of pH 3.0–7.0), glycine (range of pH 7.5–9.0), and borate (range of pH 9.5–10.0).
All the assays were performed in triplicate with at least three independent experiments.

2.8. Pretreatment of the Crude Extract

Before the immobilization, the crude extracts were pretreated for the removal of the
pigments by adsorption/desorption in activated charcoal. For each mL of crude extract,
5 mg of activated charcoal was added under agitation in an ice bath. After 10 min, the
mixture was filtered with filter paper and centrifuged at 11.952 g for 10 min, thereby
producing the clarified extract.

2.9. Enzymatic Immobilization through Ionic Adsorption

The supports CM (carboxymethyl)-cellulose, DEAE (diethylaminoethyl)-cellulose,
MANAE (monoamine-N-aminoethyl), and polyethyleneimine (PEI) were used in the immo-
bilization process. The supports were activated in Tris-HCl 10 mM pH 7.0 buffer. The same
buffer was added to the extract. The immobilization was performed according to Monteiro
et al. [31]. A volume of 10 mL of extract was added to 1 g of the support, which was
incubated in a cold chamber under agitation for 48 h. After this timespan, the derivative
(support + immobilized enzyme) was filtered and washed with buffer. The immobilization
efficiency (IE) was defined as the ratio of the amount of enzyme bound to the support over
the total amount of enzyme used, according to Equation (2):

IE (%) =
enzyme immobilized

enzyme loaded
× 100 (2)
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2.10. Statistical Analyses

The experimental results were obtained through the average ± standard deviation
of three independent extractions. The programs used were GraphPadPrism® (GraphPad
Software, San Diego, CA, USA) and Statistica® (StatSoft, Tulsa, OK, USA).

3. Results and Discussion
3.1. Optimization of Cultivation with Tamarind Seeds

The results of the use of these seeds as a carbon source to produce XEG can be seen
in Table 2. From the data, it was possible to verify that the best enzymatic activity was
obtained at the periods of 48 and 72 h with the usage of 1.705% tamarind seed extract at
30 ◦C (545.56 and 545.92 mU/mL, respectively) or the zero points (1% tamarind seed at
30 ◦C) for 96 h in the stationary condition. Regarding the cultivation under agitation, XEG
was produced with a more considerable enzymatic activity at 72 h at 30 ◦C with 1.705%
tamarind seed extract, obtaining a value of 817.28 mU/mL.

Table 2. XEG activity in the tests used for the construction of the experimental design for T. longi-
brachiatum cultivated with tamarind seeds.

Temperature
(◦C)

Tamarind Seeds
(%)

Stationary Under Agitation

24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h

1 −1 (25) −1 (0.5) 87.60 66.41 31.34 6.41 19.94 27.12 25.64 7.12
2 1 (35) −1 (0.5) 27.78 102.82 114.67 138.88 7.48 12.86 135.68 168.80
3 −1 (25) 1 (1.5) 66.24 82.32 120.37 62.32 42.73 214.38 74.78 62.32
4 1 (35) 1(1.5) 55.20 280.97 289.28 415.58 31.52 326.33 451.19 526.69
5 −1.41 (22.95) 0 (1) 71.04 75.85 83.33 48.08 74.78 518.14 430.54 399.56
6 1.41 (37.05) 0 (1) 30.98 61.25 59.47 105.05 56.98 333.68 431.96 632.99
7 0 (30) −1.41 (0.295) nd nd 190.52 411.66 nd 110.04 92.59 145.29
8 0 (30) 1.41 (1.705) 153.13 545.56 545.92 433.74 99.0 227.91 817.28 658.09
9 0 (30) 0 (1) 56.89 312.31 522.42 537.02 38.31 148.49 525.04 375.70

10 0 (30) 0 (1) 59.11 314.62 585.38 628.40 30.32 142.44 517.80 414.76
11 0 (30) 0 (1) 56.62 335.24 602.90 633.17 33.47 215.44 517.81 444.78

Values are expressed in mU/mL. nd = not detected. The maximum values found for each time are in bold.

The best timespan for enabling xyloglucanase activity was 72 h. The ANOVA and the
F test (ratio of two variances) were, therefore, calculated only for this interval, where it was
verified that the calculated F was 7.93-fold greater than the tabled F when the XEG was
produced with tamarind seeds at stationary cultivation and 5.10-fold when produced in
cultivation under agitation. Therefore, the null hypothesis was rejected, and there was a
significant difference between the groups. According to the graphical representation of
the Pareto diagrams and contour graphs (Figure 1), the temperature and the carbon source
strongly influence the xyloglucanase activity.
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Figure 1. Pareto diagrams and contour graphs of production of T. longibrachiatum xyloglucanase with
tamarind seeds after 72 h. (A)—static cultivation; (B)—cultivation under agitation.

3.2. Optimization of Cultivation with Jatoba Seeds

The results of the use of jatoba seeds as a carbon source to produce XEG can be seen in
Table 3. It is possible to verify that the most notable enzymatic activity occurred starting
from 48 h at the zero points (1% jatoba seed concentration at 30 ◦C). Still, it doubled 2.3-fold
with a 1.705% carbon source and at 30 ◦C at the 72 h mark for the stationary condition.
XEG had a more significant enzymatic activity at 72 h at 30 ◦C with a 1.705% carbon source
for the cultivation under agitation. The approximated values were observed at 48 h (zero
points) or 96 h at the same conditions of maximum enzymatic activity (30 ◦C and 1.705%
concentration of the jatoba seed extract).

Via the calculation of the ANOVA and the F test with the time of 72 h (which is also
the best timespan for xyloglucanase activity when the jatoba seeds were used as a carbon
source), it was verified that the calculated F was 5.25-fold more significant than the tabled
F when XEG was produced with jatoba seeds through stationary cultivation, and 2.38-fold
greater when it was produced through cultivation under agitation; therefore, the null
hypothesis was rejected, with a significant difference between the groups. According to
the graphical representation of the Pareto diagrams and contour graphs (Figure 2), the
temperature and carbon source strongly influence the xyloglucanase activity when using
jatoba seeds as a carbon source.
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Table 3. XEG activity in the tests used for the construction of the experimental design for T. longi-
brachiatum cultivated with jatoba seeds.

Temperature
(◦C)

Jatoba Seeds
(%)

Stationary Under Agitation

24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h

1 −1 (25) −1 (0.5) 27.06 14.60 11.40 4.11 4.99 26.71 25.28 8.25
2 1 (35) −1 (0.5) 21.72 113.89 127.48 117.52 12.82 143.16 305.54 337.59
3 −1 (25) 1 (1.5) 26.35 68.02 87.24 78.24 91.52 100.07 82.62 62.80
4 1 (35) 1(1.5) 70.51 254.26 406.68 138.88 69.09 254.26 305.19 475.41
5 −1.41 (22.95) 0 (1) 89.74 90.81 90.81 49.50 25.64 155.98 205.65 54.49
6 1.41 (37.05) 0 (1) 66.59 55.55 55.55 26.24 72.65 264.23 590.43 559.45
7 0 (30) −1.41 (0.295) 2.0 113.96 340.44 430.18 7.47 75.5 336.53 450.84
8 0 (30) 1.41 (1.705) 96.5 115.5 642.07 319.43 96.15 419.5 652.40 540.58
9 0 (30) 0 (1) 67.31 312.31 394.0 449.23 101.49 566.79 621.12 508.82

10 0 (30) 0 (1) 62.41 254.55 398.19 379.26 180.62 593.99 622.0 521.88
11 0 (30) 0 (1) 68.02 256.04 398.87 400.09 137.1 491.79 622.10 501.58

Values are expressed in mU/mL. nd = not detected. Bold values indicate the maximum value found for each time.
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When comparing the xyloglucanase levels produced with tamarind seeds or jatoba
seeds as carbon sources, the best cultivation condition was 1.705% of tamarind seed extract,
at 30 ◦C, under agitation, and at the time of 72 h.

The experimental design is a statistically convenient technique for planning exper-
iments in the bioprocessing field, including the optimization of enzyme production for
biomass hydrolysis [27]. In recent years, several studies have been using optimization
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strategies to increase the productivity of enzymes [32–34], especially enzymes of the ligno-
cellulolytic complex [35–37]. For example, Tai et al. [38] increased CMCase and xylanase
production in Aspergillus niger by 124.5 and 78.5%, respectively, using oil palm frond leaves
as carbon sources. In comparison, Ezeilo et al. [39] optimized the extracellular cellulases
and xylanases produced by Rhizopus oryzae using the same carbon source. Another interest-
ing study was conducted by Naidu et al. [40], who optimized the production of laccase,
xylanase, and amylase from Trametes lactinea and Pycnoporus sanguineus using different
substrates and evaluated the interactions between them. More recently, Singhal et al. [41]
aimed to optimize the cellulase (CMCase) production in Aspergillus flavus using wheat
straw, an abundantly available lignocellulosic waste, as a substrate. Three parameters,
i.e., the nitrogen content (0.25 to 1%), fungal inoculum (0.25 to 1%), and duration (3 to
12 days), were optimized for maximum CMCase production using the Response Surface
Methodology. The maximum output of CMCase of 13.89 U/gds was achieved with 0.25%
yeast extract, 0.625% fungal inoculum, and a duration of 12 days. There was an almost
threefold increase in CMCase production after optimization compared to the screening
experiments (4.7 U/gds). All these works demonstrate the importance of a factorial design
to optimizing enzyme production.

3.3. Scaling for the Bioreactor to Increase Enzyme Production

Once the best cultivation conditions were verified regarding the temperature, con-
centration of the carbon source, and scaling of agitation, T. longibrachiatum was cultivated
in a bioreactor 5 L BioFlo 310-New Brunswick® (Hamburg, Germany) at 30 ◦C and with
1.705% of tamarind seed extract as a carbon source. A 1.27-fold increase was verified in
the XEG activity since a 0.817 ± 0.028 U/mL level of activity was found in the Erlenmeyer
flasks (see Table 2), while the activity was 1.040 ± 0.088 U/mL when the bioreactor was
used. This result has shown the advantages of up scaling, as it improved the concentration
of proteins. Consequently, this fact might have generated a more significant number of
enzymes, subsequently favoring immobilization on ionic supports.

3.4. Biochemical Characterization

The crude extract produced using the bioreactor was characterized concerning the
optimal temperature and pH, thermal stability, and pH stability. First, the thermostability
was determined at 30 to 70 ◦C, with intervals of 10 ◦C, while the pH stability was determined
at 3.0 to 8.0. Then, the optimal temperature of the crude extract of xyloglucanase was 50 ◦C,
maintaining an excellent activity at 55 ◦C (Figure 3A). The optimal pH was 5.0 (Figure 3B).
Still, a low thermostability (Figure 3C) and low pH stability (Figure 3D) were detected.
Finally, the calculation of the T50 was performed, which is the temperature at which there
was 50% residual activity (Table 4). XEG had a T50 of 185 min at the temperature of 50 ◦C.

Table 4. T50 of XEG of T. longibrachiatum.

Temperature (◦C) T50 (min)

40 138
50 185
60 67
70 66

The values found in this study are consistent with the ones found in the literature, as
many studies [1,10,42–45] have performed a biochemical characterization of these parame-
ters for xyloglucanase activity, and it was verified that the best range varies between the
temperatures of 30–60 ◦C. However, there is a minor variation in the literature regarding
the optimal pH, with the pH range of 5.0 and 5.5 being those most commonly found.

The low thermostability was a determining factor for the enzymatic immobilization,
given that there is proof in the literature that immobilization increases the thermostability
and allows for the reuse of the enzyme [46–48].
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3.5. Enzymatic Immobilization

The crude enzymatic extract presented a brown-red color, which was a problem
for its immobilization. To overcome this problem, the tegument of the tamarind seeds
was removed, and it was verified that there was no decrease in the enzymatic activity.
Furthermore, the extract was clarified with activated charcoal.

Ionic exchange supports CM-cellulose, DEAE-cellulose, MANAE, and PEI, which
efficiently immobilized the xyloglucanase. This is the first time that the immobilization of a
xyloglucanase on these supports has been described in the literature. The results, visualized
in Table 5, show that the XEG’s complete immobilization was obtained in CM-cellulose
and DEAE-cellulose, with activities of 1.16 and 0.89 U/g of the derivative (enzyme plus
support), respectively, and a hyper-activation of 1.81-fold and 1.39-fold, respectively, which
demonstrates an excellent improvement in the XEG activity.

Table 5. Immobilization of XEG of T. longibrachiatum on different ionic supports at pH 7.0 after 48 h
of immobilization.

Derivative

Total
Immobilized

Proteins
(%)

Derivative
Activity

(U/g)

Immobilization
Efficiency

(%)
Hyperactivation

CM-cellulose 18.61 1.16 100 1.81
DEAE-cellulose 15.69 0.89 100 1.39

MANAE 27.63 0.32 49 nd
PEI 28.73 0.01 21 nd

nd = not detected.
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The primary means of immobilizing enzymes are to boost the enzyme productivity
and operational stability, alongside facilitating the reuse of the enzymes. Notwithstanding
the aforementioned benefits, enzyme immobilization promotes high catalytic activity and
stability and the convenient handling of enzymes, in addition to their facile separation
from reaction mixtures without contaminating the products [49]. Among the few studies
in the literature on the immobilization of xyloglucanase, Soares et al. [50] immobilized a
recombinant xyloglucanase (XegA) from Aspergillus niveus on chitosan-coated ferromag-
netic iron oxide nanoparticles functionalized with glutaraldehyde, retained 76.9% of the
activity compared to the free enzyme. In comparison, Menon et al. [51] chose to immobilize
Debaromyces hansenii cells on Ca-alginate beads instead of immobilizing xyloglucanase. The
immobilized yeast cells were reused six times at 40 ◦C with a 100% fermentation efficiency.

4. Conclusions

This study allowed us to conclude that, with the aid of a factorial design, high concen-
trations of the carbon sources in the culture medium, especially of tamarind seeds, were
the most favorable conditions for the highest activity of T. longibrachiatum xyloglucanase.
Furthermore, the up scaling of the Erlenmeyer flasks for the bioreactor was demonstrated
to be an essential strategy for increasing the content of the enzymes secreted. Regarding
the biochemical characterization of the crude extract, the optimal temperature range was
50–55 ◦C, and the optimal pH was 5.0. The pH and temperature stabilities were not stable
for prolonged periods, which was crucial to choosing the immobilization process on the
ion exchange resins (CM-cellulose, DEAE-cellulose, MANAE, and PEI). This was the first
time the immobilization of a xyloglucanase on these chemical supports has been described
in the literature.
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Abstract: α-glucosidase is an essential enzyme for the production of isomaltooligosaccharides (IMOs).
Allowing α-glucosidase to operate at higher temperatures (above 60 ◦C) has many advantages,
including reducing the viscosity of the reaction solution, enhancing the catalytic reaction rate, and
achieving continuous production of IMOs. In the present study, the thermal stability of α-glucosidase
was significantly improved by constructing cyclized proteins. We screened a thermotolerant α-
glucosidase (AGL) with high transglycosylation activity from Thermoanaerobacter ethanolicus JW200
and heterologously expressed it in Bacillus subtilis 168. After forming the cyclized α-glucosidase
by different isopeptide bonds (SpyTag/SpyCatcher, SnoopTag/SnoopCatcher, SdyTag/SdyCatcher,
RIAD/RIDD), we determined the enzymatic properties of cyclized AGL. The optimal temperature
of all cyclized AGL was increased by 5 ◦C, and their thermal stability was generally improved,
with SpyTag-AGL-SpyCatcher having a 1.74-fold increase compared to the wild-type. The results of
molecular dynamics simulations showed that the RMSF values of cyclized AGL decreased, indicating
that the rigidity of the cyclized protein increased. This study provides an efficient method for
improving the thermal stability of α-glucosidase.

Keywords: α-glucosidase; isomaltooligosaccharides; isopeptide bonds; thermal stability

1. Introduction

Isomaltooligosaccharides (IMOs) are functional oligosaccharides consisting of 2 to 10
glucosyl saccharide units linked by α-1, 6-glycosidic bonds [1]. The prebiotic component of
IMOs mainly include isomaltose, panose and isomaltotriose [2]. IMOs are also known as
“Bifidus factors” due to their ability to effectively promote the growth and multiplication of
Bifidobacterium in the human body [3]. As a common prebiotic with water-soluble dietary
fiber function, low caloric value [4], and anti-cavity properties [5], IMOs are widely used as
food additives and feed ingredients in the food industries [6] and animal husbandry [7].

IMOs are mainly produced in three ways (Figure 1): 1. Utilizing the retrosynthesis
of glucoamylase, glucose is synthesized into oligosaccharides such as isomaltose and
maltose in high glucose concentration solutions [8]. However, the method of producing
IMOs has the disadvantages of low yield, complex products, and long production cycles,
which makes it difficult to be applied industrially. 2. Sucrose and maltose are converted
by dextransucrase, and the maltose in the mixture reacts with the glucose produced by
sucrose hydrolysis to produce IMOs [9]. 3. IMOs are industrially produced mainly by
α-glucosidase catalyzed maltose. The method consists of three main steps: (1) Starch is
liquefied by heat-resistant α-amylase to produce oligosaccharides and dextrins. (2) Further
saccharification of oligosaccharides and dextrins by glycosylases occurs, such as β-amylase
and pullulanase. (3) α-glucosidase (EC 3.2.1.20) transfers a glucosyl residue from the donor
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substrate to the 6-OH group of the non-reducing glucose unit and produces IMOs [10]. The
research and application of amylase and pullulanase have been well established. With the
increasing requirements of industrial production, α-glucosidase has become a key enzyme
for the industrial production of IMOs.
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Figure 1. Three main ways for the production of IMOs: Utilizing the retrosynthesis of glucoamylase
(grey routine), sucrose and maltose are converted by dextransucrase (green routine), maltose catalyzed
by α-glucosidase (yellow routine).

Besides hydrolysis activity, some α-glucosidases also have transglycosylation ac-
tivity [11]. The transglycosylation reaction mediated by α-glucosidase consists of two
sequential steps [12]: 1. Nucleophilic residues (Asp or Glu) attack the glycoside and form
a covalent bond with the split glycosidic bond. 2. Another (acid/base) catalytic residue
(Asp or Glu) mediates the transfer of the glycosyl portion to the receptor molecule (the
glycoside substrate), completing the glycosylation and eventually forming IMOs. Most
industrially applied α-glucosidases are derived from Aspergillus niger, generally more stable
below 50 ◦C. It quickly becomes inactivated when the temperature is above 60 ◦C [13].
However, it is beneficial for reducing the viscosity of the reaction solution, improving the
catalytic efficiency, and increasing the production of IMOs by adequately increasing the
temperature of the transglycosylation reaction [14]. Poor thermal stability has become a
limiting factor for the commercial application of α-glucosidase. Therefore, the screening
and modification of α-glucosidase with good thermal stability are of great significance for
the efficient production of IMOs [15,16].

Currently, the thermal stability of α-glucosidase is mainly improved by two methods.
The most common method is to obtain heat-resistant α-glucosidase by cloning the α-
glucosidase of thermophilic microorganisms. Hung et al. isolated a strain of Geobacillus sp.
expressing α-glucosidase from an extreme environment [17]. Zhang et al. heterologously
expressed α-glucosidase (GSJ) from this source in Escherichia coli (E. coli) [14]. The optimal
temperature of the recombinant α-glucosidase was 65 ◦C, and the t1/2 (Half-life) was 84 h
at 60 ◦C. Another method to improve the thermal stability of α-glucosidase is site-directed
mutagenesis. Zhou et al. mutated four sites (Leu152, Asn208, Lys285, and Thr430) in
T. tengcongensis MB4-derived α-glucosidase (TtGluA). As a result, the T50 (the temperature
when the enzyme activity is reduced by half) of mutant K285P was increased by 10.5 ◦C [18].

Isopeptide bond is the irreversible covalent bond formed spontaneously by the side
chains of lysine (Lys) and asparagine/aspartate (Asn/Asp) residues, which can effectively
mediate the cyclization of proteins [19–21]. The Tag/Catcher system consist of two short
polypeptide tags; the Catcher is able to specifically bind the Tag peptide and catalyze
the formation of an isopeptide bond between two amino acid side chains. The thermal
stability of the protein can be effectively enhanced by the formation of cyclized proteins.
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SpyTag/SpyCatcher [22] and SnoopTag/SnoopCatcher [21] have been widely used to
construct cyclized proteins, while SdyTag/SdyCatcher [23] was less used. Chen et al. [24]
used both site-directed mutagenesis and cyclization of isopeptide bonds to improve the
thermal stability of trehalose synthase (Tres), and the final results showed that the t1/2 of
all four cyclized Tres increased by 2–3 times at 55 ◦C, and the T50 increased by 7.5–15.5 ◦C.
Further, the improved thermal stability of cyclized Tres was much better than that of the
fixed-point mutation. Wang et al. [25] used SpyTag/SpyCatcher to mediate the cyclization
of lichenase, and the cyclized protein showed significantly higher activity than the linear
protein after heat treatment. The same strategy was also applied to the construction of
cyclized phytase [26] and firefly luciferase [27].

This research aims to construct α-glucosidases with heat resistance and potential
industrial applications. We heterologous expressed α-glucosidase from Thermoanaerobacter
ethanolicus JW200 [28] and Geobacillus sp. Strain HTA-462. Three traditional isopeptide
bonds (SpyTag/SpyCatcher, SnoopTag/SnooopCatcher, SdyTag/SdyCatcher) and a novel
pair of short peptide tags [29] (RIAD/RIDD), which were considered to be effective in
forming cyclized proteins and thus improving the thermal stability of the enzyme, were
applied in the construction of cyclized α-glucosidase. Furthermore, the enzymatic proper-
ties of cyclized α-glucosidase were compared with wild-type α-glucosidase, and molecular
dynamics simulations were performed to analyze the reasons for the improved thermal sta-
bility of cyclized α-glucosidase. Finally, we successfully constructed cyclized α-glucoside
with significantly improved thermal stability.

2. Materials and Methods
2.1. Materials

The strains and plasmids used to construct the recombinant α-glucosidase are shown
in Table S1. E. coli JM109 was used for gene cloning and Bacillus subtilis 168 was used for
gene expression. PrimeStar and restriction endonucleases EcoR I, Hind III, Nde I, and Mlu I,
were purchased from Nanjing Novozymes (Nanjing, China). LB medium (peptone 10 g/L
yeast powder 5 g/L NaCl 10 g/L) was used to culture the organisms. Maltose, kanamycin,
and glucopyranoside were purchased from Shanghai Biotech (Shanghai, China). The Ni-
NTA purification column used for protein purification was purchased from Thousand Pure
Co. (Wuxi, China). The IMOs standards for HPLC were purchased from Shanghai Yuanye
Biotechnology Co. (Shanghai, China).

2.2. Methods
2.2.1. Heterologous Expression of α-Glucosidase in B. subtilis 168

The nucleotide sequence of α-glucosidase from Thermoanaerobacter ethanolicus JW200
(agl, EF635970.1) and Geobacillus sp. strain HTA-462 (gsj, AB15481) were obtained by NCBI
online search (https://www.ncbi.nlm.nih.gov, accessed on 5 July 2022), and the gene
fragment with EcoR I and Hind III digestion sites was synthesized by Anznta Biotechnology
(Suzhou, China). Meanwhile, 6×Histag was connected to the N-terminal terminus of
recombinant α-glucosidase for protein purification. The EcoR I and Hind III digested
gene fragments were ligated with pMA5 plasmid and transferred into E. coli JM109 for
cloning, colony PCR was performed for initial verification of plasmids. The verified
positive transformants were picked and inoculated into a 10 mL LB medium containing
0.1 mg/mL kanamycin, incubated overnight for 12 h, and then the recombinant plasmids
were extracted and sent to GENEWIZ Biotechnology (Suzhou, China) for sequencing. The
recombinant plasmid was transferred into B. subtilis 168 for heterologous expression of
α-glucosidase according to the method of You et al. [30]. Recombinant α-glucosidases are
called AGL and GSJ, which are encoded by the agl and gsj genes, respectively.

2.2.2. Expression Analysis and Purification of Recombinant α-Glucosidase

The recombinant strains were inoculated into a 50 mL LB medium and cultured at
37 ◦C, 200 rpm for 20 h. The cells in the culture medium were harvested by centrifuging
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at 8000× g for 5 min, and the supernatant was discarded. The cells were washed twice
with 10 mL of phosphate-buffered saline (PBS) buffer (pH 7.4) and resuspended with 5 mL
buffer. Cells were disrupted by sonication (power was set to 90 W) at 4 ◦C for 20 min,
and the mixture solution was centrifuged at 12,000× g for 20 min to remove cell debris.
The supernatant was loaded onto Ni-NTA resin pre-equilibrated with 50 mM PBS buffer
(pH 7.4) containing 500 mM NaCl; the targeted proteins were eluted with 50 mM PBS buffer
(pH 7.4) containing 500 mM NaCl and 200 mM imidazole. The expression of recombinant
α-glucosidase was analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and
the concentration was determined by the Bradford method.

2.2.3. Determination of Recombinant α-Glucosidase Activity

α-glucosidase was obtained and purified according to Section 2.2.3, and purified
α-glucosidase was used for the determination of enzyme activity. The enzymatic activity
of recombinant α-glucosidase was determined by the pNPG method [31]. The reaction
mixture (200 µL) contained 20 mM pNPG, 50mM PBS buffer (pH 7.0), and 50 uL of α-
glucosidase. The reaction was performed at 60 ◦C for 20 min and terminated by adding
600 µL 1.0 M Na2CO3. The amount of pNP was characterized by the absorbance value
at 410 nm. One unit (1 U) of enzyme activity was defined as the amount of the enzyme
producing 1 µmol pNP per min, and specific activity was defined as units per mg protein.

2.2.4. Determination of Transglycosylation Activity

The mixture (1 mL) containing 50 mM PBS buffer (pH 7.0), 300 mg maltose, and 50 µL
enzyme solution was incubated at 60 ◦C for different times. The content of transglycosyla-
tion products during the reaction were detected by HPLC (Agilent 1260, Santa Clara, CA,
USA) on an XBridge NH2-column (4.6 mm×250 mm, 3.5 µm). The mobile phase consisted
of 70% (v/v) acetonitrile and 30% (v/v) water; a RID detector (Agilent Co., Santa Clara, CA,
USA) was used for detection. The temperature of the column and detector is kept at 40 ◦C.

2.2.5. Construction of the Cyclized α-Glucosidase

The nucleotide sequences of SpyTag/SpyCatcher, SnoopTag/SnoopCatcher, Sdy-
Tag/SnoopCatcher, and RIDD/RIAD with linker (3×GGGS) were synthesized by Anznta
Biotechnology (Suzhou, China). RIAD, SpyTag, SnoopTag, and SdyTag were connected
to the N-terminus of α-glucosidase, while RIDD, SpyCatcher, SnoopCatcher, and Sdy-
Catcher were connected to the C-terminus. With the expression of recombinant vectors in
B. subtilis 168, four cyclized α-glucosidase variants (SpyTag-AGL-SpyCatcher, SnoopTag-
AGL-SnoopCatcher, SdyTag-AGL-SdyCatcher, and RIAD-AGL-RIDD) were obtained. Us-
ing SpyTag-AGL-SpyCatcher as an example, to verify the formation site of the isopeptide
bond, we mutated the key site (K11) of SpyTag-AGL-SpyCatcher, and the primers used for
mutation are shown in Table S2. If the mutated SpyTag-AGL-SpyCatcher is changed to
a linear protein, the mutated site is proved to be the site for the formation of the isopep-
tide bond. The changes in molecular weight of the cyclized proteins were analyzed by
SDS-PAGE and combined with the 3D structure of cyclized AGL to determine whether
cyclization occurred.

2.2.6. Characterization of the Enzymatic Properties

The optimal temperature of recombinant α-glucosidase was determined by measuring
the enzyme activity at different reaction temperatures for 20 min at pH 7.0.

The thermal stability of recombinant α-glucosidase was measured by incubating the
purified enzyme at 65 ◦C for 42 h in a substrate-free PBS buffer (pH 7.0), and samples were
taken every 6 h to determine the residual enzyme activity.

The optimal pH of recombinant α-glucosidase was determined by measuring the
enzyme activity at different pH in different buffers (acetate buffer, pH 4.0–6.0; sodium
phosphate buffer, pH 6.0–8.0; glycine-NaOH buffer, pH 8.0–10.0) at 60 ◦C.
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The pH stability of recombinant α-glucosidase was determined by incubating the
purified enzyme in various buffers (acetate buffer, pH 5.0–6.0; sodium phosphate buffer,
pH 7.0–8.0; glycine-NaOH buffer, pH 9.0) at 4 ◦C for 24 h and the residual enzyme activity
was determined at 60 ◦C.

Kinetic parameters were determined by measuring the enzymatic activity at pH 7.0,
65◦C, with various concentrations (10–50 mM) of pNPG as substrate. After the reaction, the
experimental data were analyzed using GraphPad Prism 8.0 to determine the Vmax, Kcat,
and Km values.

2.2.7. Molecular Dynamics Simulation of Cyclized α-Glucosidase

Due to the lack of suitable crystal templates, the amino acid sequence (Table S3) of
wild-type and cyclized α-glucosidase were submitted to AlphaFold 2 software to obtain
the three-dimensional structure of cyclized α-glucosidase. The 3D structure of cyclized
α-glucosidase was analyzed by pymol, and Gromacs (http://www.gromacs.org/, accessed
on 5 July 2022) simulated the molecular dynamics of recombinant α-glucosidase at 338K.
Specifically, the thermal fluctuations of wild-type and cyclized AGL were analyzed using
an OPLS-AA force field. The enzyme was surrounded by H2O containing 0.15 M NaCl
with pH 7.0 in a dodecahedron box, and the distance between the protein and the edge
of the box was set to 1.2 nm. The water molecules were described by the simple point
charge (SPC) explicit solvent model. Due to the lack of isopeptide bond parameters in the
classical force field, we modified the force field by defining the non-standard residues of
LYT, ASQ and ADN manually based on LYS, ASP and ASN. According to the method of
Chen et al. [24], we modified the aminoacids.rtp and aminoacids.hdb files and updated the
specbond.dat file. The indexes of “peptide tags“, “linkers“ and “AGL“ were generated by
the command “gmx make_ndx“ (Gromacs). The stability of the system is assessed by the
root mean square deviation (RMSD). Root mean square fluctuations (RMSF) were used to
assess the stability of protein residues.

3. Result and Discussion
3.1. Heterologous Expression of Thermotolerant α-Glucosidase in B. Subtilis 168

As a critical enzyme for the production of IMOs, the poor thermal stability of α-
glucosidase is a significant factor limiting its application. Therefore, we searched the
BRENDA (https://www.brenda-enzymes.org//, accessed on 5 July 2022) enzyme database
and selected α-glucosidase with good heat resistance and industrial application potential.
In the present study, we constructed recombinant plasmids by amplifying codon-optimized
gene fragments and ligating them into the pMA5 vector. The recombinant strains B.
Subtilis 168/pMA5-gsj and B. Subtilis 168/pMA5-agl were obtained after transferring the
recombinant plasmids into B. subtilis 168. The results of SDS-PAGE (Figure 2) indicated
that both gsj (code a 59 kDa protein) and agl (code a 96 kDa protein) genes could be
expressed normally in B. subtilis 168. The enzyme activity of recombinant α-glucosidase
was determined by the pNPG method. The results showed that the enzyme activity of GSJ
was about 3.7 U·mL−1

, and AGL was about 2.5 U·mL−1.

100



Fermentation 2022, 8, 498Fermentation 2022, 8, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 2. SDS-PAGE analysis of recombinant α-glucosidase. Lane M, protein marker; Lane 1, Con-
trol (B. Subtilis 168/pMA5 crude enzyme); Lane 2, B. Subtilis 168/pMA5-gsj crude enzyme; Lane 3, 
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Lane 5 B. Subtilis 168/pMA5-agl broken cell precipitate. 
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sidase, we added an appropriate amount of recombinant α-glucosidase to a high concen-
tration of maltose solution and detected the changes of each component during the reac-
tion by HPLC. As shown in Figure 3a, after 12 h of transglycosylation reaction, only 17.2% 
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was hydrolyzed to glucose. In the AGL mixture, 54% of maltose was converted to IMOs, 
and 33.3% was hydrolyzed to glucose (Figure 3b). The results show that the hydrolysis 
activity of GSJ is much higher than the transglycosylation activity, which implies that GSJ 
is unsuitable for producing IMOs. In contrast, AGL has a high transglycosylation activity 
and can be applied to the production of IMOs. The α-glucosidase derived from Aspergillus 
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B. Subtilis 168/pMA5-gsj broken cell precipitate; Lane 4, B. Subtilis 168/pMA5-agl crude enzyme;
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3.2. Transglucosylation Activity of Recombinant α-Glucosidase

α-glucosidase has both transglycosylation and hydrolysis activities. At high con-
centrations of maltose (G2) solution, α-glucosidase initially synthesizes panose (PN) and
maltotriose (G3). With the increasing amount of glucose (Glc) delivered from the glycosyla-
tion step, α-glucosidase starts to synthesize isomaltose (IG2) and isomaltotriose (IG3) [7].
The transglycosylation activity of α-glucosidase is essential for the production of IMOs.
Therefore, to determine the transglycosylation activity of recombinant α-glucosidase, we
added an appropriate amount of recombinant α-glucosidase to a high concentration of
maltose solution and detected the changes of each component during the reaction by HPLC.
As shown in Figure 3a, after 12 h of transglycosylation reaction, only 17.2% of maltose was
converted to IMOs in the mixture containing GSJ, while 72.8% of maltose was hydrolyzed
to glucose. In the AGL mixture, 54% of maltose was converted to IMOs, and 33.3% was
hydrolyzed to glucose (Figure 3b). The results show that the hydrolysis activity of GSJ is
much higher than the transglycosylation activity, which implies that GSJ is unsuitable for
producing IMOs. In contrast, AGL has a high transglycosylation activity and can be applied
to the production of IMOs. The α-glucosidase derived from Aspergillus niger is widely used
in producing α-glucosidase due to its good transglycosylation activity. In addition, the
α-glucosidase from Aspergillus awamori and Aspergillus carbonarious also showed transg-
lycosylation activity [32]. In suitable conditions, Aspergillus niger-derived α-glucosidase
can convert about 55% of maltose to IMOs [33]; this is similar to the transglycosylation
activity of the recombinant α-glucosidase in this study, which also indicates the potential
of recombinant α-glucosidase to be used for the production of IMOs.
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3.3. Construction of Cyclized AGL to Improve the Thermal Stability of Recombinant α-Glucosidase

The cyclic peptide is a type of naturally occurring polypeptide molecule with a circular
structure [34]. Due to its good stability, genetic engineering, protein engineering, other
methods have developed a series of molecular cyclization techniques, such as protein trans-
splicing (PTS) [35], expressed protein ligation (EPL) mediated by intrinsic peptide [36], and
sortagging mediated by Sortase [37]. Although these cyclization methods can improve
the stability of proteins, achieving the above linkage methods requires complex reaction
conditions or the involvement of specific catalysts, and the reaction efficiency is low [38].
Isopeptide bond has been widely used due to its specificity, stability, and rapid reaction.
We used three traditional isopeptide bonds (SpyTag/SpyCatcher, SnoopTag/SnoopCatcher,
SdyTag/SnoopCatcher) and a novel short peptide tag (RIAD/RIDD) to form cyclized
AGL. According to the method in Section 2.2.5 and Figure S1, we constructed recombi-
nant plasmids and expressed them in B. subtilis 168. As shown in Figure 4, the results of
SDS-PAGE indicated that the recombinant proteins RIAD-AGL-RIDD (~103 kDa), SpyTag-
AGL-SpyCatcher (~103 kDa), SnoopTag-AGL-SnoopCatcher (~104 kDa), and SdyTag-AGL-
SdyCatcher (~103 kDa) were successfully expressed, and the molecular weights were
increased. To verify whether the isopeptide bond was formed, we mutated the key site of
SpyTag-AGL-SpyCatcher. It was found that the band was located between cyclized AGL
and wild-type AGL, indicating that AGL was successfully cyclized by isopeptide bonds. Af-
ter purifying the cyclized protein, we assayed the enzyme activity of cyclized AGL (Table 1).
We found that the activity of SpyTag-AGL-SpyCatcher, SnoopTag-AGL-SnoopCatcher,
and SdyTag-AGL-SdyCatcher had no significant change. In contrast, the enzyme activity
of RIAD-AGL-RIDD decreased by 56.5%. Therefore, we performed further enzymatic
property characterization of SpyTag-AGL-SpyCatcher, SnoopTag-AGL-SnoopCatcher, and
SdyTag-AGL-SdyCatcher.

Table 1. Specific enzyme activities of wild-type and cyclized AGL.

Enzyme Specific Enzyme Activity
(U·mg−1)

Relative Enzyme Activity
(100%)

WT 27.91 ± 0.5 100.0 ± 1.7
RIAD-AGL-RIDD 12.01 ± 0.7 43.5 ± 2.5

SpyTag-AGL-SpyCatcher 26.43 ± 0.3 94.7 ± 1.1
SnoopTag-AGL-SnoopCatcher 28.55 ± 0.6 102.3 ± 2.1

SdyTag-AGL-SdyCatcher 27.18 ± 0.3 97.4 ± 1.1
All assays are performed in triplicate and the standard deviation of biological replicates is expressed as a numerical
error.
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3.4. Optimal Temperature and Thermal Stability of Cyclized AGL 
To visually investigate the changes in enzyme activity at different temperatures, the 
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For the thermal stability experiments, we incubated the recombinant α-glucosidase 
at 65 °C for 42 h and measured the enzyme activity. The results are shown in Figure 5b. 
Compared to wild-type AGL, all cyclized AGL thermal stability was improved. After in-
cubation at 65 °C for 42 h, the residual enzyme activities of SpyTag-AGL-SpyCatcher and 
SdyTag-AGL-SdyCatcher were 53.7% and 54.2%, respectively, while the wild-type AGL 
was 42.1%. In contrast, the thermal stability of SnoopTag-AGL-SnoopCatcher was 

Figure 4. SDS-PAGE analysis of cyclized AGL. Lane M, protein marker; Lane 1, Control (wild
type AGL); Lane 2, RIAD-AGL-RIDD; Lane 3, SpyTag-AGL-SpyCatcher; Lane 4, SnoopTag-AGL-
SnoopCatcher; Lane 5, SdyTag-AGL-SdyCatcher; Lane 6, linear AGL.

3.4. Optimal Temperature and Thermal Stability of Cyclized AGL

To visually investigate the changes in enzyme activity at different temperatures, the
optimal temperature of wild-type and cyclized AGL was characterized by the relative
enzyme activity at different temperatures (40–75 ◦C). As shown in Figure 5a, the optimal
temperature of all cyclized AGL was increased by 5 ◦C compared to the wild-type AGL. In
addition, the relative enzyme activity of all cyclized AGL was higher than wild-type AGL
at temperatures above 60 ◦C.
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Figure 5. Effects of temperature on the activity and stability of wild-type and cyclized AGL:
(a) optimal temperature, (b) thermal stability at 65 ◦C. All assays were performed in triplicate,
and the standard deviations of biological replicates are indicated by error bars.

For the thermal stability experiments, we incubated the recombinant α-glucosidase
at 65 ◦C for 42 h and measured the enzyme activity. The results are shown in Figure 5b.
Compared to wild-type AGL, all cyclized AGL thermal stability was improved. After
incubation at 65 ◦C for 42 h, the residual enzyme activities of SpyTag-AGL-SpyCatcher
and SdyTag-AGL-SdyCatcher were 53.7% and 54.2%, respectively, while the wild-type
AGL was 42.1%. In contrast, the thermal stability of SnoopTag-AGL-SnoopCatcher was
significantly improved, and the residual enzyme activity after 42 h remained 73.2%, which
was 1.74-fold higher than the wild type.

This result was similar to previous studies on cyclized proteins’ optimal temperature
and thermal stability. While the cyclized protein increased thermal stability, the optimal
temperature was also increased. Chen et al. [24] found that the optimal temperature of
cyclized Tres increased by 5–10 ◦C after using various isopeptide bonds. Wang et al. [25]
used SpyCatcher/SpyTag to cause spontaneous cyclization of lichenase, and the optimal
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temperature of cyclized lichenase was increased by 5 ◦C. Likewise, Si et al. [27] constructed
cyclized luciferase by SpyCatcher/SpyTag, which eventually increased the optimal temper-
ature of luciferase by 5 ◦C.

3.5. Optimal pH and pH Stability of Cyclized AGL

We determined the enzyme activity of recombinant α-glucosidase at different pH ac-
cording to method Section 2.2.5. As shown in Figure 6a, the optimal pH value was 6.0 for
wild-type AGL and cyclized AGL, and the relative activity of all cyclized AGL was slightly
higher than that of wild-type AGL at pH values in the range of 4.0–10.0. The residual
enzyme activities of wild-type AGL and cyclized AGL were similar after 24 h incubation in
different pH buffers (Figure 6b).
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Figure 6. Effects of pH on the activity and stability of wild-type and cyclized AGL: (a) optimal pH,
(b) pH stability. All assays were performed in triplicate, and the standard deviations of biological
replicates are indicated by error bars.

3.6. Kinetic Analysis of Recombinant α-Glucosidase

The kinetic parameters of recombinant α-glucosidase were determined at pH 7.0 and
65 ◦C with pNPG as the substrate. The Km, Vmax and Kcat values of cyclized AGL were
similar to the wild-type AGL (Table 2), which indicated that the cyclization reaction does not
affect the catalytic efficiency of recombinant α-glucosidase. However, there is no consistent
conclusion on whether the insertion of isopeptide bonds affects the catalytic efficiency
of the protein. Previous studies have shown no effect of cyclization on the Km values of
luciferase [27] and β-lactamase [26], while the kinetic parameters of xylanase [39] and
lichenase [25] showed significant differences in polysaccharide before and after cyclization.

Table 2. Kinetic parameters of wild-type AGL and cyclized AGL.

Enzyme Km (mM) Vmax (U mg−1) Kcat (S−1)

WT 1.83 ± 0.06 36.42 ± 0.12 282.31±2.1
SpyTag-AGL-SpyCatcher 1.86 ± 0.03 35.94 ± 0.07 276.38±7.2

SnoopTag-AGL-SnoopCatcher 1.82 ± 0.05 36.12 ± 0.15 278.92±6.8
SdyTag-AGL-SdyCatcher 1.86 ± 0.06 36.31 ± 0.19 281.59±6.5

All assays are performed in triplicate and the standard deviation of biological replicates is expressed as a
numerical error.

3.7. Molecular Dynamics Simulation Analysis of Cyclized AGL

The three-dimensional models of cyclized AGL were simulated to explore the molecu-
lar mechanism of increased thermal stability of cyclized AGL. Furthermore, MD simulation
was performed at 338 K by GROMACS. Due to the lack of a suitable crystal structure as a
template, we conducted homology modeling by ALPHA-FOLD to obtain the 3D structure
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of cyclized AGL. As shown in Figure 7, all three isopeptide bonds successfully cyclized the
recombinant protein, and cyclization had no effect on the active sites of AGL compared
to wild-type AGL (Figure S2). In addition, there was no significant change in the distance
between the terminals in the wild-type and cyclized versions (Figure S3), indicating that
the isopeptide bond did not distort the enzyme. The structural alignment revealed that
cyclization did not cause conformational changes in AGL (Figure S4).
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Figure 7. 3D structure of cyclized AGL (the pink spheres highlight the enzyme active sites).
(a) SpyTag-AGL-SpyCatcher, (b) SnoopTag-AGL-SnoopCatcher, (c) SdyTag-AGL-SdyCatcher.

In the present study, we analyzed the dynamic behavior of the cyclized AGL systems
by performing 30-ns MD simulations, and the RMSD value characterized the stability of
the systems. As shown in Figure 8a, the WT system fluctuate between 0–0.4 nm until it
reaches equilibrium at 5 ns. SpyTag-AGL-SpyCatcher, SnoopTag-AGL-SpyCatcher, and
SdyTag-AGL-SdyCatcher systems fluctuate from 0 to 0.48 nm and maintain equilibrium
between 5 and 30 ns. SnoopTag-AGL-SpyCatcher system has the highest RMSD value
(0.48 nm), while the four systems were maintaining equilibrium. These results indicated
that the four systems remained stable between 5 and 30 ns, and the 5 to 30 ns simulation
trajectories could be used for further analysis, including Rg and RMSF.
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As shown in Figure 8b, the fluctuations of most residues were similar in the four
systems. The WT system’s RMSF values were higher than the cyclized AGL system at
residues 150–200, 320–350, 380–400, 560–590, and 700–740. This result shows that the
rigidity of the cyclized AGL increased in these regions, contributing to the increased
thermal stability of the cyclized AGL. Moreover, the RMSF values of the SnoopTag-AGL-
SnoopCatcher system are lower than WT, SpyTag-AGL-SpyCatcher, and SdyTag-AGL-
SdyCatcher systems at residues 300–400, 600–700, which explained the better thermal
stability of SnoopTag-AGL-SnoopCatcher. In summary, the results of MD simulations are
consistent with the experimental data.

4. Conclusions

In the present study, we heterologously expressed α-glucosidase with industrial
application potential in B. subtilis 168. based on the molecular cyclization of isopeptide
bonds, we constructed cyclized proteins to improve the thermal stability of recombinant
α-glucosidase. Among them, SpyTag/SpyCatcher can significantly improve the thermal
stability of the recombinant protein. MD simulations showed that the rigidity of the cyclized
proteins was increased, indicating that improving the thermal stability of α-glucosidase
by isopeptide bonds is an effective method. Due to its good thermal stability and high
transglycosylation activity, cyclized AGL can be used to produce IMOs continuously.
Therefore, in future studies, we will try to immobilize the enzyme with different materials
and determine the optimal conditions for immobilization. The immobilized enzyme is used
in the continuous production of IMOs. In addition, we will select suitable mutation sites
for targeted mutagenesis by rational design to further improve the thermal stability and
transglycosylation activity of recombinant α-glucosidase.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/fermentation8100498/s1, Figure S1: Construction of re-
combinant plasmids for cyclized AGL; Figure S2: Three-dimensional structure of wild-type AGL;
Figure S3: The distance between the terminals; Figure S4: Structural alignment of cyclized AGL with
wild-type; Table S1: strains and plasmids used in this study; Table S2: Primers used to construct the
cyclized proteins; Table S3: Amino acid sequence of cyclized protein.
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Abstract: Background: The collagenase encoding gene col was cloned into a pP43NMK vector and
amplified in Escherichia coli JM109 cells. The shuttle vector pP43NMK was used to sub-clone the col
gene to obtain the vector pP43NMK-col for the expression of collagenase in Bacillus subtilis WB600.
The enzyme was characterized and the composition of the expression medium and culture conditions
were optimized. Methods: The expressed recombinant enzyme was purified by ammonium sulfate,
ultrafiltration, and through a nickel column. The purified collagenase had an activity of 9405.54 U/mg.
Results: The recombinant enzyme exhibited optimal activity at pH 9.0 and 50 ◦C. Catalytic efficiency
of the recombinant collagenase was inhibited by Fe3+ and Cu2+, but stimulated by Co2+, Ca2+, Zn2+,
and Mg2+. The optimal conditions for its growth were at pH 7.0 and 35 ◦C, using 15 g/L of fructose
and 36 g/L of yeast powder and peptone mixture (2:1) at 260 rpm with 11% inoculation. The maximal
extracellular activity of the recombinant collagenase reached 2746.7 U/mL after optimization of
culture conditions, which was 2.4-fold higher than that before optimization. Conclusions: This study
is a first attempt to recombinantly express collagenase in B. subtilis WB600 and optimize its expression
conditions, its production conditions, and possible scale-up.

Keywords: collagenase; Bacillus subtilis WB600; protein purification; characterization; recombinant
protein expression

1. Introduction

Collagenases can be classified as metallocollagenases and serine collagenases that
specifically hydrolyze the three-dimensional spiral structure of natural collagen [1,2]. They
are involved in the degradation of the extracellular matrices of animal cells [3]. Enzymes
catalyzing collagen hydrolysis include matrix metalloproteinases (MMPs), which are zinc-
containing enzymes [4]; they usually require calcium for their optimum activity and
stability [5]. Collagenases are found in several bacterial species such as Bacillus cereus [6,7],
Clostridium histolyticum [8], Bacillus subtilis [9], and Actinomyces [10]. However, activity
efficiency of most bacterial collagenases does not meet the needs of industrial processes,
which are often carried out under conditions not optimal for the stability and activity of
collagenases. Nevertheless, collagenases have several industrial, biotechnological, phar-
macological, and medicinal applications. They are used to treat cardiovascular diseases,
neurodegenerative diseases, cancer, arthritis [10–14], and liver fibrosis [15].

Collagenase genes of different origins were heterologously expressed in Escherichia
coli (E. coli) [6–8]. However, E. coli is not a suitable host for enzyme production in the food
industry due to plasmid instability and the presence of endotoxins. Bacillus subtilis (B.
subtilis) is a non-pathogenic and bacteriophage-resistant host, which is generally regarded
as safe [16] compared to E. coli. Moreover, B. subtilis can use various signal peptides to
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non-specifically secrete recombinant proteins for the production of industrial enzymes [17]
and act as microbial cell factories [18]. B. subtilis WB600 lacks six protease genes; therefore,
secreted proteins are not digested [19].

The present study describes the successful expression of collagenase in B. subtilis
WB600 by using a modified shuttle vector pP43NMK. Furthermore, the culture conditions,
including the key media components and the fermentation conditions, were optimized.
The results obtained here may be useful for the industrial production of collagenase. The
production of recombinant collagenase in Bacillus subtilis can simplify the purification
process for its secretory expression, and the enzymes can be safely and widely used in the
food industry due to their non-pathogenicity, which avoids the effects of harmful virulence
factors [20].

2. Materials and Methods
2.1. Media Composition and Culture Conditions

The Bacillus strains were cultured in Luria Bertani (LB) medium containing peptone
(10 g/L), yeast extract (5 g/L), and sodium chloride (10 g/L) at 37 ◦C and shaken at
200 rpm. Terrific Broth (TB), comprising peptone (12 g/L), yeast extract (24 g/L), glycerol
(0.4% v/v), KH2PO4 (0.23 g/L), and K2HPO4 (1.25 g/L), was used as the fermentation
medium for collagenase expression. Kanamycin (Kan; 50 µg/mL) was added to the LB and
TB media. Collagenase was expressed in 100 mL of growth media in 300 mL conical flasks
at 37 ◦C for 48 h.

Plasmid extraction kit: Tiangen Biotech (Beijing) Co., Ltd., Beijing, China. DNA
Marker: Takara Bio Co., Ltd., Beijing, China. Ultra-micro spectrophotometer: NP80 Mobile,
Implen International Trading Co., Ltd., Beijing, China. Shaking incubator: ZQTY-70V,
Shanghai Zhichu Instrument Co., Ltd., Shanghai, China. Gel imaging system: 4600SF,
Shanghai Tianneng Technology Co., Ltd., Shanghai, China. Autoclave pot: D-1 autoclave,
Beijing Faen Science and Trade Co., Ltd., Beijing, China. Vertical electrophoresis instrument:
Mini-protean, Bio-Rad Laboratories, Inc., Shanghai, China. Agarose level electrophoresis
instrument: DYCP-31D, Beijing Liuyi Biotechnology Co., Ltd., Beijing, China. UV/VIS
spectrophotometer: TU-1810, Beijing General Instrument Co., Ltd., Beijing, China. High-
speed refrigerated centrifuge: ALLegra, Beckman Coulter, Inc., California, USA. Digital
display constant temperature water bath pot: HH-4A, Guohua Instrument Manufacturing
Co., Ltd., Changzhou, China. Thermal cycler: T100, Bio-Rad Laboratories, Inc., Shanghai,
China.

2.2. Gene Optimization Methodology

Codon usage bias of the optimization sequence was adjusted against a proprietary
reference codon bias established by multi-omics data analysis to fit the profile of highly
expressed genes in the target host and optimized by Sangon Biotech (Shanghai) Co., Ltd.,
Shanghai, China, with their homemade software (http://192.168.19.50:8080/cool/, ac-
cessed on 6 May 2022). Various parameters were meticulously evaluated, including codon
usage bias, codon context, GC profile, negative CpG islands, splicing sites, negative cis-
acting elements, hidden stop codon, mRNA secondary structure, RNA instability, repeat
sequences, restriction sites, and any undesired motif. Artificial gene synthesis was carried
out by PCR, digestion, ligation, cell transformation, and other technologies.

2.3. Plasmid Construction and Transformation for Collagenase Expression

B. amyloliquefaciens has been proven able to synthesize collagenase and secrete it
extracellularly, and the dermal collagen could be degraded by its fermentation broth,
which could be applied to leather production [21]. The application of collagenase in the
food industry has attracted much attention, and it is necessary to find a collagenase gene
with stable enzymatic properties, accompanied by the potential for mass production in
the microbiology industry. According to the GenBank database, the sequence identity
of the collagenase encoding gene from B. amyloliquefaciens and Bacillus velezensis is 100%;
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therefore, the gene synthesis was carried out according to the sequence published by
Bacillus velezensis in this study, whose GenBank code is CP011686.1 with the locus tag
AB13_2557. The collagenase gene sequence was extracted from GenBank (col, GenBank
ID CP011686.1, locus tag: AB13_2557) and restriction enzyme sites’ sequences for Pst I
and Hind III were synthesized and ligated into the plasmid pP43NMK purchased from
Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China. The ligated plasmid was used to
transform E. coli JM109 competent cells. Colonies carrying the pP43NMK-col plasmid were
confirmed by colony PCR and double digestion by the restriction enzymes Pst I and Hind
III. Following amplification in E. coli JM109, the expression plasmids were extracted and
were used to transform B. subtilis WB600 [1].

2.4. Recombinant Expression and Purification of Collagenase

The B. subtilis cells were grown for 14–16 h in 50 mL LB media at 37 ◦C with stirring
at 220 rpm. An aliquot of the overnight culture (2% v/v) was inoculated into 100 mL of
fermentation medium in a 300 mL conical flask and incubated for 48 h and harvested by
centrifugation at 10,000 rpm at 4 ◦C for 20 min.

Saturated ammonium sulfate solution was carefully added to the supernatant at
different concentrations (20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%) and incubated for
14–16 h at 4 ◦C. The precipitates were dissolved in 10 mM Tris-HCl buffer (pH 7.5) and
dialyzed against the same buffer to completely remove the ammonium sulfate. The enzyme
solution was concentrated using a 10 kDa Amicon filter (Merck, Munich, Germany) and
purified using a His-Tag Purification Resin (Beyotime Biotechnology, Shanghai, China).
The purified recombinant collagenase was then analyzed by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE).

2.5. Sodium Dodecyl Sulphate–Polyacrylamide Gel Electrophoresis

SDS-PAGE was carried out to determine the successful purification of the recombinant
protein and its molecular mass. Coomassie Brilliant Blue R-250 was used for staining the
gel, and the molecular mass of collagenase was estimated on a 12% polyacrylamide gel
based on protein standards [22].

2.6. Protein Quantification and Enzyme Assay of Collagenase

The protein concentration was estimated using the Bradford method; the absorbance
was measured at 595 nm and bovine serum albumin was used as the protein standard [23].

Collagenase activity was determined by the colorimetric method. Briefly, 1 mL of
1 mg/mL gelatin solution was mixed with 500 µL of Tris-HCl (pH 7.5) and 100 µL of the
enzyme solution and incubated for 40 min at 37 ◦C. Subsequently, the reaction was stopped
by adding 500 µL of trichloroacetic acid (10%, m/v), 900 µL of acetic acid buffer (pH 5.4),
and 1 mL of indigohydrone to the mixture, followed by incubation in boiling water for
10 min, then immediately cooling down in ice water. Finally, 4 mL 60% ethanol was added
to the mixture, and the absorbance was read at 570 nm.

One unit (U) of enzyme activity was defined as the amount of enzyme catalyzing the
formation of 1.0 µg glycine per minute.

2.7. Effects of pH, Temperature, and Metal Ions on Collagenase Activity and Stability

Collagenase activity was assayed under standard conditions at various temperatures
(30–80 ◦C) to determine the optimum temperature of the recombinant enzyme. Thermal
stability of the enzyme was measured for any residual activity at different temperatures
for 2 h. All experiments were performed in triplicate and repeated three times. The
residual activity was expressed as a percentage of the control sample activity, based on the
assumption that the activity of control sample (in the absence of any additives) was 100%.

For the pH dependence assay, the collagenase enzymatic activity was measured using
buffers at different pH levels, including sodium citrate buffer (pH 5.0), phosphate buffer
(pH 6.0–8.0), and glycine–NaOH buffer (pH 9.0–11.0). To determine the pH stability of the
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recombinant collagenase, the enzyme was incubated in the above buffers for 2 h, followed
by the measurement of the residual enzymatic activity under standard assay conditions.

To analyze the effect of metal ions on the enzyme activity, the enzyme solution was
incubated in different metal ion solutions, including Fe3+, Zn2+, Co2+, Ca2+, Mg2+, and
Cu2+ (5 mM) for 2 h. The residual activity of the enzyme in each solution was measured
individually and compared.

2.8. Optimization of the Fermentation Conditions for the Recombinant Expression of Collagenase

The effects of media composition and culture conditions on the recombinant expression
of collagenase in B. subtilis WB600 were examined.

The carbon sources (glucose, mannitol, maltose, fructose, glycerin, and sucrose) and
nitrogen sources (beef paste, ammonium sulfate, urea, gelatin, peptone, and yeast extract)
were varied with an initial total nitrogen concentration of 10.0 g/L. The initial concentra-
tions of carbon source and nitrogen source analyzed were 5.0, 10.0, 15.0, 20.0, 25.0, and
30.0 g/L and 6.0, 12.0, 18.0, 24.0, 30.0, 36.0, and 42.0 g/L, respectively. The effect of metal
ions (Zn2+, Mg2+, Na+, and Ca2+) on collagenase production was also investigated.

The optimized medium was adjusted at different initial pH levels (5.0, 6.0, 7.0, 8.0,
9.0), stirring speeds (200, 220, 240, 260, 280 rpm), temperatures (25, 30, 35, 40, 45 ◦C), and
inoculation concentrations (5%, 7%, 9%, 11%, 13%, 15%). All the values of enzyme activities
were averaged from three replicates with standard deviations.

3. Results and Discussion
3.1. Gene Optimization

Gene expression is regulated and influenced by various factors such as codon usage
bias, ribosome binding, and mRNA structure. The gene optimization process takes into
consideration as many factors as possible, resulting in gene sequences that can optimally
express proteins. There are numerous possibilities of mRNA sequences coding for the same
protein. However, an advanced algorithm was used to screen and generate an optimal
sequence from tens of thousands of candidate sequences.

The 936 bp collagenase sequence was optimized for optimal protein expression in
B. subtilis, as shown in Figures 1 and 2. Codon usage bias was adjusted to fit the highest
expression profile of the target host; CAI (Codon Adaptation Index) was upgraded from 0.81
to 0.96 (a CAI of 0.8–1.0 is regarded as good for high expression). Average GC content was
adjusted from 47.1% to 40.3% and unfavorable peaks were removed. Repeated sequences
in the original sequence were removed to avoid the formation of stem-loop structures in
the mRNA and to facilitate the protein synthesis process. Undesired motifs, including
restriction enzyme sites for use in sub-cloning and negative cis-acting sites, were modified.
The whole sequence was fine-tuned to increase the translation efficiency and prolong the
half-life of mRNA.

3.2. Expression of Recombinant Collagenase

DNA fragments around 936 bp were obtained, encoding for a protein comprising
312 amino acids. The appropriate recombinant plasmid was confirmed by double digestion
with the restriction endonucleases Pst I and Hind III (Figure 3a) and was subsequently
transformed into competent B. subtilis cells.
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Figure 1. (a) Original sequence. (b) Optimized sequence. Relative codon frequency distribution. Color 
of codons indicates the frequency of that codon with respect to the host. Rarely used codons are shown 
in cyan and frequently used codons are shown in red. A redder codon indicates higher frequency. 
Redder codons compared with the other codons mean that they are better suited for the host codon 
bias, resulting in high expression. (c) Original sequence. (d) Optimized sequence. Codon relative fre-
quency radar plot. The relative codon frequency distribution shows the frequency of each individual 
codon and this radar plot shows the suitability of the codon usage profile between the optimized se-
quence (show in red) and host (shown in blue). A better curve match means it is more adequate. 

Figure 1. (a) Original sequence. (b) Optimized sequence. Relative codon frequency distribution.
Color of codons indicates the frequency of that codon with respect to the host. Rarely used codons
are shown in cyan and frequently used codons are shown in red. A redder codon indicates higher
frequency. Redder codons compared with the other codons mean that they are better suited for the
host codon bias, resulting in high expression. (c) Original sequence. (d) Optimized sequence. Codon
relative frequency radar plot. The relative codon frequency distribution shows the frequency of each
individual codon and this radar plot shows the suitability of the codon usage profile between the
optimized sequence (show in red) and host (shown in blue). A better curve match means it is more
adequate.
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Figure 2. (a) Original sequence. (b) Optimized sequence. Frequency of optimal codons. Shows the per-
centage distribution of codons; codons with a higher percentage are more frequently used. (c) Original 
Figure 2. (a) Original sequence. (b) Optimized sequence. Frequency of optimal codons. Shows
the percentage distribution of codons; codons with a higher percentage are more frequently used.
(c) Original Sequence (47.1%). (d) Optimized sequence (40.3%). GC content adjustment. The ideal
percentage range of GC content is between 30% and 70%, ideally 40–60%.
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Figure 3. Cloning and expression of collagenase. (a) Electrophoresis gel of the double-digested plasmid 
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Figure 3. Cloning and expression of collagenase. (a) Electrophoresis gel of the double-digested
plasmid from B. subtilis WB600 to show the presence of the col gene. M, DNA ladder; lane 1,
recombinant plasmid digestion; lane 2, recombinant plasmid PCR. (b) The recombinant collagenase
was successfully expressed. M, molecular weight marker; lane 1, B. subtilis WB600/pP43NMK-col
fermentation supernatant, the arrow points to the target protein; lane 2, B. subtilis WB600/pP43NMK
fermentation supernatant.

The molecular mass of the recombinant protein was predicted to be 35.4 kDa using
the ExPASy program (http://web.expasy.org/protparam/ accessed on 6 May 2022). Mean-
while, recombinant collagenase from other bacteria such as Actinomycestes [10], Pseudoal-
teromonas agarivorans [24], Bacillus cereus [7], Vibrio alginolyticus [8], and Lucilia Sericata [25]
were reported as 150 kDa, 52.5 kDa, 55 kDa, 90 kDa, and 52 kDa, respectively.

B. subtilis WB600/pP43NMK-col was cultured in the fermentation medium at 220 rpm
and 37 ◦C for the expression of collagenase. Under such expression conditions, the extra-
cellular activity of collagenase was 1145.16 U/mL. SDS-PAGE analyses of the supernatant
of the culture broth indicated a distinctive protein band at around 35.4 kDa, confirming
the expression of collagenase. This band was not present in the negative control samples
(Figure 3b), consistent with the enzyme activity assay results. In summary, recombinant
collagenase was successfully expressed in B. subtilis WB600.

3.3. Purification of the Recombinantly Expressed Collagenase

The supernatant of the bulk-cultured recombinant collagenase was concentrated with
70% ammonium sulfate, and the precipitate was dissolved in Tris-HCl (pH 7.5) buffer. The
solution was then ultrafiltered against the Tris-HCl (pH 7.5) buffer. Subsequently, the ultra-
filtrate was passed through a nickel column. The fractions containing the collagenolytic
activity were pooled, concentrated, and stored at −20 ◦C. The results of the collagenase
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purification using ammonium sulfate precipitation are summarized in Table 1. The optimal
concentration of ammonium sulfate for purification was 70%, resulting in a specific activity
of 6156.67 U/mg. Using a three-step procedure, the specific activity of the enzyme was
increased from 1998.73 U/mg (crude enzyme) to 9405.54 U/mg (purified enzyme), and the
enzyme was purified 4.71-fold with a yield of 2.14% from the crude extract (Table 2). The
native bacteria B. subtilis DB104 expressing colH and its specific activity is estimated to be
1210 U/mg [26]. Cloned from Grimontia (Vibrio) hollisae 1706B and expressed by the Brevi
bacillus system, the purified recombinant enzyme had a specific activity of 5314 U/mg [27].
The strain SM1988T, which was a Gram-negative unipolar flagellar-shaped bacterium,
expressed the collagenase enzyme with a specific activity of 384.14 U/mg [28]. Compared
with them, the purified enzyme was higher, which may be due to the different measure-
ment methods of enzyme activity, the different adaptation substrates, and the adequate
purification effect of this study, which maintains the vitality of collagenase to a certain
extent.

Table 1. Specific activity of the enzyme at different concentrations of ammonium sulfate precipitation.

Ammonium Sulfate Concentration (%) Specific Activity
(U/mg)

20 4498.19
30 2925.32
40 2165.25
50 2177.78
60 4921.74
70 6156.67
80 5509.75
90 4000.21

Table 2. Purification of collagenase from B. subtillis WB600/pP43NMK-col.

Steps Total Activity
(U)

Total Protein
(mg)

Specific Activity
(U/mg)

Purification
(Fold)

Yield
(%)

Cultivate supernatant 114,516.78 57.29 1998.73 1 100
Ammonium sulfate precipitation 58,034.55 9.42 6156.67 3.08 50.67

Ultrafiltration 8329.20 0.94 8860.85 4.43 7.27
Nickel column purification 2445.44 0.26 9405.54 4.71 2.14

As observed from the SDS-PAGE, the recombinant collagenase was efficiently purified.
Its relative molecular mass was estimated to be 35.4 kDa (Figure 4).
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3.4. Effect of pH, Temperature, and Metal Ions on the Stability of Collagenase

As presented in Table 3, the maximum collagenase activity was observed at pH 9.0.
The enzyme was relatively stable during the pH treatment for 60 min, with approximately
60% of its activity retained in the pH range of 8–10 for 90 min (Figure 5a). This result is
consistent with the collagenase activity from Streptomyces parvulus [29].

Table 3. Effect of temperature, pH, and metal ions on recombination collagenase activity.

Parameters Enzyme Activity (U/mL)

Temperature (◦C)
30 1449.39 ± 50
40 1600.96 ± 74
50 2055.65 ± 61
60 1202.49 ± 68
70 1035.44 ± 71
80 716.02 ± 53
pH
5 1644.96 ± 56
6 850.47 ± 82
7 877.36 ± 53
8 1419.24 ± 76
9 2005.94 ± 69
10 1173.15 ± 64
11 680.16 ± 78

Metal ions
Control 1599.33 ± 25

Fe3+ 1235.90 ± 34
Zn2+ 1816.08 ± 51
Co2+ 2343.30 ± 39
Ca2+ 2542.94 ± 43
Mg2+ 1908.97 ± 37
Cu2+ 174.95 ± 45
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Table 3 and Figure 5b illustrate the temperature effect on the collagenase activity. The
optimum activity of the enzyme was observed at 50 ◦C, and about 75% of its activity was
retained between 30 and 50 ◦C. The enzyme activity declined sharply when the temperature
exceeded 50 ◦C. After 2 h of pre-incubation at different temperatures, collagenase activity
decreased markedly after 40 min of incubation but showed stability in a temperature
range of 30–50 ◦C, with more than 60% of its activity retained. However, pre-incubation
above 60 ◦C substantially abrogated the enzyme activity, with less than 30% of its activity
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retained after incubation at 80 ◦C for 2 h. A similar result was observed with a thermophilic
collagenase, which showed stability across a range of pH levels (7.0–8.5) and temperatures
(40–60 ◦C), with an optimal pH of 8.0 and temperature of 60 ◦C [10]. The optimum
collagenase activity of B. cereus was reported to be at a temperature of 45 ◦C and had a wide
working ranges of pH values and temperatures (7.2–11.0 and 25–50 ◦C, respectively) [30].
Moreover, more than 50% of the collagenase activity remained after 10 min of incubation at
60 ◦C [31].

The effect of a few metal ions such as Fe3+, Zn2+, Co2+, Ca2+, Mg2+, and Cu2+ on the
enzyme activity was evaluated at a final concentration of 5 mM (Table 3). The catalytic
efficiency of the recombinant collagenase was inhibited by Fe3+ and Cu2+, but stimulated
by Zn2+, Co2+, Mg2+, and Ca2+. The most notable inhibition was observed in the presence
of Cu2+, while the biggest stimulation was observed in the presence of Ca2+. A similar
result was observed in a Pseudoalteromonas agarivorans strain where the enzyme activity was
strongly activated by Ca2+ [24], similar to that of a Bacillus pumilus Col-J [31]. This can be
attributed to the collagenase structure (Figure 6) that shows high stability in the presence
of Ca2+ owing to the formation of the collagen–Ca2+–collagenase complex [24].

3.5. Optimization of Carbon Sources, Nitrogen Sources, Metal Ions for the Production of
Collagenase by Recombinant B. subtilis WB600

Ten percent of different carbon sources were added to the fermentation medium,
while the other components were not changed. After incubation by stirring for 48 h in the
fermentation culture, the enzyme activity and mass were determined. As presented in
Figure 7a, the best carbon source for collagenase production by B. subtilis was fructose, with
a collagenase activity at 2237.78 U/mL. The recombinant B. subtilis grew better with the
addition of glucose [32], showing that it could absorb glucose better and consume nutrients
quickly, but with less enzyme production.
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Figure 6. (a) Cartoon representation of the collagenase obtained from the SWISS-MODEL (https:
//swissmodel.expasy.org/ accessed on 6 May 2022). The gray ball represents zinc ion. Prediction
and interpretation the zinc ion and acetate ion were through QM/MM optimization. Both the
polarization by the catalytic site Zn301 and the interaction with the acetate moiety of Glu227 promote
the elongation of the O-H bond of the Zn-ligated nucleophilic water [33]. (b) Spacefill representation
of the collagenase (c) SWISS-MODEL matched template (SMTL ID: 5d88.1 The Structure of the U32
Peptidase Mk0906), U32 collagenase family. The interaction between zinc ions and residues is shown.
According to the results of the experiment, it is also proved that Ca2+ and Zn2+ bind, which promotes
the occurrence of enzymatic lysis and the improvement of enzymatic activity [24,34,35].

Determination of the optimum concentration of fructose was investigated by assaying
various fructose concentrations ranging between 5 and 30 g/L at a pH of 7.5, temperature
of 37 ◦C, and with shaking at 220 rpm (Figure 7b). The optimum fructose concentration was
found to be 15 g/L, where collagenase activity was at a maximum (2158 U/mL). However,
the cell growth was increased with an increasing starch concentration, reaching a maximum
at 25 g/L.

In summary, in view to optimize both the collagenase activity and bacterial growth,
the optimal concentration of fructose was selected at 15 g/L, and was used for subsequent
studies.
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Figure 7. Optimization of the growth media for recombinant expression of collagenase in B. subtilis
WB600. The histogram represents the activity of recombinant collagenase and the line represents the
bacterial growth. (a) Effect of carbon sources on the enzyme activity and cell growth. (b) Effect of
concentration of fructose on the enzyme activity and cell growth. (c) Effect of nitrogen sources on the
enzyme activity and cell growth. 1, beef paste; 2, ammonium sulphate; 3, yeast powder; 4, peptone; 5,
urea; 6, gelatin; 7, mixture of peptone and yeast powder. (d) Effect of the concentration of nitrogen
source on the enzyme activity and bacterial growth. (e) Effect of metal ions on the enzyme activity
and cell growth. 1, Zn2+; 2, Mg2+; 3, Na2+; 4, Ca2+. (f) Effect of concentration of the Ca2+ metal ion on
enzyme activity and bacterial growth. The data are presented as mean ± standard deviation from
three independent experiments.

To investigate the influence of nitrogen sources on the expression of recombinant
collagenase by B. subtilis, the maximum collagenase activity (531.86 U/mL) was observed
when peptone was used together with yeast powder; the bacterial growth increased slightly.
As shown in Figure 7c, when yeast powder was added alone, the enzyme activity was
relatively low, but the cell growth was high. This could have been due to the yeast powder
being conducive to the growth of B. subtilis but less promotive of enzyme production.

The yeast powder and peptone were mixed in a ratio of 2:1, and Figure 7d shows
the effects of different yeast and peptone concentrations (6–42 g/L) on the expression of
collagenase by B. subtilis. Bacterial growth was increased at a concentration of 18 g/L. The
best mixture concentration for optimal collagenase activity was 36 g/L.

Figure 7e shows that recombinant B. subtilis had the highest bacterial growth and
collagenase enzyme activity (1926.9 U/mL) when Ca2+ was added, which shows that
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Ca2+ can promote the growth of bacteria and retain the optimal activity of collagenase.
Different concentrations (1–30 g/L) of Ca2+ were added to the fermentation medium;
the recombinant B. subtilis grew well and expressed collagenase at its highest when the
concentration of Ca2+ was 10 g/L. This further confirms that Ca2+ affects the cell growth
and expression potential of B. subtilis (Figure 7f).

3.6. Factors Affecting the Recombinant Production of Collagenase by B. subtilis WB600

The initial pH, rotational speed, temperature, and percentage of inoculation are process
variables that affect the growth of bacteria and enzyme production. These variables were
separately studied in order to evaluate their effects on collagenase production (Figure 8).
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Figure 8. Optimization of the expression conditions for producing collagenase in B. subtilis WB600.
Histogram, the activity of recombinant collagenase. Line, bacterial cell growth. (a) Effect of initial pH
on the collagenase activity and bacterial cell growth. (b) Effect of agitation speed. (c) Effect of expres-
sion temperature. (d) Effect of inoculation percentage. The data are presented as mean ± standard
deviation from three independent experiments.

3.6.1. Effect of Initial pH

The pH affects the growth of microbial cells and the protein expression yield [36]. The
effect of the initial pH on the production of collagenase by B. subtilis was studied at 37 ◦C in
the presence of 15.0 g/L of fructose and 36 g/L of a yeast and peptone mixture, and shaken
at 220 rpm. Different initial pH levels ranging from 5.0 to 9.0 were studied. As indicated in
Figure 8a, the cell growth was maximized at a pH of 9.0. However, the maximum enzyme
activity (2391.4 U/mL) was obtained at pH 7.0. This is in agreement with the predicted pH
for maximum collagenolytic activity at pH 7.21 [37]. In this context, pH 7.0 was selected for
further experiments (Table 3).

3.6.2. Effect of Agitation Speed

Agitation speed is important for microorganism growth and the expression of collage-
nase during fermentation. Oxygen is required by bacteria to grow well and, therefore, to
be able to express collagenase. Agitation of the medium ensures that the medium is well
aerated. The effects of different agitation speeds (200–280 rpm) on B. subtilis growth and
collagenase production were examined at 37 ◦C in 15.0 g/L of fructose and a 36 g/L of
peptone and yeast mixture at a pH of 7.0. As depicted in Figure 8b, the highest collagenase
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activity (2746.7 U/mL) was reached when the agitation speed was 260 rpm. However, the
highest cell growth of recombinant B. subtilis was reached at 280 rpm. These results suggest
that a high agitation speed promoted fast growth of the recombinant B. subtilis, but the
higher shear force caused by the violent shaking and the over accumulation of metabolites
could also negatively affect enzyme production [35,38]. The agitation speed for future
experiments was taken at 260 rpm because maximum collagenase activity was achieved at
that speed.

3.6.3. Effect of Temperature on the Cell Growth and Expression of Collagenase

Temperature is one of the most important factors to be considered because it affects
the enzyme activity, cell growth, and expression of the enzyme [39]. Different temperatures
(25–45 ◦C) were evaluated for their effects on collagenase activity and bacterial cell growth
in 15.0 g/L of fructose and 36 g/L of a peptone and yeast mixture at pH 7.0, with shaking
at 260 rpm. The maximum collagenase activity (2444.3 U/mL) and cell growth were
reached at 35 ◦C (Figure 8c). Moreover, the bacterial growth increased significantly with the
increase in temperature, particularly from 25 ◦C to 35 ◦C. However, with a further increase
in temperature, the collagenase activity markedly decreased. A possible reason for the
decrease in collagenase activity at a high temperature could be attributed to a decrease in
the transport of intermediate metabolites to the cells [40]. Another reason could be that the
enzyme was denatured at temperatures higher than 35 ◦C.

3.6.4. Effect of the Percentage of Inoculation

The percentage of inoculation has a significant effect on the yield of recombinant
protein expression by bacteria. A small amount of inoculation will affect the cell growth
of recombinant strains and will thus affect the enzyme production during the logarithmic
growth period of the bacteria. A small percentage of inoculation will increase the consump-
tion of nutrients, and it will be difficult to meet the needs of the growing recombinant strain
in a short period of time.

To evaluate the effect of inoculation amount on the activity of collagenase, six different
inoculation amounts ranging from 5% to 15% (v/v) were set up under the experimental
situations of 35 ◦C, pH 7.0, and 260 rpm. As shown in Figure 8d, it can be concluded that
different inoculation percentages have different effects on the recombinant expression of
collagenase. The enzyme activity is the highest at 11% inoculation, but the cell growth is
low, which may be due to the large number of bacteria but limited nutrients, affecting the
cell growth but maximizing the use of the nutrients for collagenase production.

4. Conclusions

In this study, the collagenase encoding gene col was successfully expressed in B. subtilis
WB600 under the pP43NMK vector. The collagenase sequence contains an open reading
frame of 936 bp, which encodes a protein of 312 amino acid residues with a predicted
molecular mass of 35.4 kDa. The recombinant enzyme was purified by ammonium sulfate,
ultrafiltration, and nickel column with a collagenase activity of 9405.54 U/mg. The enzyme
exhibited maximal activity at pH 9.0 and 50 ◦C. Catalytic efficiency of the recombinant
collagenase was inhibited by Fe3+ and Cu2+, but stimulated by Co2+, Ca2+, Zn2+, and Mg2+.
The optimal conditions for expression were at pH 7.0 and 35 ◦C, using 15 g/L of fructose
and 36 g/L of yeast powder and peptone mixture (2:1) at 260 rpm with 11% inoculation. The
maximal extracellular activity of collagenase reached 2746.7 U/mL after culturing in the
optimization culture conditions, which was 2.4-fold higher than before optimization. This
study is a first attempt to express recombinant collagenase and to optimize its production
for possible scale-up.
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Abstract: The low productivity in long fermentation duration and high-salt working conditions limit
the application of L-glutaminase in soy sauce brewing. In this study, a novel L-glutaminase (LreuglsA)
with eminent salt tolerance was mined and achieved more than 70% activity with 30% NaCl. To
improve the robustness of the enzyme at different fermentation strategies, mutation LreuglsAH105K

was built by a computer-aided design, and the recombinant protein expression level, an essential
parameter in industrial applications, was increased 5.61-fold with the synthetic biology strategy by
improving the mRNA stability. Finally, the LreuglsAH105K functional expression box was contributed
to Bacillus subtilis 168 by auxotrophic complementation, and the production in a 5-L bioreactor was
improved to 2516.78 ± 20.83 U mL−1, the highest production ever reported. When the immobilized
cells were applied to high-salt dilute-state soy sauce brewing, the L-glutamate level was increased
by 45.9%. This work provides insight into the salt-tolerant enzyme for improving the efficiency of
industrial applications.

Keywords: L-glutaminase; computer-aided design; expression level; 5-L bioreactor; high-salt dilute-
state soy sauce

1. Introduction

The L-glutamate generated by the reaction is the primary substance responsible for
the umami taste of food. Approximately 46% of the L-glutamate in brewed soy sauce
is produced from L-glutamine during soy sauce fermentation [1]. Currently, most soy
sauces enhance their umami taste by adding monosodium glutamate (MSG), but this often
leads to an excessive intake of sodium and thus increases the risk of cardiovascular and
cerebrovascular diseases [2,3]. Therefore, the natural enzymatic method can effectively
solve this problem by increasing the glutamate content in soy sauce.

L-Glutaminase (EC 3.5.1.2) produces L-glutamate by hydrolyzing the amino group
of the amide group in L-glutaminase and is widely distributed in microorganisms such
as yeast, bacteria, and fungi [4]. This enzyme has significant potential for application in
food and medicine [5]. However, during traditional soy sauce brewing, L-glutaminase
activity in Aspergillus oryzae, one of the most critical microorganisms in soy sauce Koji, is
inhibited because of the high-salt environment, leading to the production of higher levels
of the flavorless pyroglutamine rather than the flavor-presenting substance glutamate [6].
Therefore, it is necessary to develop an enzymatic method that can maintain a high stability
and enzymatic activity in high-salt soy sauce brewing, which can effectively increase the
content of naturally produced L-glutamate in soy sauce products.

According to the current research, the existing L-glutaminase has defects in enzyme
activity, stability, and salt tolerance that are not conducive to large-scale industrial pro-
duction. Kumar et al. found that the L-glutaminase from Bacillus sp. LKG-01 (MTCC
10401), isolated from the Gangotri District of Uttarakhand in the Himalayas, is also stable,
with 80% relative enzyme activity in the presence of a 25% salt concentration [7]. The
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L-glutaminase from Micrococcus luteus K-3 showed the maximum enzyme activity in the
presence of 1.71 M NaCl, and it showed >90% activity in the presence of 3.08 M NaCl (about
an 18% salt concentration) [8,9]. However, the enzyme source is related to food safety, and
genetic sources that do not meet the food safety standards are often considered potentially
unsafe, and the activity and thermal stability of the enzymes did not meet the industrial
requirements. A membrane-bound salt-tolerant and thermally stable L-glutaminase from
Lactobacillus rhamnosus was screened. The activity of L-glutaminase increased approxi-
mately two-fold in the presence of 5% salt, and 90% activity remained in the presence of
15% salt [10]. According to the sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) results, one L-glutaminase bound to the cell membrane in L. reuteri KCTC3594
was isolated and characterized, and the sizes of the two primary brands of the enzyme
were 70 and 50 kDa [11]. Although L. rhamnosus and L. reuteri are food safe probiotics, the
membrane-bound nature of these enzymes increases the complexity of the food brewing
process and limits the industrial application of these L-glutaminases (Table 1) [12]. On the
other hand, some L-glutaminases also synthesize theanine through glutamyl hydrolysis or
the transfer reaction, inhibiting caffeine formation and improving tea broth’s flavor [13,14].
In addition to its applications in the food industry, L-glutaminase is used in enzyme ther-
apy for cancer, especially for acute lymphocytic leukemia, because tumor cells have no
mechanism to synthesize L-glutamine and take it up as an exogenous resource [15]. The
cytotoxic effect of an L-glutaminase from Bacillus subtilis OHEM11 (MK389501) indicated
significant safety in Vero cells, with high anticancer activity against the NFS-60, HepG-2,
and MCF-7 cancer cell lines [16]. L-Glutaminase from Streptomyces canarius FR (KC460654)
exerted inhibitory effects against Hep-G2 cells, HeLa cells, HCT-116 cells, and RAW 264.7
cells [17].

Table 1. Review of the different sources of glutaminase.

Source Optimum pH Optimum
Temp (◦C)

Specific
Gravity (U/mg)

Thermal
Stability Salt Tolerant References

A. oryzae 9 41 40.12 NR + [6]
Bacillus sp. LKG-01 11 70 584.2 +++ +++ [7]

M. luteus K-3 8 50 190 + +++ [8]
L. rhamnosus 7 50 NR ++ +++ [10]

L. reuteri KCTC3594 7.5 40 16.4 + ++ [11]

NR: No Reported; +: intensity.

Therefore, due to the limitations of a low yield and low enzyme activity of glutaminase,
a heterologous high-efficiency expression can solve the problems of high production costs
and challenging applications. B. subtilis, a Gram-positive model bacterium, has long been
used as a microbial cell factory because of its low codon preference, high productivity, and
low requirements for fermentation media. In addition, due to its generally regarded as
safe (GRAS) status, B. subtilis has been used in nutritional food production [18]. Synthetic
biology strategies based on B. subtilis for enzyme or biochemical production have been
developed to render B. subtilis more suitable for industrial production [19].

Recently, no publication has reported that a glutaminase can simultaneously possess
excellent industrial properties with high enzymatic activity, stability, and salt tolerance.
In this study, we mined a nonmembrane-bound L-glutaminase (LreuglsA) from L. reuteri
DSM20016. LreuglsA had significant specific enzyme activity and exhibited a salt tolerance.
Based on a computer-aided rational design, the thermal stability of the enzyme was in-
creased to make it more adaptable for soy sauce production. Subsequently, we replaced the
antibiotic resistance gene based on the B. subtilis-pMA5 expression system to eliminate the
potential hazard to food safety. Moreover, we further increased the expression of LreuglsA
in B. subtilis by designing a hairpin loop for the ribosome-binding site (RBS) region. Finally,
we performed scale-up experiments of the recombinant strain in a 5-L bioreactor and
applied the cells in soy sauce brewing after immobilization.
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2. Materials and Methods
2.1. Gene Source, Plasmids, and Strains

The host strains for gene cloning and expression were Escherichia coli JM109 and
B. subtilis 168. The shuttle expression plasmid pMA5 was employed for the expression
and mutagenesis studies. The DNA fragments containing the L-glutaminase structural
gene from L. reuteri DSM20016 (NCBI accession number: ABQ83511) were synthesized by
GENEWIZ after the codon optimization of B. subtilis 168. The C112-02 ClonExpress II One
Step Cloning Kit was purchased from Vazyme (Nanjing, China). PCR amplification of the
L-glutaminase gene was performed with an appropriate primer pair. Restriction enzymes
and PCR reagents were purchased from TaKaRa (Dalian, China). The linearized pMA5
plasmid and glsA genes were assembled to form the recombinant plasmid pMA5-glsA. The
TIANprep Mini Plasmid Kit and TIANgel Purification Kit were purchased from Tiangen
Biotech (Beijing, China). All experiments were performed according to the product manuals.
All other chemicals were purchased from Sinopharm or Merck.

The plasmid was chemically transformed into competent E. coli JM109 cells. After
extraction and purification from an agarose gel, the plasmid was transformed into B. subtilis,
and the positive transformants were picked and sent for sequencing to verify the correct
sequence. The original strains and plasmids were sourced from our laboratory.

2.2. Bioinformatics Analysis and Screening for Positive Variants

AlphaFold2, an advanced tool for predicting a protein structure based on machine
learning, exhibited the best performance in CASP14 [20]. The structural model of LreuglsA
was acquired by modeling using AlphaFold2. We validated the multimerization profile of
LreuglsA using active page and modeled homologous protein complexes using AlphaFold2-
Multimer [21]. The program PyMOL was used to analyze variations in the molecular
tertiary structure. The programs Clustal, ESPript 3.0, and Schrödinger Maestro 12.8 were
used to determine the active center residues based on multiple sequence alignment (MSA)
and ligand docking.

The position-specific scoring matrix (PSSM), representing the conservation of residues,
was generated using psiblast in NCBI BLAST 2.9 with uniref90 (https://www.uniprot.org/
(accessed on 3 May 2022)) by setting the number of iterations to 3 and the E-value to 0.01. By
analyzing the conservation of these protein residues and evolutionary information from the
PSSM, all positions in the protein were examined for the evolvability of the L-glutaminase
family and other homologous proteins. The conserved residues were assigned higher scores
at the corresponding positions. Based on the PSSM score, we screened evolvable residues
to allow mutations. FoldX predicted the overall stability of virtual saturation mutation at
all sites and predicted protein thermostability by comparing the changes in Gibbs energy
(ddG and ∆∆G) after mutation [22]. The conserved residues analyzed from the PSSM were
removed from the candidate list. Adverse interactions within the proteins might lead to
increased instability of the protein structure. Molecular dynamics (MD) simulations were
used to characterize the microscopic evolution of systems at the atomic level by calculating
the atomic motion of the protein in the solvent and to visually observe the mechanism and
principle of the experimental observation. Based on the calculations obtained from the MD
simulation, root mean square fluctuation (RMSF) values further refining the B-factors of
the residues were used to indicate the flexible variability at the amino acid sites [23]. In
this study, the MD simulation of the qualified models was performed using GROMACS
2019.6 [24].

2.3. Construction of a Food Safe Recombinant B. Subtilis 168 Strain

D-alanine is an essential component of the B. subtilis 168 cell wall and is produced
by the D-alanine racemase encoded by the alrA gene (Gene ID: 939942). Microorganisms
carrying antibiotic resistance genes are usually not allowed in the food industry [25]. The
alrA gene was knocked down to obtain a food-grade L-glutaminase-harboring recombinant
B. subtilis 168 without the antibiotic resistance gene that would be suitable for application
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in the food industry. The alrA gene on the replicative plasmids might complement the
chromosomal deletion of the alrA gene and provide selective pressure for maintaining
the plasmids. The recombinant plasmid pMA5-∆kanR-alrA-glsA was transformed into
B. subtilis 168/∆alrA to obtain strain BSW1.

The alrA gene was knocked out using the Cre/loxP site-specific gene operating system,
based on the principle that Cre recombinase specifically recognizes loxP sites and catalyzes
the deletion, inversion, and exchange of fragments between two lox sites.

2.4. Overexpression through Synthetic Biology Components

mRNAs play an essential role in posttranscriptional regulation. The secondary struc-
ture at the P-terminus of a mRNA is not conducive to ribosome binding and translation
initiation. However, some studies have found that a reasonable hairpin structure before
the initiation codon ATG will increase, not decrease, the expression of structural genes
in eukaryotic cells [26,27]. Viegas and Xiao revealed the feasibility of this strategy in
prokaryotic cells of E. coli and Bacillus licheniformis, respectively, by assessing the effect of
a hairpin structure on the expression [28,29]. In the present study, a hairpin structure was
designed directly in front of the open reading frame (ORF), preventing mRNA degradation
by the RNA enzyme. The folding free energy of the hairpin rings was calculated using
RNAfold [30]. The optimized Shine–Dalgarno (SD) sequence was designed as a single
loop after and on the hairpin ring to balance the mRNA–ribosome-binding efficiency and
stability. The designed 5’-UTR sequence was inserted in front of the glsA gene by PCR, and
pMA5 replaced the original 5’-UTR sequence. Then, chemical transformation was used to
construct the B. subtilis 168 strain BSW2-BSW9 for overexpression.

For the RT-qPCR analysis of mRNA stability, cells cultured to the logarithmic phase
in LB medium were harvested for mRNA extraction. After adding 1 mM rifampicin, the
culture was sampled and placed in liquid nitrogen at different times to prevent mRNA
degradation. Total RNA was purified using the RNAprep Pure Bacteria Kit (Tiangen
Biotech, Beijing, China). The cDNA templates were synthesized with the HiScript II Q RT
SuperMix for the qPCR kit (Vazyme Biotech, Nanjing, China) according to the manufac-
turer’s instructions. RT-qPCR was performed using a StepOnePlus instrument (Applied
Biosystems, Waltham, MA, USA). The relative expression of the 16S rRNA gene was
determined as the internal standard. The primer sequences qPCR-F (ACCAACGACAA-
GAAAGCCGA) and qPCR-R (AGACGTTCGATGGCGTACAG) were used for RT-qPCR.
The expression levels of LreuglsA were characterized using the 2-∆∆t method. Each assay
was repeated three times.

2.5. L-Glutaminase Expression and Purification

The recombinant strains were cultured in 10 mL of LB medium containing 20 µg mL−1

kanamycin for 12 h at 37 ◦C. Then, a 5% inoculum was transferred to 50 mL of LB medium
containing 20 µg mL−1 kanamycin, and the cells were cultured for 30 h at 30 ◦C. The strains
were centrifugally separated and washed with phosphate-buffered saline (PBS, pH 7.4).
Then, the bacterial suspension was sonicated for 30 min (for 2 s at 5-s intervals) after mixing
with 5 mL of PBS containing 20 µL of lysozyme (200 mg/mL). Finally, the mixture was
centrifuged at 12,000 rpm for 30 min to separate the cell debris. After centrifugation, the
resulting supernatant was a LreuglsA crude enzyme solution and was used to measure the
L-glutaminase activity.

A His tag was inserted at the N-terminus of LreuglsA. After SDS-PAGE verification of
the expression level, the crude enzyme was purified using Ni-NTA affinity chromatography
according to the manufacturer’s protocol (GE Healthcare Bio-Sciences, Uppsala, Sweden).
The purified LreuglsA and crude enzyme were analyzed using SDS-PAGE analysis.

2.6. Enzyme Activity Assay

The L-glutaminase activity was calculated by testing the L-glutamate content pro-
duced. The reaction was performed at a specific temperature for 5 min and terminated by
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adding 100 µL of 15% trichloroacetic acid (TCA). The reaction mixture (1 mL) contained
880 µL of 200 mM L-glutamine and 20 µL of L-glutaminase. After centrifugation, the
L-glutamate concentration in the supernatant was measured using a biosensor analyzer
(Institute of Biology, Shandong Academy of Sciences). One unit (U) of enzymatic activity of
L-glutaminase was defined as the amount of enzyme required to produce 1 µmol of
L-glutamate per minute. The Bradford Protein Assay Kit (Sangon Biotech (Shanghai) Co.,
Ltd., Shanghai, China) was used to determine the protein concentration according to the
manufacturer’s instructions.

2.7. Fermentation and Application of L-Glutaminase in Soy Sauce Brewing

The production capacity of the bioreactor shows the industrial application potential of
the recombinant strain. The recombinant bacterial strain was cultured by two-stage seed
expansion, and 100 mL of the seed culture were transferred into a 5-L bioreactor (Dibi’er Bio-
Engineering Co., Ltd., Shanghai, China) containing 2 L of fermentation medium. DO-stat
fed-batch fermentation strategies were used for fermentation. The pH was maintained at 7.0
using NH4OH (30% v/v) and the feed medium (sucrose, 500 g L−1; K2HPO4, 2.612 g L−1;
KH2PO4, 2.041 g L−1; MgSO4·7H2O, 1.845 g L−1; and NaCl, 5 g L−1).

Studies have shown that brewed soy sauce is rich in nutrients and contains a variety of
physiologically active substances. High-salt diluted-state (HSDS)-brewed soy sauce has a
rich and full-bodied aroma and taste [6]. The soybeans were cleaned and separated, soaked
for 8 h, and then steamed at 125 ◦C for 15 min. The cooked soybeans were naturally cooled
to 40 ◦C and then mixed (soybean:flour = 4:1, 0.05% spores of a species) to obtain a 0-h
sample of Koji, which was then placed in an incubator for culture. Then, the soybeans were
placed in the incubator to produce the Koji. The Koji was turned in a timely manner during
the incubation process to control the temperature of the product, and the temperature was
not allowed to exceed 28–30 ◦C to prevent burning. After 44 h, the finished product was
obtained. The mash was mixed with brine (24◦ Be/20 ◦C) at a ratio of 1:2.2 and placed in an
incubator at 37 ◦C for fermentation. After 120 days, the soy sauce was sampled and filtered
to obtain raw soy sauce and, finally, heat-treated at 90 ◦C for 30 min to obtain sterilized soy
sauce. The free amino acid content in the finished soy sauce was determined using HPLC.

3. Results and Discussion
3.1. A Novel L-Glutaminase Displays Significant Salt Tolerance

As a GRAS strain, the application value of B. subtilis in the food industry is self-
evident [19]. A food safe strain without antibiotic resistance must be constructed. The Food
and Agriculture Organization of the United Nations (FAO) and the World Health Organi-
zation (WHO) have stressed that antibiotic resistance genes that are resistant to clinically
used antibiotics should not appear in food [31]. The food-grade strain BSW1 lacking the
alrA gene and transformed with pMA5-∆kanR-alrA-glsA was successfully constructed
to obtain the recombinant L-glutaminase-expressing strain for food industry applications
(Figure 1A). After 30 h of cultivation in LB medium, the intracellular L-glutaminase activity
was 16.32 ± 0.56 U mL−1, and the expression of LreuglsA was analyzed using SDS-PAGE
(Figure 1B). A 6His tag was added to the N-terminus of LreuglsA, and Ni2+ affinity chro-
matography was used to purify LreuglsA. Separation on a 12% SDS-PAGE gel indicated
that the protein was purified and that the molecular mass was approximately 30 kDa, as
previously predicted (Figure 1C).

128



Fermentation 2022, 8, 444

Fermentation 2022, 8, x FOR PEER REVIEW 6 of 15 
 

 

(Figure 1A). After 30 h of cultivation in LB medium, the intracellular L-glutaminase activ-
ity was 16.32 ± 0.56 U mL−1, and the expression of LreuglsA was analyzed using SDS-
PAGE (Figure 1B). A 6His tag was added to the N-terminus of LreuglsA, and Ni2+ affinity 
chromatography was used to purify LreuglsA. Separation on a 12% SDS-PAGE gel indi-
cated that the protein was purified and that the molecular mass was approximately 30 
kDa, as previously predicted (Figure 1C). 

 
Figure 1. Construction of food-grade B. subtilis. (A) B. subtilis 168, in which the alrA gene was 
knocked down, did not grow in basic medium. D-Alanine was added when screening the auxo-
trophic strain B. subtilis 168/ΔalrA. The recombinant plasmid pMA5-ΔkanR-alrA-glsA, in which the 
alrA gene was used to replace the pMA5 recombinant plasmid containing the Kan resistance gene, 
was transformed into B. subtilis 168/ΔalrA. (B) SDS-PAGE analysis of LreuglsA expression in BSW1. 
The three lanes show the marker (Lane M), pMA5-ΔkanR-alrA expression in BSW0 (Lane 1), and 
pMA5-ΔkanR-alrA-glsA expression in BSW0 (Lane 2). The protein size was approximately 30 kDa, 
according to the marker. (C) SDS-PAGE analysis of purified LreuglsA. Ni2+-affinity chromatog-
raphy was used to purify the protein. The gradient elution process of protein samples during puri-
fication is reflected in the image (Lanes 1–11). 

The enzymatic properties play a decisive role in the industrial application of enzyme 
preparations. The enzymatic reaction was performed under different conditions to inves-
tigate the properties of LreuglsA. The maximum reaction rate was achieved at a tempera-
ture of 50 °C and pH 7.5 (50 mM Tris-HCl buffer, Figure 2A,B). The specific activity of the 
purified enzyme was 1048.14 ± 7.83 U mg−1. The enzyme remained stable (more than 60% 
activity remained) after an incubation for 216 h at 4 °C in pH 6–7 buffer without any pro-
tective agent. In terms of temperature stability, the enzyme reached a T1/2 of approxi-
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Figure 1. Construction of food-grade B. subtilis. (A) B. subtilis 168, in which the alrA gene was knocked
down, did not grow in basic medium. D-Alanine was added when screening the auxotrophic strain
B. subtilis 168/∆alrA. The recombinant plasmid pMA5-∆kanR-alrA-glsA, in which the alrA gene was
used to replace the pMA5 recombinant plasmid containing the Kan resistance gene, was transformed
into B. subtilis 168/∆alrA. (B) SDS-PAGE analysis of LreuglsA expression in BSW1. The three lanes
show the marker (Lane M), pMA5-∆kanR-alrA expression in BSW0 (Lane 1), and pMA5-∆kanR-alrA-
glsA expression in BSW0 (Lane 2). The protein size was approximately 30 kDa, according to the
marker. (C) SDS-PAGE analysis of purified LreuglsA. Ni2+-affinity chromatography was used to
purify the protein. The gradient elution process of protein samples during purification is reflected in
the image (Lanes 1–11).

The enzymatic properties play a decisive role in the industrial application of enzyme
preparations. The enzymatic reaction was performed under different conditions to investi-
gate the properties of LreuglsA. The maximum reaction rate was achieved at a temperature
of 50 ◦C and pH 7.5 (50 mM Tris-HCl buffer, Figure 2A,B). The specific activity of the
purified enzyme was 1048.14 ± 7.83 U mg−1. The enzyme remained stable (more than
60% activity remained) after an incubation for 216 h at 4 ◦C in pH 6–7 buffer without
any protective agent. In terms of temperature stability, the enzyme reached a T1/2 of
approximately 44 h at an industrial working temperature of 37 ◦C; however, the activity
reduced to less than 50% after 30 min of incubation at 50 ◦C (Figure 2C). The enzyme kinetic
constant Km was measured as 51.24 ± 4.39 mM, and the Vmax was 7.84 ± 0.33 mM min−1

under the optimum reaction conditions (Figure 2D). We investigated the effect of adding
1 mM metal ions on the enzyme activity. Na+ activated the enzyme, and the other metal
ions inhibited (less than 30%) the enzyme to some extent (Figure 2E).
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Figure 2. Enzymatic properties of LreuglsA. The activities are presented as relative values observed
in various ranges, as described below. (A) Effect of temperature on LreuglsA activity. (B) Effect of pH
on LreuglsA activity. (C) Effect of stability at different temperatures on LreuglsA activity. (D) Enzyme
kinetic fitting. The Michaelis–Menten equation was applied using the Origin nonlinear fitted Hill
function (n = 1). (E) Effect of metal ions on LreuglsA activity. (F) Effects of salt concentrations on
the glutaminase activity of LreuglsA. Each experimental data point represents the average of three
independent experiments, and the error bars indicate standard deviations. *** p < 0.005.

The most significant feature for the industrial value of LreuglsA was its salt tolerance.
The high-salt normothermic conditions in brewing processes such as those of soy sauce
limit the application of food enzyme preparations. The LreuglsA enzyme activity peaked at
a 5% salt concentration, reaching 110.03% of the activity measured under blank conditions.
At a near-saturated NaCl concentration (30%), 73.85% of the activity under blank conditions
was maintained (Figure 2F). Moreover, in 20% NaCl solution, the thermal stability of the
enzyme increased by more than 70% at 50 ◦C. A potential explanation for this result may
be that, at low salt concentrations, the ions in the solvent enhance the interaction force of
hydrophobic residues inside the protein and increase the stability. However, at high salt
concentrations, the weakening of the hydrated layer formed by the charged residues on the
protein surface and the increasing difficulty of the active pocket to take up substrates from
the solvent lead to a decrease in enzyme activity. Based on these data, LreuglsA has a good
potential for industrialization. Its ability to maintain the necessary activity under high-salt
conditions indicates that it can be used in high-salt industrial brewing processes such as
those used for soy sauce.

3.2. Structural Prediction and Identification of the Active Center of LreuglsA

AlphaFold2 is a valuable tool to obtain deeper insights into the structure of the
LreuglsA protein. The active page shows a comparable molecular weight of active LreuglsA
to the bovine serum protein (66.43 kDa), suggesting that, in the reactivated state, LreuglsA
is present in a homodimeric form. We obtained a dimer model with an “iptm + ptm”
score of 0.93 and a residue pLDDT score greater than 80 using AlphaFold2-Multimer for
homologous dimer modeling.

Thus far, we have identified the possible active sites by performing a sequence
alignment between LreuglsA and glutaminases from Bacillus amyloliquefaciens (BalglsA),
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B. subtilis (BsglsA), B. licheniformis (BliglsA), E. coli (EcoglsA), Geobacillus stearothermophilus
(GbtglsA), and Heyndrickxia sporothermodurans (HstglsA) to identify possible LreuglsA
active sites ([32] Figure 3A), combined with the structural analysis of BsglsA and EcoglsA
and alignment of highly conserved sequences. In the catalytic pocket, we identified a cat-
alytic triplet, S60-V61-S62-K63, which is the β-lactamase motif (S-X-X-K) and is considered
essential for catalysis [33]. We screened a suitable docking result using Glide version 91117
(mmshare version 54117) in Maestro 12.8 software for molecular docking, with the follow-
ing docking values: Best Emodel = −42.29, E = −34.31, Eint = 7.15, and GlideScore = −4.56.
The amino acid residues E59, S60, E157, and Y188 form hydrogen bonds with L-glutamine
(Figure 3B). Based on Schrödinger Glide Docking, we mutated the residues into alanine
to verify the reliability of the molecular docking results. After mutating each of the four
residues mentioned above that form hydrogen bonds with glutamine, the glutaminase was
inactive. These results allowed us to determine the active center of LreuglsA.
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3.3. A H105K Mutant Is Designed Using Computer-Aided Mutation Prediction to
Increase Thermostability

In industrial applications, temperature stability has always been an issue of concern.
Greater temperature stability may broaden the prospective applications of LreuglsA. We
identified regions of LreuglsA with high RMSF values by performing an MD simulation and
screened for energy differences using FoldX for virtual saturation mutations in the entire
sequence to increase the temperature stability. Mutations in residues near the active pocket
were excluded, as these residues may be critical for the reaction (Figure 4A). Meanwhile,
evolutionary information was employed by PSSM to identify positions that might be
mutated into conserved residues related to heat resistance in L-glutaminase (Figure 4B).
Based on the computer-aided mutation prediction, eight mutant sites were selected after a
visual inspection, and the mutants were expressed in B. subtilis 168.
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As the solvent environment of crude enzymes is closer to that of industrial catalytic
microbial cell factories, crude enzymes are used to screen mutants with improved stability,
and according to the report, the change of the folding free energy of different mutants will
affect the protein expression level. The thermodynamic stabilities of the wild-type and
mutant enzymes were compared at 37 ◦C. Crude enzyme activity was determined at 50 ◦C
to exclude variants with decreased activity compared to wild-type LreuglsA (Figure 4C).
After an incubation at 37 ◦C for 72 h, the residual enzyme activity of L-glutaminase was
measured to compare the thermostabilities of the wild-type and mutant proteins. The
results of the preliminary screen suggested that the enzyme activity of the N2W and T21D
mutants was 50% lower than that of the wild-type enzyme (Figure 4C). No follow-up
studies were conducted for these two mutation sites. After 72 h of incubation, the relative
enzyme activity of the H105K mutant was 247.36% of that of the wild-type enzyme. A
comparison of the RMSF values of the H105K mutant and the wild-type enzyme by MD
simulations of 30 ns at 37 ◦C showed that the H105K mutant was less structurally flexible
than the wild-type protein, resulting in the excellent thermal stability of the H105K mutant
(Figure 4D). Additionally, an energy-based ddG of−1.93 kJ mol−1 confirmed this possibility.
Next, we verified the salt tolerance of the H105K mutant, and the relative enzyme activity
in the presence of 20% NaCl reached more than 85% of that measured in the absence of
NaCl, indicating that the mutation did not affect the salt tolerance of LreuglsA.

3.4. Improving Enzyme Production with a Portable 5′-UTR

The secondary hairpin structure of the 5′-UTR has been reported to increase the
stability of mRNA, thereby increasing the level of structural gene expression. A series of
particular secondary structures based on the RBS of pMA5 were developed and inserted
into the 5′-UTR as a stabilizer to increase the translation efficiency (Figure 5A). The sequence
of the 5’-UTR used in this study is listed in Figure 5A. We included the completely unpaired
SD sequence within or after the hairpin loop to adjust the distance between the hairpin
structure and ATG. Driven by BSW3 (with UTR3), the L-glutaminase activity increased
5.61-fold from 16.32± 0.56 U mL−1 to 91.56± 2.43 U mL−1 (Figure 5B). The bound ribosome
and hairpin ring secondary structure protected the mRNA from digestion, as described
in previous research. RT-qPCR was performed to determine the stability of the mRNA
after the addition of the UTR element. The RT-qPCR results showed that the half-life of
the mRNA containing UTR3 was 5.2-fold higher than that of the control group (Figure 5C).
Thus, in B. subtilis, synthetic biological 5′-UTR components represent a new strategy to
increase the protein expression. As shown by the RNAfold results, the original RBS region
of pMA5 also formed a hairpin loop structure. However, the SD sequence was present in
paired bases, which was unfavorable for ribosome recognition and binding.

In contrast, for the artificially designed RBS sequence, the SD sequence located in
the loop did not affect ribosome binding. However, the effect of different minimum free
energies of hairpin loops on the expression was noticeable. The finer optimization of the
minimum free energy for hairpin ring uncoupling warrants further investigation.
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3.5. Immobilized BSW3-H105K Cells Significantly Increase Glutamate Production during Soy
Sauce Brewing

Generally, because stirred-tank bioreactors have a more automated control system, they
provide a better production environment for microbial cell factories. Therefore, the process
for the production of LreuglsA by BSW3 was transferred to a 5-L bioreactor to evaluate the
kinetic parameters during scale-up. We selected the most suitable fermentation medium
for LreuglsA by BSW3-H105K cells using speed–DO-coupled replenishment (Figure 6A).
During fermentation, with DO controlled at 35% and the stirring rate down-off, feeding was
started at 15 mL/h when the DO content was higher than 40% in the logarithmic growth
phase of fermentation, and the feed flow rate was increased when the DO content started
increasing again. Eventually, the L-glutaminase activity reached 2516.78 ± 20.83 U mL−1,
and the OD600 reached 93.90 ± 2.01. Regarding enzyme production, by exploring the
bacterial growth curve and enzyme production kinetics, L-glutaminase was identified as a
growth-associated product in the bioreactor culture, with an average yield of 26.79 U mL−1

per unit OD600 (Figure 6B).
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bioreactor, and 500 mL of cells were immobilized after fermentation; the resulting immobilized cells
were added to the HSDS soy sauce brew in six portions. (B) The fermentation process parameters
of the recombinant strain BSW3 in 5-L fed-batch fermentation. (C) Levels of amino acid nitrogen,
glutamate, and glutamine in the produced soy sauce. Group A was the control group, the cell-
disrupting crude enzyme was added to group B, washed whole cells were added to group C, and
immobilized cells were added to group D. Each experimental data point represents the average of
three independent experiments, and the error bars indicate standard deviations. *** p < 0.005.

The addition of LreuglsA to the soy sauce brewing process revealed the potential
applicability of this enzyme in the brewing industry. The levels of amino acid nitrogen and
free amino acids are the characteristic indexes used to determine the degree of fermentation
in soy sauce brewing. Cell immobilization can effectively prolong the stability of the
enzyme [34], and the addition of immobilized cells in the soy sauce brewing process might
effectively prevent the cell contents and the enzyme itself from influencing the flavor of the
soy sauce (Figure 6A). Cells harvested from 500 mL of fermentation culture were washed
with PBS and mixed with an equal volume of 2.5% sodium alginate. The mixture was
dropped through a syringe into a 10% CaCl2 solution to form immobilized capsules of
3–5 mm. In soy sauce brewing, crude enzyme liquid, whole cells, and immobilized cells
(prepared separately from the same batch of 500 mL of fermentation broth) were divided
into six batches and added to the fermentation solution every 20 days. The formaldehyde
method was used to determine the amino acid nitrogen content, and HPLC was used
to determine the free amino acid content. According to the Chinese hygiene standards
for soy sauce (GB/T 18186-2000), the soy sauce from the control group without additives
reached the first-class standard with a 0.783 ± 0.003 g per 100 mL amino acid nitrogen
content, and soy sauce fermented with immobilized BSW3 reached the superfine standard
with a final amino acid nitrogen content of 0.841 ± 0.002 g per 100 mL. Regarding the
glutamate content, the addition of all three forms of glutaminase increased the glutamate
content, with the best-immobilized BSW3 increasing it by 45.9% from 5.0152 ± 0.048 g L−1
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to 7.319 ± 0.068 g L−1 (Figure 6C). Thus, the addition of salt-tolerant LreuglsA to the soy
sauce brewing process increased the L-glutamate content in the soy sauce and improved its
quality. Laboratory-level soy sauce brewing may reveal the potential of this strategy for soy
sauce production. The application of immobilized cells in soy sauce potentially improves
the enzyme stability and multibatch utilization and effectively reduces the alteration of
soy sauce flavor due to the presence of food additives. Although cell immobilization may
provide more favorable working conditions for the enzyme, high-salt conditions are not
conducive to the maintenance of the stability of recombinant bacteria. These results will be
valuable for investigating the directed evolution of salt tolerance of host bacteria and the
immobilization of enzymes.

4. Conclusions

In this work, a food-grade recombinant bacterium was constructed with a salt-tolerant
L-glutaminase based on a synthetic biology strategy. First, we mined for a novel
L-glutaminase with significant salt tolerance and enzymatic activity, and based on Al-
phaFold2 modeling and computational biology, we screened for mutation sites with en-
hanced temperature stability. By optimizing the free energy of the 5’-UTR and synthetic
biological application of the alrA gene, the constructed food-grade BSW3 achieved an
enzyme activity of 2516.78 ± 20.83 U/mL in a 5-L bioreactor, which is the highest produc-
tion reported to date. Finally, the immobilized BSW3 was effective in soy sauce brewing,
improving the glutamic acid, the important flavoring substance in soy sauce, by 45.9%.
This study provided reference for further improving the quality of soy sauce, and the study
of salt tolerance of the enzyme provided valuable material.
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Abstract: Keratinase is an important industrial enzyme, but its application performance is limited
by its low activity. A rational design of 5′-UTRs that increases translation efficiency is an important
approach to enhance protein expression. Herein, we optimized the 5′-UTR of the recombinant
keratinase KerZ1 expression element to enhance its secretory activity in Bacillus subtilis WB600
through Spacer design, RBS screening, and sequence simplification. First, the A/U content in Spacer
was increased by the site-directed saturation mutation of G/C bases, and the activity of keratinase
secreted by mutant strain B. subtilis WB600-SP was 7.94 times higher than that of KerZ1. Subsequently,
the keratinase activity secreted by the mutant strain B. subtilis WB600-SP-R was further increased
to 13.45 times that of KerZ1 based on the prediction of RBS translation efficiency and the multi-site
saturation mutation screening. Finally, the keratinase activity secreted by the mutant strain B. subtilis
WB600-SP-R-D reached 204.44 KU mL−1 by reducing the length of the 5′ end of the 5′-UTR, which
was 19.70 times that of KerZ1. In a 5 L fermenter, the keratinase activity secreted by B. subtilis
WB600-SP-R-D after 25 h fermentation was 797.05 KU mL−1, which indicated its high production
intensity. Overall, the strategy of this study and the obtained keratinase mutants will provide a good
reference for the expression regulation of keratinase and other industrial enzymes.

Keywords: keratinase; 5′-UTR; spacer; RBS; sequence simplification; Gibbs free energy

1. Introduction

Keratin is an insoluble protein waste widely distributed in the epidermis and its
appendages of animals, such as hair, feathers, nails, claws, carapace, horns and beaks [1–3].
Due to the richness of cysteine and glycine, and the cross-linked disulfide bonds formed
between cysteine residues, keratin has a dense structure and low solubility in water [1]. The
current chemical and physical methods for extracting keratin inevitably involve processes
such as high temperature, microwave, and strong acid or alkali, which will not only cause
product damage but also huge energy consumption and environmental burden [4].

Keratinase is a hydrolase with the ability to specifically degrade keratin and is consid-
ered to be an important biological enzyme that can improve existing processes in many
industries such as tanning, cosmetics, detergents and feed [5–10]. Keratinases are mainly
secreted by bacteria, fungi and actinomycetes found in soil, water or various sources rich
in keratin substances [11–13]. The native keratinase gene has been extensively recombi-
nantly expressed in conventional engineered strains [14,15]. Compared with the higher
misfolding rate of Escherichia coli and the long-term fermentation of Pichia, Bacillus subtilis
has the advantages of a short cycle and strong secretion capacity [16–20]. Strategies such as
promoter optimization, signal peptide screening and pro-peptide engineering have all been
used to regulate the expression of keratinase in B. subtilis [15,17,18]. However, the lower
activity and expression capacity remain challenges for keratinase toward application.

The 5′-untranslated region (5′-UTR) of prokaryotic mRNAs contains the initiation
codon, the Shine–Dalgarno (SD) sequence and the translational enhancer sequence, which
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play an important role in mRNA stability and translation initiation [21–23]. Since trans-
lation initiation is the rate-limiting step in gene expression, 5′-UTRs are often engineered
to regulate protein expression levels in various biotechnological applications, including
biosensor development, metabolic engineering and gene circuits [24–27]. Salis et al. es-
tablished the “RBS calculator” to aid in the design of RBS sequences, which can increase
the target translation initiation rate by 100,000-fold in E. coli [28]. Josh et al. constructed
a random 5′-UTR library and trained a convolutional neural network on activity data
obtained from the library in high-throughput parallel growth experiments to accurately
predict Saccharomyces cerevisiae 5′-UTR elements with potentially high expression capac-
ity [29]. In addition, although it is difficult to form a complete system, the modification
of other structures of the mRNA 5′-UTR beyond the ribosome binding site is still widely
reported. Xiao et al. developed a portable 5’-UTR sequence for enhancing the protein
export of the industrial strain Bacillus licheniformis DW2. The optimized SD sequence is
presented in single-stranded form on the hairpin loop for better ribosome recognition
and recruitment. By optimizing the free energy of folding, this 5′-element can effectively
enhance the expression of eGFP by about 50-fold [30].

In a previous study, we have successfully expressed the recombinant keratinase KerZ1
in B. subtilis WB600 with the P43 promoter [18]. Herein, we will optimize the 5′-UTR of
the recombinant keratinase KerZ1 expression element to enhance its activity in B. subtilis
WB600 by Spacer design, RBS screening and sequence simplification. This study will be a
paradigm for enhancing protein expression by designing 5′-UTRs in B. subtilis.

2. Materials and Methods
2.1. Gene, Plasmids and Strains

In previous studies, we have expressed the keratinase gene from Bacillus licheniformis
in B. subtilis WB600 to obtain the recombinant keratinase KerZ1 [18]. Strains, plasmids
and primers used in this study are listed in Table 1. All plasmids were derived from
the backbone vector pP43NMK-Ker. E. coli JM109 was used for plasmid cloning and
enrichment. All mutants achieved secretory expression in B. subtilis WB600. In site-directed
saturation mutagenesis, the entire plasmid was amplified using mutant primers containing
the degenerate base N using plasmid pP43NMK-ker as a template. Subsequently, the
circularization of all linearized plasmids was done using Gibson assembly. All plasmids
were chemically transformed into competent cells of E. coli JM109 and B. subtilis WB600.

Table 1. List of strains, plasmids and primers used in this study.

Name Sequence (5′-3′)

Strains
JM109 Escherichia coli
WB600 Bacillus subtilis 168 derivate, missing nprE aprE epr bpr mpr nprB

WB600-Ker Bacillus subtilis WB600 contains plasmid pP43NMK-Ker
Plasmids

pP43NMK Ampr, Kmr, E. coli–B. subtilis shuttle vector
pP43NMK-Ker pP43NMK derivate with B. licheniformis Ker gene under the control of the promoter P43

Primers
Spacer

Spacer-3N-F TTATAGGTAAGAGAGGAATNTANANATGATGAGGAAAAAGAGTTTTTGGCTTGG
Spacer-3N-R ATTCCTCTCTTACCTATAATGGTACCGCTAT

RBS
RBS-6N-F TAGCGGTACCATTATAGGNNNNNNAGGAATGTATAGATGATGAGGAAAAAGAGTTTTTG
RBS-6N-R CCTATAATGGTACCGCTATCACTTTATATTTTACATAATCG

5′ end
Sim1-F TAAAATATAAAGTGATAGCGTACCATTATAGGTATTGGAGGAATGTACAC
Sim2-F TAAAATATAAAGTGATAGGTACCATTATAGGTATTGGAGGAATGTACAC
Sim3-F TAAAATATAAAGTGATAGTACCATTATAGGTATTGGAGGAATGTACAC
Sim4-F ATTATGTAAAATATAAAGTATAGTACCATTATAGGTATTGGAGGAATGTACAC
Sim5-F ATTATGTAAAATATAAATATAGTACCATTATAGGTATTGGAGGAATGTACAC
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Table 1. Cont.

Name Sequence (5′-3′)

Sim6-F ATGTAAAATATAAAGTGATGCGGTACCATTATAGGTATTGGAGGAATGTACAC
Sim7-F ATGTAAAATATAAAGTGAGCGGTACCATTATAGGTATTGGAGGAATGTACAC

Sim1C-F TAAAATATAAAGTGATAGCGTAACATTATAGGTATTGGAGGAATGTACAC
Sim2C-F TAAAATATAAAGTGATAGGTAACATTATAGGTATTGGAGGAATGTACAC
Sim3C-F TAAAATATAAAGTGATAGTAACATTATAGGTATTGGAGGAATGTACAC
Sim4C-F ATTATGTAAAATATAAAGTATAGTAACATTATAGGTATTGGAGGAATGTACAC
Sim6C-F ATGTAAAATATAAAGTGATGCGGTAACATTATAGGTATTGGAGGAATGTACAC
Sim7C-F ATGTAAAATATAAAGTGAGCGGTAACATTATAGGTATTGGAGGAATGTACAC
Sim8-F ATGTAAAATATAAAGTGGCGGTACCATTATAGGTATTGGAGGA
Sim9-F GATTATGTAAAATATAAAGGGCGGTACCATTATAGGTATTGGAGGA
Sim10-F ATTATGTAAAATATAAACGCGGTACCATTATAGGTATTGGAGGA
Sim11-F ATTATGTAAAATATAAAGTACCATTATAGGTATTGGAGGAATGTACAC

Sim123-R TATCACTTTATATTTTACATAATCGCGCGCTTTTTTTC
Sim4591011-R TTTATATTTTACATAATCGCGCGCTTTTTTTCACG

Sim678-R CACTTTATATTTTACATAATCGCGCGCTTTTTTTC

2.2. Medium and Culture Conditions

Escherichia coli JM109 was cultured in Luria–Bertani medium (yeast powder 5, pep-
tone 10, sodium chloride 10) g L−1 supplemented with 100 µg mL−1 ampicillin at 37 ◦C
for 12 h. B. subtilis WB600 cells carrying recombinant plasmids were cultured in fer-
mentation medium (glucose 30 g L−1, yeast extract 5.72 g L−1, soybean meal 40 g L−1,
Na2HPO4·12H2O 3 g L−1, KH2PO4 1.5 g L−1, MgSO4·7H2O 0.3 g L−1) supplemented with
50 µg mL−1 kanamycin at 37 ◦C for 24 h. For site-directed saturation mutagenesis, 96-well
plates were used for the culturing and screening of recombinant strains. Transformants of
B. subtilis WB600 were picked into 96-well plates containing 1 mL of fermentation medium
and cultured with shaking at 37 ◦C for 24 h.

2.3. Keratinase Activity

A reaction system containing 150 µL of 50 mM Gly/NaOH buffer (pH 9.0), 100 µL
of 2.5% soluble keratin (CAS RN: 69430-36-0) and 50 µL of appropriately diluted enzyme
was incubated at 60 ◦C for 20 min. Then, 200 µL of 0.5 mol L−1 trichloroacetic acid (TCA)
was added to stop the reaction, and the system was centrifuged at 12000× g for 2 min.
200 µL of the supernatant was added to 1 mL of 4% Na2CO3, followed by 200 µL of
Folin–Ciocalteu reagent, and the chromogenic system was mixed and incubated at 50 ◦C
for 10 min. Keratinase activity was calculated from absorbance at 660 nm and a tyrosine
standard curve. All experiments were repeated three times, and the control group was
mixed with trichloroacetic acid before adding the enzyme solution.

2.4. Analysis of 5′-UTR Secondary Structure

The translation initiation efficiency after the mutation of the RBS sequence in the
Bacillus subtilis recombinant keratinase KerZ1 expression system was predicted using RBS
Calculator v2.0 (https://salislab.net/software/forward, accessed on 4 March 2022) [28].
The 5′-UTR sequence of the keratinase expression element was uploaded to the online server
mfold (http://www.unafold.org/mfold/applications/rna-folding-form.php, accessed on
20 June 2022) for secondary structure prediction and Gibbs free energy calculation [31].

2.5. Fermentation Performance Validation in Fermenter

Culture validation was performed using a 5 L fermenter (T&J Bio-engineering Co., Ltd.,
Shanghai, China) containing 3.0 L fermentation medium. The initial fermentation temper-
ature was set to 37 ◦C, and the pH of the system was maintained at 7 by automatically
pumping in ammonia. During fermentation, the aeration rate was set at 0.5 vvm and
the dissolved oxygen (DO) was maintained at 20−30% by correlating the DO with the
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stirring speed. Glucose with a concentration of 720 g L−1 was replenished in two stages at
40 mL h−1 and 30 mL h−1.

3. Results and Discussion
3.1. Replacement of Spacer Sequence C/G to A/T

The Spacer sequence is located between the RBS and the target gene. Studies have
shown that the activation of translation by A/U-rich Spacer sequences is independent of
SD sequences, initiation codons and prior cistron translation [32]. A/U-rich sequences may
improve translation efficiency by enhancing interaction with ribosomal protein S1 [33]. To
improve the translation efficiency of keratinase, we performed saturation mutations on the
C/G bases in the Spacer sequence of the 5′-UTR element of keratinase KerZ1 (Figure 1a).
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Figure 1. Base substitution of Spacer to enhance keratinase activity. (a) Schematic diagram of base
substitution design of Spacer and screening process of mutant strains. (b) Fermentation in shake
flasks to rescreen Spacer mutant strains. KerZ1 was secreted by the original strain B. subtilis WB600
pP43NMK-Ker.

High-throughput screening was performed for the Spacer sequence by measuring the
keratinase activity secreted by the mutant strains. After preliminary screening, eight Spacer
sequence mutant strains with improved keratinase activity in 96-well plate fermentation
were obtained, namely 1-A1, 1-E1, 1-E2, 1-H4, 2-A10, 2-F12, 3-B8 and 3-F3. Subsequently,
rescreening was performed at the shake flask level. The activity assay showed that the
keratinase activity secreted by the mutant strains obtained after preliminary screening was
significantly higher than that of the original strain (KerZ1, 10380 U mL−1). Among them,
the keratinase activities secreted by strains 1-H4 and 3-B8 were significantly higher than
others, reaching 59,845 and 82,435 U mL−1, which were 5.76 and 7.94 times that of KerZ1,
respectively (Figure 1b).

Sequencing showed that the C/G bases in the Spacer sequence of the screened strains
were multi-mutated to A/T bases, and the corresponding mRNA bases were A/U bases
(Table 2). Similar results were shown in a study by Ilya A. et al.; A/U-rich enhancers
derived from highly expressed phoP genes increased monocistronic mRNA expression
nearly five-fold [32]. However, in the mutant strain 3-B8 with the highest keratinase activity,
the −3 site of the Spacer sequence was mutated from C to T, and the −1 site was mutated
from C to G, which was not a complete A/U substitution. Perhaps the presence of G bases
in the Spacer sequence may also improve the expression efficiency of the protein, which
remains to be verified in the future. Finally, we named 3-B8 as B. subtilis WB600-SP and
carried out the next transformation on this basis.
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Table 2. Spacer base mutants and their corresponding keratinase activities.

Strains Spacer (5′-3′) Activity (U mL−1)

KerZ1 AATGTACAC 10,380
1-A1
1-E1
1-E2
1-H4
2-A10
2-F12
3-B8
3-F3

AATTTACAT
AATTTACAT
AATTTACAC
AATTTATAA
AATTTACAT
AATTTACAA
AATGTATAG
AATTTACAT

35,935
43,800
23,745
59,845
41,915
33,615
82,435
36,565

3.2. Screening of Ribosome Binding Sites (RBS)

RBS sequence is the core of 5 ‘UTR, usually composed of 4–9 nucleotides and rich
in a and G bases [34]. In prokaryotes, the RBS sequence also has the SD sequence, which
can complementarily pair with the 3′ end of ribosomal 16S rRNA to facilitate ribosome
binding to mRNA [35]. The easier the ribosome binds to RBS, the more stable the complex
formed and the higher the translation initiation efficiency. To screen for RBS sequences
with higher translation initiation efficiency, we performed saturation mutations on the
original RBS sequences (Figure 2a). Based on the original RBS sequence (GTAAGAGAGG)
of plasmid p43NMK, the 6-base group gradually moved closer to the translation initiation
site (NNNNNNGAGG, GNNNNNNAGG until GTAANNNNNN) to predict the effect of
RBS sequence mutation on the translation initiation rate [28]. The results show that the
generation of mutations closer to the translation initiation site has less effect on the trans-
lation initiation rate. Positions 2–7 of RBS have the highest possible translation initiation
efficiency when predicted for mutations (Figure 2b). Therefore, primers were designed to
perform saturation mutation on positions 2–6 of RBS, that is, the −13 to −18 region of the
total sequence, to obtain a strain with enhanced keratinase secreting activity.
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Figure 2. Base optimization of RBS to increase translation initiation rate to enhance keratinase activity.
(a) Schematic diagram of base optimization design of RBS and screening process of mutant strains.
(b) Predicted transcription initiation rates corresponding to mutations in different regions of the RBS
sequence. (c) Fermentation in shake flasks to rescreen RBS mutant strains.

The theoretical number of transformants were selected three times for screening to
achieve 95% coverage. The primary screening in the 96-well plate showed that the kerati-
nase activity secreted by nine strains was higher than that of the control strain B. subtilis
WB600-SP, namely 1-B10, 1-E12, 2-A7, 2-D12, 2-G12, 3-A10, 3-B9, 3-C8, 3-F11. After re-
screening in the shake flask, only the keratinase activities secreted by 2-G12 and 3-B9 were
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significantly higher than those of the control, reaching 139,650 and 99,860 U mL−1, which
were 13.45 and 9.62 times that of the original strain (KerZ1, 10380 U mL−1), respectively
(Figure 2c). Although the translation initiation efficiency prediction results were different
from the actual expression, the translation initiation efficiency of the 2-G11 and 3-B9 strains
with increased activity in the shake flask was significantly higher than that of the original
strain (Table 3), which indicates that it is effective to screen RBS sequences based on the
prediction of translation initiation efficiency. We named 2-G12 as B. subtilis WB600-SP-R.

Table 3. RBS base mutants and their corresponding keratinase activities.

Strains RBS (5′-3′) Activity (U mL−1) Translation Initiation Rate (au)

SP GTAAGAGAGG 82,435 72.08
1-B10
1-E12
2-A7

2-D12
2-G12
3-A10
3-B8
3-C8
3-F11

GCTGCACAGG
GCTTGCGAGG
GGGAAGTAGG
GATGGTAAGG
GTATTGGAGG

GAAAGACAGG
GGACGGAAGG
GTGTTGCAGG
GGGGGCTAGG

7695
25,350
45,740
7510

139,650
11,060
99,860
30,395
15,710

11.63
26.81

362.40
37.82
85.58
23.71

127.08
29.45

121.96

3.3. Simplification of the 5′ End Sequence

There is a 9 bp single chain sequence at the 5′-end of the 5′-UTR stem-loop structure,
which has no additional function other than carrying the initiation site for transcription.
Studies have shown that the simplification of the single-stranded sequence is helpful to
weaken the influence of the downstream expressed gene sequence on the 5′-UTR region
and enhance the protein expression [30]. In addition, simplifying the single-chain sequence
can adjust the proportion of each base in the 5′-UTR region [36]. To this end, we used
the 5′-UTR region of KerZ1 as a template to adjust the base ratio and prevent additional
stem-loop structures by deleting a/T or C/G bases one by one. At the same time, for the
change of stem ring structure caused by the introduction of mutation, a base mutation was
introduced to maintain the original stem ring structure, as shown in Table 4.

Table 4. Mutant sequences for simplified design of the 5′-UTR region.

Mutants 5′-UTR Sequence (5′-3′)

2-G12 GTGATAGCGGTACCATTATAGGTATTGGAGGAATGTACAC
Sim1 GTGATAGC–GTACCATTATAGGTATTGGAGGAATGTACAC

Sim1C GTGATAGC–GTAACATTATAGGTATTGGAGGAATGTACAC
Sim2 GTGATAG—-GTACCATTATAGGTATTGGAGGAATGTACAC

Sim2C GTGATAG—-GTAACATTATAGGTATTGGAGGAATGTACAC
Sim3 GTGATA——GTACCATTATAGGTATTGGAGGAATGTACAC

Sim3C GTGATA——GTAACATTATAGGTATTGGAGGAATGTACAC
Sim4 GT–ATA——GTACCATTATAGGTATTGGAGGAATGTACAC

Sim4C GT–ATA——GTAACATTATAGGTATTGGAGGAATGTACAC
Sim5 –T–ATA——GTACCATTATAGGTATTGGAGGAATGTACAC
Sim6 GTGAT–GCGGTACCATTATAGGTATTGGAGGAATGTACAC

Sim6C GTGAT–GCGGTAACATTATAGGTATTGGAGGAATGTACAC
Sim7 GTGA—-GCGGTACCATTATAGGTATTGGAGGAATGTACAC

Sim7C GTGA—-GCGGTAACATTATAGGTATTGGAGGAATGTACAC
Sim8 GTG——GCGGTACCATTATAGGTATTGGAGGAATGTACAC
Sim9 G–G——GCGGTACCATTATAGGTATTGGAGGAATGTACAC

Sim10 ————GCGGTACCATTATAGGTATTGGAGGAATGTACAC
Sim11 ——————GTACCATTATAGGTATTGGAGGAATGTACAC

Note: – is the deleted base; the underlined base is the modified base to maintain the stem-loop structure.
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A keratinase activity test showed that the activity of mutant Sim3C reached 204.44 KU mL−1

(Figure 3a), which was 19.70 times that of keratinase KerZ1 (10,380 U mL−1), and was
named B. subtilis WB600-SP-R-D. SDS-PAGE was used to verify the keratinases secreted
by the optimal mutant strains obtained under different strategies (Figure 3d). The results
showed that the expression of keratinase increased gradually. In addition, we also obtained
several mutants with increased keratinase activity to varying degrees. Using mfold to
predict the secondary structure of mRNA, we found that 5′ deletions altered the mRNA
secondary structure (Figures 3b,c). The SD sequence is located on the stem-loop to form a
single chain, which is more conducive to its recognition and to the recruitment of ribosomes.
In addition, the Gibbs free energy of Sim3C (−1.60) was lower than that of 2-G12 (−7.70),
indicating that Sim3C mRNA is more easily bound to ribosomes and has a higher translation
initiation rate.
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3.4. Fermentation Performance of B. subtilis WB600-SP-R-D

Exploring the enzyme-producing properties of mutant strains in larger systems is
not only the basis for the development of industrial strains but also the verification of
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production strength. To this end, we fermented the mutant strain B. subtilis WB600-SP-R-D
in a 5 L fermenter to test its ability and strength to secrete keratinase. Previous studies have
shown that excess glucose causes recombinant Bacillus subtilis to produce large amounts
of lactic acid as a by-product, which inhibits bacterial growth [37]. While it is possible to
automatically pump ammonia to adjust the pH of the environment, this reduces the ability
of cells to produce keratinase [15,38]. Therefore, 720 g L−1 of glucose was continuously
fed for 10–22 h to keep the glucose concentration at 1–30 g L−1 during fermentation. The
feeding was stopped after the 22nd hour, so that the glucose was almost exhausted at
the end of the fermentation, which was more conducive to the subsequent separation of
keratinase. After 27 h of fermentation, the mutant strain B. subtilis WB600-SP-R-D reached
the peak activity of 797.05 KU mL−1 at 25th hour of fermentation, which was 76.79 times
that of the original strain (Figure 4). Therefore, the mutant B. subtilis WB600-SP-R-D after
5′-UTR optimization showed excellent and stable enzyme production ability.
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Figure 4. Fermentation performance of mutant strain B. subtilis WB600-SP-R-D. Fed-batch fermenta-
tion of strain B. subtilis WB600-SP-R-D in a 5 L fermenter. The glucose concentration was maintained
within 1–30 g L−1 by adding 720 g L−1 glucose. Then the feed was stopped after the 22nd hour, and
the glucose was almost exhausted by the end of the fermentation.

4. Conclusions

Keratinase is a promising keratin treatment, but the low activity is still the resistance
to use. In this study, we obtained several mutant strains with increased keratinase secre-
tion through the modification of 5′-UTR. A/U base substitution in Spacer region, RBS
sequence optimization and the deletion of a single-stranded sequence at the 5′ end made
the keratinase activity secreted by mutant B. subtilis WB600-SP-R-D reach 204.44 KU mL−1,
which was 19.70 times that of keratinase KerZ1 (10,380 U mL−1). In addition, B. subtilis
WB600-SP-R-D had the highest activity in the 5 L fermenter at 797.05 KU mL−1, showing
excellent enzyme production capacity and stability. In conclusion, the rational design of
5′-UTR can significantly improve the expression activity of keratinase in B. subtilis, which
will be a typical example of the regulation of recombinant protein expression.
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Abstract: An inherent issue in high-throughput sequencing applications is that they provide compo-
sitional data for relative abundance. This often obscures the true biomass and potential functions
of fungi in the community. Therefore, we presented a high-throughput absolute quantification
(HAQ) method to quantitatively estimate the fungal abundance in Daqu. In this study, five internal
standard plasmids (ISPs) were designed for the fungal ITS2 subregion with high length variations.
Five ISPs were then utilised to establish standard curves with a quantitative concentration range of
103–107 cells/g, and this was used to quantify the core fungi, including Basidiomycota, Ascomycota,
and Mucoromycota. Using three types of mature Daqu from different regions, we demonstrated
that the HAQ method yielded community profiles substantially different from those derived using
relative abundances. Then, the HAQ method was applied to the Daqu during fermentation. The
initial formation of the Daqu surface occurred in the fourth stage, which was mainly driven by
moisture. The key fungi that caused the initial formation of the Daqu surface included Hyphopichia
burtonii, Saccharomycopsis fibuligera, and Pichia kudriavzevii. The initial formation of the Daqu core
occurred in the fifth stage, which was mainly affected by moisture and reducing the sugar content.
The key fungi that cause the initial formation of the Daqu core included S. fibuligera and Paecilomyces
verrucosus. We conclude that the HAQ method, when applied to ITS2 gene fungal community profil-
ing, is quantitative and that its use will greatly improve our understanding of the fungal ecosystem
in Daqu.

Keywords: high-throughput sequencing; internal standard plasmids; standard curves; quantitative
Daqu core fungi

1. Introduction

Chinese liquor, called Baijiu, is a traditional fermented alcoholic drink originating in
China, one of the oldest distilled liquors in the world. It has a profound influence on the
global liquor industry [1]. Most of the famous liquors, such as Moutai liquor, Wuliangye,
and Fen liquor, are brewed using the traditional Daqu method. According to the tempera-
ture of the production, traditional Chinese Daqu can be divided into medium-temperature
Daqu (45~50 ◦C), medium-high-temperature Daqu (50~59 ◦C), and high-temperature Daqu
(Above 60 ◦C) [2]. The brewing of Chinese liquor is inseparable from Daqu [3–5]. It can
directly transfer the abundant microbial strains that are useful to liquor brewing to the
fermented grains [6]. At the same time, Daqu also provides fermented grains with rich
metabolites, mainly the decomposition products of protein and starch and their trans-
formed substances [7], which play an important role in the taste and flavour of Chinese
liquor [8]. Daqu contains abundant fungi, including Mucoromycota, Ascomycota, and Ba-
sidiomycota [4,5,9,10]. These fungi are important saccharifying and fermenting agents [11]
that provide various enzymes [1] essential for the production of Chinese liquor. Daqu
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contributes 61–80% of the fungi present during Baijiu fermentation and is closely related
to the yield and flavour of fresh Baijiu [12]. Therefore, an in-depth analysis of fungal
community succession rates during the Daqu-making process is of great importance for
providing a dynamic perspective to optimise the Daqu-making process, improving the qual-
ity of Daqu and liquor production. The fungal community has multiple components that
are normally abundant and are typically investigated using high-throughput sequencing
technology [13]. Nevertheless, the relative abundance determined using high-throughput
sequencing cannot reflect the number of fungal communities or dissimilarity among the
samples [13,14]. When the total number of microorganisms in different samples is in-
consistent, the relative abundance comparison may lead to erroneous conclusions [14,15].
Therefore, to unravel the complexity of fungi in different samples, the fungal communities
must be characterised quantitatively. However, the research on the absolute quantification
of Daqu fungal communities has not yet been carried out.

Currently, various methods are used for the absolute quantification of microorganisms
based on high-throughput sequencing technology [16–22]. High-throughput sequencing
is combined with microbial quantification techniques, such as fluorescence staining and
flow cytometry (FCM) [19–23], quantitative PCR (qPCR) [22,24], or microbial biomass
carbon (MBC) [25], to obtain the absolute abundance of microbial communities. However, a
combination of multiple methods increases the study time and may affect the accuracy of the
final results. In contrast, the absolute quantification of microorganisms using the internal
standard method has been identified as more reliable [13,22,26,27]. This method involves
spiking an internal standard to the sample, followed by performing high-throughput
sequencing consistent with the target strains. This brings the experimental error of the
internal standard close to that of the target strains. For example, previously, internal DNA
standards were spiked into samples to quantitatively estimate the microbial abundances
per unit volume of filtered seawater, which yielded more accurate results [14]. Despite
the advantages of the internal standard method, this method is commonly used for the
quantification of bacteria and still faces many challenges when applied to the quantification
of fungi. The main constraints are as follows: First, unlike the concentrated distribution of
the bacterial 16S sequence, the fungal ITS2 sequence is highly variable in length. It causes
the ITS lengths of different fungi to be quite different, and the difference in sequence lengths
can cause deviations in high-throughput sequencing [28]. This makes the quantitative
analysis of fungi more challenging than that of bacteria. Second, the production process of
Daqu is time-sequential, and microorganisms experience growth, reproduction, and death
during the production process. Therefore, the absolute content of fungi in Daqu production
is dynamic, but the description of absolute quantitative data of fungi is lacking.

To overcome the existing deficits in the fungal quantification method, we selected
mature Daqu as the model ecosystem to establish the high-throughput absolute quantifi-
cation (HAQ) method. Mature Daqu fungal communities usually form under controlled
conditions, and many replicate communities can be generated [9,29]. Moreover, these
fungal communities can be reproducibly cultured using known media. In this study, we
improved the absolute quantification method based on the internal standard. First, three
representative aroma characteristics of Chinese liquors were selected: light-aroma type,
strong-aroma type, and sauce-aroma type. Based on the experimental data of our group,
analysing the data of Daqu and fermented grains, the core fungi were screened. Next,
based on the screened fungal ITS2 information, five ISPs were constructed to increase the
accuracy of the quantification. Then, high-throughput sequencing and qPCR were used
to determine the added concentration of the mixed ISPs and genome extraction efficiency.
Standard curves were used to quantify the core fungi. Lastly, we verified the feasibility
of this method for three types of mature Daqu. It was also applied to the fermentation
process of medium-high-temperature Daqu for quantitative analysis of the formation law
of the spatial structure of fungi during fermentation. This study indicates a novel direc-
tion for quantitative fungi profiling and provides new insights into the functions of Daqu
core fungi.
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2. Materials and Methods
2.1. Design and Verification of ISF and ISP

The primers ITS3: 5′-GCATCGATGAAGAACGCAGC-3′ [30] and ITS4: 5′-TCCTCCGC
TTATTGATATGC-3′ [30] were selected at both ends of the internal standard fragments
(ISFs). The 116-bp sequence (Table S3) was cited as a specific DNA fragment in the
ISF [15]. Other sequences were designed using random DNA generation tools (http:
//www.novopro.cn/tools/random_dna.html, accessed on 1 June 2020). The obtained ISF
was compared in the NCBI (https://www.ncbi.nlm.nih.gov/, accessed on 8 July 2020),
UNITE (https://mothur.org/wiki/unite_its_database/, accessed on 8 July 2020), and ITS2
(http://its2.bioapps.biozentrum.uni-wuerzburg.de/, accessed on 8 July 2020) databases,
and homologous sequences were observed. The ISF was synthesised by Genewiz Company
(Suzhou, China), and BamHI (3′) and SalI (5′) restriction sites were added at both ends.

Plasmid pET-28a (Table S3), digested by BamHI and SalI, and ISF were ligated using
an In-Fusion HD cloning kit, and the ligation product, pET-28a-ISF, was transformed into
Escherichia coli JM109 (Table S3) for plasmid cloning. Subsequently, the desired transfor-
mants were directly screened on LB plates containing antibiotics (50 µg/mL kanamycin)
and were verified using PCR. The preparation of E. coli JM109-competent cells and gene
fragments and the plasmid transformation were all performed according to the methods
described by Zhang [31]. After measuring the ISP concentration using a Thermo Scientific
NanoDrop 8000 UV–Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA), the plasmid copy number was calculated according to the equation described by
Dhanasekaran [32]. After dilution with sterile deionised water, the gradient concentrations
of ISP in the order of 1 × 1011 to 1 × 106 copies/mL were stored at −20 ◦C for later use.

2.2. Screening and Fungi

The mature Daqu and Jiupei of the Chinese soy sauce aroma type, Chinese strong
aroma type, and Chinese light aroma type were analysed to screen for fungi. For our
study, we put forth three requirements as follows: (1) average abundance > 1% in a single
sample, (2) the frequency of occurrence > 50% in all samples, and (3) the absolute value of
Spearman’s coefficient (|R|) > 0.5.

2.3. Sample Collection

Mature Daqu were collected from traditional Chinese liquor production industries.
Among them, high-temperature mature Daqu, medium-high-temperature mature Daqu,
and medium-temperature mature Daqu were used in the production of Chinese soy sauce
aroma wine, Chinese strong aroma wine, and Chinese light aroma liquor, respectively.
Three mature Daqu samples were collected from different production teams. Lastly, all
nine samples were transferred to the lab on ice and stored at −80 ◦C until DNA extraction.

The samples during Daqu fermentation were collected from a typical medium-high-
temperature Daqu in a winery in Anhui Province. Choose 3 Qufang to collect the samples.
Take 500 g Daqu surface and Daqu core in each Qufang and then transfer to a −80 ◦C
refrigerator for storage. The samples were collected at the end of each stage of the medium-
and high-temperature Daqu, namely on 1, 3, 10, 18, 24, and 31 days respectively, for a total
of 18 samplings.

2.4. Construction of the HAQ Method
2.4.1. Selection of ISPs Addition Concentration

To explore the optimal added concentration of ISPs and genome extraction efficiency,
we designed a simple method, using ISP II for the experiment. The above experiments
included 24 treatments as follows: 7 g of high-temperature mature Daqu was spiked
with 1 mL of ISP II at seven different concentrations (1011, 1010, 109, 108, 107, 106, and
0 copies/mL corresponding to treatments T11, T10, T9, T8, T7, T6, and Control, respec-
tively). qPCR was performed using these genomes as templates and SpecF and SpecR as
primers to plot the standard curve of the ISPII extracted from Daqu. Equation (1) calculates

150



Fermentation 2022, 8, 345

the extraction efficiency of the ISP in Daqu. Then, 1 mL of mixed fungi at five concentra-
tions (103–107 cells/mL each) were spiked with 1 mL of the optimal ISP II concentration,
corresponding to treatments M3, M4, M5, M6, and M7, respectively. Moreover, the medium-
high-temperature mature Daqu (7 g) and medium-temperature mature Daqu (7 g) were
spiked with 1 mL ISP II at six concentrations (1011, 1010, 109, 108, 107, and 106 copies/mL)
to compare the extraction efficiency of ISP II in different mature Daqu.

2.4.2. Establishment of the Core Fungal Standard Curve

One fungus was selected per genus for absolute quantification based on the ease of
culture, and a total of 16 core fungi were cultured. Absolute quantitative fungi were isolated
from different mature types of Daqu and Jiupei. After culturing in the YEPD medium, a
hemocytometer was used to quantify each core fungus. Here, molds were counted in units
of spores (germ cells). Lastly, all fungi were mixed at five concentration gradients (each
fungus was 103–107 cells/mL) for later use. First, 1 mL of mixed fungi (5 mL) was spiked
with 1 mL of mixed ISPs; then, the genome was extracted and HTS performed in triplicate.
The obtained HTS data were analysed and organised, using Equation (2) to calculate the
concentration of a certain fungus in the mix, and the correspondence between the ISP
and the fungus should be noted. Taking the LG value of the concentration of fungus A
(copies/g) as the X-axis, and the LG value of the corresponding fungal A concentration
(cells/g) as the Y-axis, a standard curve y = ax + b was established, where x refers to the
concentration of fungi (copies/g), and y refers to the concentration of fungi (cells/g).

2.5. Application of HAQ Method

High-temperature mature Daqu (7 g), medium-high-temperature mature Daqu (7 g),
and medium-temperature mature Daqu (7 g) were spiked with 1 mL of five mixed ISPs
(HQ, MHQ, and MQ). Medium-high-temperature mature Daqu were spiked with 1 mL
of sterile water (MHC). Eighteen medium-high-temperature Daqu samples during Daqu
fermentation were spiked with 1 mL of five mixed ISPs. All samples were analysed
in triplicate.

All samples were mixed thoroughly, and genomic DNA was extracted according to the
methods described by Song [33]. The extracted DNA was stored at −80 ◦C before qPCR.

2.6. Quantitative PCR

qPCR was performed using a StepOnePlus instrument (Applied Biosystems, Foster
City, CA, USA) and a commercial kit (AceQ Universal SYBR qPCR MasterMix. Vazyme,
Nanjing, China). We selected a pair of primers, SpecF (5′-GCGGTAAGGTGAAGAGTG-3′)
and SpecR 5′-GGCTAACGAGACAACTGC-3′), to detect the copy numbers of the Spec
gene of the ISP.

The standard curve was generated using the 10-fold serial dilution of ISP II. The
20-µL qPCR reaction mixture contained 10 µL of SYBR mix (Vazyme), 0.4 µL of each primer
(10 mmol/L), 1 µL of DNA template, and 8.2 µL of sterile and DNA-free water. The reaction
was executed under the following thermocycler conditions: 95 ◦C for 5 min and 40 cycles of
95 ◦C for 10 s and 60 ◦C for 30 s. Then, the specificity of the PCR products was determined
using a melting curve analysis [34]. All qPCR reactions were conducted in triplicate.

2.7. Amplification and Sequencing

The fungal ITS region was amplified using primers ITS3 and ITS4 [30]. The PCR
products were purified and carefully evaluated using a Thermo Scientific NanoDrop 8000
UV–Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The high-
throughputs were then sequenced using an Illumina MiSeq platform (Illumina, San Diego,
CA, USA) at AuwiGene Technology Co., Ltd., Beijing, China.

All raw sequences generated via Qiime (v1.8.0) were processed [35]. In short, the raw
sequences were filtered for quality determination, and only those over 200 bp were selected
for further analysis. Then, sequences with ambiguous bases (‘N’) were removed using
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Trimmomatic (version 0.32) [36]. Chimera sequences were removed using the UCHIME
algorithm [37]. The QIIME UPARSE pipeline was used to cluster (97% sequence similar-
ity) the high-quality sequences into OTUs. In addition, OTUs of ITS high-throughput
sequences were mapped to Unite (version 7.0) [38]. For further accurate verification of
species information, the fungal OTUs were manually corrected using the CBS database
(http://www.westerdijkinstitute.nl, accessed on 11 June 2021).

2.8. Statistical Analysis

The extraction efficiency of the ISP was calculated using the following equation:

E =
Rb
Ra

(1)

where E is the extraction efficiency of the ISP II; Ra and Rb are the concentrations of the
ISP II (copies/g); and, after genome extraction, the concentration of ISP II (copies/g) in the
sample, respectively.

The semi-quantitative fungal data from samples were collected using the following
equation:

Aa =
Ra(1− Rr)×Ar

Rr× E
(2)

where Aa is semi-quantitative measurements of the fungi (copies/g), Ar is the relative
abundance of the fungi, and Rr is the relative abundances of ISP. Different fungi corre-
sponded to the different ISP. Then, using Equations (1) and (2), the semi-quantitative
results in the mixed fungi were calculated with different concentrations. Finally, using
the semi-quantitative result of the fungus as the X-axis and the cell concentration of the
fungus by the haemocytometer as the Y-axis, standard curves were established based on
the mixed ISPs.

The alpha diversity was calculated by analysing the Shannon index using QIIME after
rarefying all samples to the same sequencing depth (46,339 reads). Statistical significance
of the differences between alpha diversity was investigated using one-way analysis of
variance, followed by Tukey’s post hoc test using IBM® SPSS® Amos™ 22 (Arbuckle, 2013).
PCoA was performed to examine the fungal community dissimilarity of different samples
based on Bray–Curtis distances. A hierarchical clustering analysis was performed using the
SIMCAP+ software package (v.13.0. Umetrics, Umea, Sweden) to illustrate the differences
in fungal community compositions among the samples.

2.9. Data Availability

All sequences generated were submitted to the NCBI database under the accession
number PRJNA649523.

3. Results
3.1. Sequence Distribution of Fungal ITS2 and Construction of ISP

By analysing the fungal ITS2 sequence information, we found that its length in mature
Daqu was usually 200–440 bp (Table S1). Among them, the sequences of 320–360 bp
accounted for 49.94%, those of 260–320 bp accounted for 36.23%, those of 200–260 bp
accounted for 12.06%, and those of 360–380 bp accounted for 1.04%. The sequences of other
lengths accounted for less than 1% (Figure 1A). These data demonstrate that the length of
the fungal ITS2 sequence varies greatly. To improve the quantitative accuracy, we designed
five internal standard fragments (ISFs) (Table 1) based on the lengths and GC contents of
30 screened fungal ITS2 sequences (Table S2). Then, we used five ISFs (Figure 1B) to obtain
five internal standard plasmids (ISPs) (Table 2). Enzyme digestion and ISP PCR were used
to successfully verify the five ISPs (Figure S1).
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Figure 1. Length distribution and five ISFs. (A) Fungal ITS2 sequence length distribution. (B) The
sequence lengths and GC contents of ISF I, II, III, IV, and V were 272 bp, 40% GC; 272 bp, 50% GC;
325 bp, 40% GC; 325 bp, 60% GC, and 387 bp, 40% GC, respectively. Spec indicates a specific fragment
of 116 bp.

Table 1. Screened fungi and five ISFs a.

Group ITS2 Length ITS2 GC Content ISF Length ISF GC Content Core Fungi

1 231~300 bp 39~42% GC 272 bp 40% GC Kodamaea ohmeri, Hyphopichia burtonii,
Wickerhamomyces anomalus

2 231~300 bp 45~52% GC 272 bp 50% GC
Candida versatilis, Candida metapsilosis,

Kazachstania humilis,
Pichia kudriavzevii.

3 300~350 bp 36~50% GC 325 bp 40% GC

Saccharomyces sp., Rhizopus arrhizus,
Saccharomycopsis fibuligera, Rhizopus

microsporus, Rhodotorula mucilaginosa,
Rhizomucor pusillus.

4 300~350 bp 56~63% GC 325 bp 60% GC

Candida athensensis, Pichia sporocuriosa,
Paecilomyces verrucosus, Aspergillus

amstelodami, Aspergillus sp., Thermoascus
crustaceus, Thermomyces lanuginosus,

Rasamsonia composticola, Monascus purpureus,
Thermoascus aurantiacus, Aspergillus flavus,

Leiotheciume llipsoideum,
Aspergillus costiformis.

5 350~413 bp 31~44% GC 387 bp 40% GC
Saccharomyces cerevisiae, Kazachstania bulderi,

Lichtheimiaceae ramosa,
Schizosaccharomyces pombe.

a Based on 30 screened fungal ITS2 lengths and GC contents, which were divided into five groups as follows:
sequence length < 300 bp, divided into 38–45% GC, 46–56% GC; sequence length 300–350 bp, divided into 36~50%
GC, 56~63% GC; sequence length > 350 bp, divided into 31~49% GC. The average sequence length and GC content
in each group were used as the sequence length and GC content of the corresponding ISF.
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Table 2. Five ISPs and 16 core fungi.

ISP a Core Fungi Source b

I
Hyphopichia burtonii LBMAE

Wickerhamomyces anomalus LBMAE

II
Candida metapsilosis LBMAE
Pichia kudriavzevii LBMAE

III
Saccharomycopsis fibuligera LBMAE

Rhizopus microsporus LBMAE
Rhodotorula mucilaginosa LBMAE

IV

Paecilomyces verrucosus LBMAE
Thermomyces lanuginosus LBMAE
Rasamsonia composticola LBMAE

Monascus purpureus LBMAE
Aspergillus flavus LBMAE

V

Saccharomyces cerevisiae LBMAE
Kazachstania bulderi LBMAE
Lichtheimia ramosa LBMAE

Schizosaccharomyces pombe LBMAE
a ISP with ISF I, ISF II, ISF III, ISF IV, and ISF V were named ISP I, ISP II, ISP III, ISP IV, and ISP V, respectively.
b LBMAE, Lab of Brewing Microbiology and Applied Enzymology at Jiangnan University (the strains were
isolated from fermented grains; all strains are available to the public for free).

3.2. Selection of ISP Concentrations and Application Verification

To determine the optimal added concentration of ISPs and the efficiency of genome
extraction, a convenient method was developed based on ISP II (Table 2). Here, we used the
extraction efficiency of ISP II to reflect that of the sample genome. Using Equation (1), the
extraction efficiency of ISP II at different concentrations in high-temperature mature Daqu
was determined to be 17.42~18.71% (Figure 2b). Meanwhile, we selected the data with CT
values between 15 and 25 for further analysis. Accordingly, 1 × 107–1 × 109 copies/mL
was the initial concentration of the mixed ISPs that was added (Figure 2a).

To further determine the suitable concentrations of the ISPs, the high-temperature
mature Daqu genome DNA containing different concentrations of ISP II was subjected
to high-throughput sequencing (Figure 2c). The results showed that the T10 and T9
experimental groups significantly changed the abundance of fungal communities in the
high-temperature mature Daqu compared to that in the control. The relative abundance of
Aspergillus ruber in the T8 experimental group was reduced by approximately 10% compared
to that in the control. The abundance of fungal communities in the T7 experimental group
was most similar to that of the control. Therefore, a concentration of 1 × 107 copies/mL of
the mixed ISPs was selected as the optimal concentration of the mixed ISPs.

Moreover, there existed a linear relationship (R2 > 0.99) between the relative abundance
of the fungal communities and the ISP II that was added to the high-temperature mature
Daqu (Figure 3a). This indicated that the added ISP II could be correspondingly reflected
in high-throughput sequencing so that the abundance of other fungi could be accurately
determined. Meanwhile, the melting curve revealed a consistent melting temperature
(Figure 3b), indicating that the amplified fragment had higher specificity. In addition, we
compared the extraction efficiency of ISP II in three types of mature Daqu (Figure 3c) and
determined it to be 17.42~19.89%, which indicated that ISP II was stable and could be used
in different types of mature Daqu.
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3.3. Construction of the HAQ Method

First, 16 core fungi (Table 2), including Ascomycota, Basidiomycota, and Mucoromy-
cota, were selected for cultivation from 30 screened fungi (Table 1) and mixed at five differ-
ent concentration gradients (103~107 cells/mL for each fungal solution). Using Equation (1),
the extraction efficiency of ISP II in mixed fungi was found to be 19.24~19.58% (Figure S2).
The average extraction efficiency (19.42%) of ISP II in mixed fungi was used in the calcu-
lation. Similarly, we established 16 standard curves for the core fungi using Equation (2).
Figure 4 shows that the HAQ method was accurate (R2 > 0.99), and the concentration range
of fungal quantification was 103~107 cells/g. Finally, we calculated the semi-quantitative
results of 16 core fungi in mature Daqu using Equation (2), and the results were substituted
into the standard curve to achieve absolute quantification of the target fungi.
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Figure 4. Standard curves of 16 core fungi. (a) Based on ISP I, used for the absolute quantification
of Hyphopichia burtonii and Wickerhamomyces anomalus. (b) Based on ISP II, used for the absolute
quantification of Candida metapsilosis and Pichia kudriavzevii. (c) Based on ISP III, used for the abso-
lute quantification of Saccharomycopsis fibuligera, Rhizopus microspores, and Rhodotorula mucilaginosa.
(d) Based on ISP IV, used for the absolute quantification of Paecilomyces verrucosus, Thermomyces
lanuginosus, Rasamsonia composticola, Monascus purpureus, and Aspergillus flavus. (e) Based on ISP V,
used for the absolute quantification of Saccharomyces cerevisiae, Kazachstania bulderi, Lichtheimia ramose,
and Schizosaccharomyces pombe.

3.4. Application I: Case Studies of Different Mature Daqu

Figure 5 showed that a total of 128 species of fungi were detected in the medium-
temperature Daqu samples, a total of 157 species of fungi were detected in the medium-
high-temperature Daqu samples, and a total of 164 species of fungi were detected in the
high-temperature Daqu samples. Among them, 121 fungi were detected in the middle-
temperature Daqu and the high-temperature Daqu, and the shared fungal rate reached
73.78%. One hundred and fifteen fungi were detected in both medium-temperature Daqu
and medium-high-temperature Daqu, and the shared fungal rate reached 73.25%. One
hundred and thirty fungi were detected in both medium-high-temperature Daqu and
high-temperature Daqu, and the shared fungal rate reached 79.27%. A total of 108 fungi
were detected in the three types of Daqu, and the shared fungal rate reached 65.85%. The
above conclusions showed that the three different Daqu had small differences in the fungal
community structure of Daqu. Therefore, we speculated that the difference in fungal
biomass was an important factor that caused the differences in the three types of Daqu.
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Figure 5. Venn diagram of the fungal community in different mature Daqu. MQ: Medium-
temperature Daqu, MHQ: Medium-high-temperature Daqu, and HQ: High-temperature Daqu.

High-throughput sequencing was used to characterise the fungal community struc-
tures in different types of mature Daqu. A total of 556,068 high-quality reads from the
internal transcribed spacer (ITS) region were obtained from all 12 samples. The rarefaction
curves of the fungal communities approached the saturation plateau, which illustrated that
the fungal communities were well-represented at the sequencing depth (Figure S2A). The
alpha diversity of mature Daqu was determined using the Shannon index (Figure S2B). We
found that there was no significant difference in the fungal diversity between the MHQ
(medium-high-temperature mature Daqu were spiked with 1 mL of five mixed ISPs) and
MHC (medium-high-temperature mature Daqu was spiked with 1 mL of sterile water),
which indicated that the addition of mixed ISPs had little effect on fungal diversity. A
principal coordinate analysis (PCoA) of the fungal community was carried out based on
the Bray–Curtis distances (Figure 6a). Overall, these findings explained 67.5% of the total
variation in the differences between fungal communities. The results showed that the
fungal community structure of MHQ was very close to that of MHC. This further proved
that the addition of mixed ISPs had little effect on the fungal community structures. These
were also verified by HCA, which demonstrated a clustering pattern similar to that of
PCoA (Figure 6b).

Fermentation 2022, 8, x FOR PEER REVIEW 11 of 22 
 

 

 
Figure 5. Venn diagram of the fungal community in different mature Daqu. MQ: Medium-temper-
ature Daqu, MHQ: Medium-high-temperature Daqu, and HQ: High-temperature Daqu. 

High-throughput sequencing was used to characterise the fungal community struc-
tures in different types of mature Daqu. A total of 556,068 high-quality reads from the 
internal transcribed spacer (ITS) region were obtained from all 12 samples. The rarefaction 
curves of the fungal communities approached the saturation plateau, which illustrated 
that the fungal communities were well-represented at the sequencing depth (Figure S2A). 
The alpha diversity of mature Daqu was determined using the Shannon index (Figure 
S2B). We found that there was no significant difference in the fungal diversity between 
the MHQ (medium-high-temperature mature Daqu were spiked with 1 mL of five mixed 
ISPs) and MHC (medium-high-temperature mature Daqu was spiked with 1 mL of sterile 
water), which indicated that the addition of mixed ISPs had little effect on fungal diver-
sity. A principal coordinate analysis (PCoA) of the fungal community was carried out 
based on the Bray–Curtis distances (Figure 6a). Overall, these findings explained 67.5% of 
the total variation in the differences between fungal communities. The results showed that 
the fungal community structure of MHQ was very close to that of MHC. This further 
proved that the addition of mixed ISPs had little effect on the fungal community struc-
tures. These were also verified by HCA, which demonstrated a clustering pattern similar 
to that of PCoA (Figure 6b). 

 
Figure 6. Fungal community structure of different mature Daqu. (a) Principal coordinate analysis 
(PCoA) of the fungal communities based on Bray-Curtis distances. (b) Hierarchical clustering anal-
ysis (HCA) of fungal communities. Triplicate samples are shown as ‘#1’ to ‘#3’. 

Figure 6. Fungal community structure of different mature Daqu. (a) Principal coordinate analysis
(PCoA) of the fungal communities based on Bray-Curtis distances. (b) Hierarchical clustering analysis
(HCA) of fungal communities. Triplicate samples are shown as ‘#1’ to ‘#3’.
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To more accurately characterise the fungal community structures in three types of
mature Daqu, 16 core fungi were quantified using the HAQ methods. Figure 7a shows
that all 16 core fungi had extremely high abundance in MQ (medium-temperature mature
Daqu were spiked with 1 mL of five mixed ISPs), MHQ, and HQ (high-temperature mature
Daqu were spiked with 1 mL of five mixed ISPs), occupying 93.52 ± 2.45%, 81.03 ± 1.80%,
and 77.59 ± 1.08% respectively. These findings indicated that the abundances of the 16
selected fungi could be used as reference standards for analysing mature Daqu fungal
community structures. After absolute quantification, we found that the absolute abundance
of the 16 core fungi in the three types of mature Daqu varied, and the total amounts of
the 16 core fungi were also dissimilar (Figure 7b). Table 3 shows that the total abundance
of the 16 core fungi in MHQ (1.76 × 107 ± 4.36 × 105 cells/g) was the highest, followed
by that in MQ (4.36 × 106 ± 6.12 × 105 cells/g) and HQ (2.86×105 ± 5.09 × 104 cells/g).
Moreover, only the absolute abundance of Paecilomyces verrucosus was of the same order
of magnitude (103 cells/g) in the three types of mature Daqu (Figure S4). The absolute
abundances of the remaining 15 fungi in HQ were all lower than those in MQ and MHQ.
The absolute abundances of Thermomyces lanuginosus and Wickerhamomyces anomalus in
MQ, MHQ, and HQ were 106, 105, and 104 cells/g, respectively, whereas that of Lichtheimia
ramosa in MQ, MHQ, and HQ was 106, 105, and 103 cells/g, respectively. Therefore, this
could be a criterion for identifying different types of mature Daqu.
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Table 3. Comparison of the relative and absolute abundance of 16 core fungi.

Relative Abundance (%) Absolute Abundance (Cells/g)

Fungi
Medium-

Temperature
Daqu

Medium-High-
Temperature

Daqu
High-Temperature

Daqu
Medium-Temperature

Daqu
Medium-High-
Temperature

Daqu
High-Temperature

Daqu

Hyphopichia burtonii 2.02 ± 0.21 8.15 ± 0.10 17.31 ± 0.52 4.30 × 105 ± 1.16 × 105 2.66 × 105 ± 2.47 × 104 3.62 × 104 ± 7.14 × 103

Wickerhamomyces anomalus 0.26 ± 0.02 3.33 ± 0.53 3.13 ± 0.28 2.57 × 105 ± 7.80 × 104 1.05 × 106 ± 2.51 × 105 2.65 × 104 ± 1.75 × 103

Candida membranifaciens 0.23 ± 0.02 0.12 ± 0.01 0.12 ± 0.01 2.23 × 104 ± 3.60 × 103 1.12 × 104 ± 6.58 × 103 3.86 × 102 ± 3.66 × 101

Pichia kudriavzevii 6.13 ± 1.09 16.07 ± 0.71 5.91 ± 0.53 8.11 × 104 ± 4.01 × 105 7.28 × 104 ± 3.13 × 104 1.94 × 103 ± 2.41 × 102

Saccharomyces fibuligera 82.33 ± 2.75 41.79 ± 4.74 33.41 ± 1.59 1.74 × 106 ± 2.25 × 103 1.62 × 106 ± 2.57 × 105 3.35 × 104 ± 1.38 × 103

Rhizopus microsporus 0.03 ± 0.01 0.10 ± 0.03 0.12 ± 0.06 1.97 × 104 ± 7.20 × 103 9.68 × 104 ± 1.43 × 104 1.12 × 103 ± 6.01 × 102

Rhodotorula mucilaginosa 0.06 ± 0.01 0.08 ± 0.00 0.09 ± 0.01 1.81 × 104 ± 4.15 × 103 3.54 × 104 ± 4.19 × 103 4.69 × 102 ± 7.16 × 101

Paecilomyces verrucosus 0.03 ± 0.01 0.01 ± 0.01 1.90 ± 0.08 9.89 × 103 ± 2.87 × 104 5.68 × 103 ± 1.14 × 103 4.87 × 103 ± 1.01 × 103

Thermomyces lanuginosus 0.43 ± 0.06 8.61 ± 1.90 5.19 ± 0.93 4.56 × 105 ± 3.39 × 104 5.13 × 106 ± 7.67 × 103 6.72 × 104 ± 1.07 × 104

Rasamsonia composticola 0.03 ± 0.02 0.06 ± 0.03 1.3 ± 0.57 7.70 × 104 ± 5.51 × 104 1.44 × 105 ± 4.80 × 104 2.54 × 104 ± 1.93 × 104

Monascus purpureus 0.22 ± 0.03 0.19 ± 0.15 7.27 ± 0.67 2.48 × 105 ± 1.16 × 105 2.60 × 104 ± 4.62 × 104 7.04 × 104 ± 2.46 × 104

Aspergillus flavus 0.94 ± 0.61 0.52 ± 0.11 0.97 ± 0.03 7.96 × 104 ± 6.25 × 104 6.23 × 104 ± 4.58 × 104 2.43 × 103 ± 5.61 × 102

Saccharomyces cerevisiae 0.67 ± 0.09 1.05 ± 0.18 0.66 ± 0.10 2.18 × 105 ± 6.96 × 104 5.16 × 105 ± 9.12 × 104 7.14 × 103 ± 1.22 × 103

Kazachstania bulderi 0.11 ± 0.01 0.13 ± 0.01 0.17 ± 0.01 2.90 × 104 ± 8.87 × 103 5.66 × 104 ± 7.90 × 103 1.38 × 103 ± 6.60 × 101

Lichtheimia ramosa 0.04 ± 0.02 0.80 ± 0.13 0.04 ± 0.01 2.46 × 105 ± 2.28 × 105 7.37 × 106 ± 2.33 × 105 3.48 × 103 ± 5.67 × 102

Schizosaccharomyces pombe 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 4.26 × 105 ± 5.21 × 104 8.72 × 105 ± 5.93 × 105 2.02 × 103 ± 1.45 × 103

Total abundance 93.52 ± 2.45 81.03 ± 1.80 77.59 ± 1.08 4.36 × 106 ± 6.12 × 105 1.76 × 107 ± 4.36 × 105 2.86 × 105 ± 5.09 × 104

Figure 7c,d show that the relative abundance of the 16 core fungi in MQ was domi-
nated by Saccharomycopsis fibuligera (82.33%), followed by Pichia kudriavzevii (6.13%) and
Hyphopichia burtonii (2.02%). The fungi with the highest absolute abundance were S. fibulig-
era (1.74 × 106 ± 2.25 × 103 cells/g), T. lanuginosus (4.56 × 105 ± 3.39 × 104 cells/g), and
H. burtonii (4.30 × 105 ± 1.16 × 105 cells/g). The relative abundances of the 16 core fungi
in MHQ were dominated by S. fibuligera (41.78%), followed by P. kudriavzevii (16.07%) and
T. lanuginosus (8.61%). The fungi with the highest absolute abundance were Lichtheimia
ramosa (7.37 × 106 ± 2.33 × 105 cells/g), T. lanuginosus (5.13 × 106 ± 7.67 × 103 cells/g),
and S. fibuligera (1.62 × 106 ± 2.57 × 105 cells/g). The relative abundances of the 16 core
fungi in HQ were dominated by S. fibuligera (33.41%), followed by H. burtonii (17.31%) and
Monascus purpureus (7.27%). Fungi with the highest absolute abundance were M. purpureus
(7.04 × 104 ± 2.46 × 104 cells/g), T. lanuginosus (6.72 × 104 ± 1.07 × 104 cells/g), and H.
burtonii (3.62 × 104 ± 7.14 × 103 cells/g). These results indicated that the relative and
absolute abundances may be inconsistent even in the same sample.

In addition, we found (Figure S6) that the abundance of H. burtonii was underesti-
mated by 7.71% in MQ and overestimated in MHQ (8.54%) and HQ (9.64%) compared
to the absolute abundance. The abundances of W. anomalus, T. lanuginosus, Rasamsonia
composticola, M. purpureus, Saccharomyces cerevisiae, L. ramosa, and Schizosaccharomyces pombe
were all underestimated in MQ, MHQ, and HQ. Among them, the fungus that was most
underestimated in the three types of Daqu was T. lanuginosus, which, in MQ, MHQ, and
HQ, was underestimated by 10.0%, 18.6%, and 16.8%, respectively. The abundances of
P. kudriavzevii and Saccharomyces fibuligera in MQ, MHQ, and HQ were overestimated; in
particular, the abundance of S. fibuligera in MQ, MHQ, and HQ was overestimated by 48.1%,
42.3%, and 31.4%, respectively. The abundances of the remaining six core fungi had almost
no deviation (absolute value of abundance deviation < 1%).

3.5. Application II: Case Studies of Medium-High Temperature Daqu during Fermentation

ITS amplicon technology has accelerated the study of Daqu fungi, deepening the
understanding of the fungal community structure of Daqu. However, the formation
principle of the space structure of fungi in medium-high-temperature Daqu is unclear.

During the whole process of Daqu fermentation, a total of 81 fungi were detected in
the Daqu surface sample, and a total of 84 fungi were detected in the Daqu core sample.
Among them, 78 species of fungi were common in the Daqu surface samples and Daqu
core samples. The shared fungi rate was over 90% (Figure 8). This showed that there was
almost no difference in the structure of the fungal community during Daqu fermentation.
Therefore, we speculated that the gap in the fungal biomass was an important factor causing
the difference between the Daqu surface and Daqu core.
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Figure 8. Veen diagram of the fungal community on Daqu surface and Daqu core during fermentation.

To find the key time points for the formation of the medium-high-temperature Daqu
surface and Daqu core, the PCoA was used to characterise the fungal community dur-
ing Daqu fermentation (Figure 9). Figure 9A,B showed that these findings, respectively,
explained 57.82% and 56.76% of the total variation in the differences between fungal com-
munities. From the perspective of the spatial sequence level, 4~6 stages during Daqu
fermentation were the important stages for the initial formation of the Daqu surface and
Daqu core. Among them, Daqu surface fungi had undergone significant changes compared
with Daqu core from the fourth stage, and the fungal community of Daqu core became
stable, indicating that Daqu core had initially formed in the fourth phase. The clusters of
fungal community in the 5~6 stages showed that the Daqu core had initially formed at the
fifth stage.
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A variety of fungi were involved when the Daqu surface formed in the fourth stage.
However, the importance of different fungi to Daqu surface formation would vary. SIMCA
software was used to perform partial least squares regression (PLS) to evaluate the impor-
tance of fungi and Daqu surface formation. In the fourth stage, there are four important
fungi that differ from the Daqu surface and Daqu core, namely H. burtonii, W. anomalus,
P. kudriavzevii, and S. fibuligera. These four kinds of yeasts play an important role in the
formation of Daqu surface. Among them, there was a significant difference (p < 0.05)
between P. kudriavzevii and S. fibuligera in the Daqu surface and these in the Daqu core.
There was a very significant difference in H. burtonii (p < 0.01). These three yeasts were key
fungi in the formation of the Daqu surface.

To analyse the driving factors of the initial formation about the Daqu surface during
Daqu fermentation, a redundant analysis (RDA) was used to analyse the influence of pH,
moisture, and reducing the sugar content on the fungal community. Overall, these findings
explained 93.01% of the total variation in the differences between fungal communities.
Combining Figure 10 and Table 4, it was found that the initial formation of the Daqu
surface during Daqu fermentation was mainly driven by moisture (51.8%). H. burtonii, S.
fibuligera, and P. kudriavzevii were the key fungi for the initial formation of the Daqu surface
during Daqu fermentation. W. anomalus also made an important contribution to the initial
formation of the Daqu surface.
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Table 4. The relationship between the fungal community and physicochemicals in the fourth stage.

Name Explains % Contribution % Psedo-F p

Moisture 51.8 55.5 4.3 0.136
Reducing sugar 33.5 35.9 6.8 0.042

pH 8.1 8.7 2.4 0.218

In order to explore the reason for the initial formation of the Daqu core during Daqu
fermentation, we compared the differences in the fungal community between the fourth
stage and the fifth~sixth stages. Meanwhile, use SIMCA software to find fungi with a VIP
value greater than 1.0. As shown in Figure 11, there are six important differences between
the fourth stage of the Daqu core and the fifth~sixth stages of the Daqu core. Among them,
three kinds of yeasts are C. metapsilosis, P. kudriavzevii, and S. fibuligera. Three kinds of molds
are P. verrucosus, T. lanuginosus, and A. flavus. These six fungi played an important role in
the initial formation of the Daqu core during Daqu fermentation. There was a significant
difference (p < 0.05) between S. fibuligera and P. verrucosus in the fourth stage of the Daqu
core and those in the fifth~sixth stages of the Daqu core. They were the key fungi that
caused the initial formation of the Daqu core.
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To analyse the driving factors of the initial formation of the Daqu core during Daqu
fermentation, RDA was used to analyse the influence of pH, moisture, and reducing sugar
on the Daqu core fungal community. Overall, these findings explained 92.61% of the total
variation in the differences between fungal communities. Combining Figure 11 and Table 5,
it could be found that the initial formation of the Daqu core was affected by moisture and
reducing sugar. S. fibuligera and P. verrucosus were the key fungi for the initial formation of
the Daqu core during Daqu fermentation. T. lanuginosus, R. composticola, C. metapsilosis, and
P. kudriavzevii also made an important contribution to the initial formation of the Daqu core.

Table 5. The relationship between fungal community and physicochemical in the Daqu core for
4~6 stages.

Name Explains % Contribution % Pseudo-F p

Moisture 19.1 43.9 1.7 0.194
Reducing sugar 15.4 35.5 1.4 0.268

pH 9 20.6 0.8 0.404

In this study, the microbial community interaction network was used to analyse the
relationship between Daqu fungus microorganisms. Figure 12 showed that there were
13 positive correlations and 12 negative correlations between the four key fungi and other
fungi. Among them, H. burtonii had a significant positive correlation with W. anomalus,
P. kudriavzevii, S. fibuligera, and A. flavus and a significant negative correlation with P. verru-
cosus and M. purpureus. P. kudriavzevii had a significant positive correlation with H. burtonii,
W. anomalus, and S. fibuligera and a significant negative correlation with R. mucilaginosa,
P. verrucosus, T. lanuginosus, R. composticola, M. purpureus, and A. flavus. S. fibuligera had a
significant positive correlation with H. burtonii, W. anomalus, P. kudriavzevii, and A. flavus
and a significant negative correlation with P. verrucosus, T. lanuginosus, R. composticola,
and M. purpureus. P. verrucosus had a significant positive correlation with C. metapsilosis,
T. lanuginosus, R. composticola, and M. purpureus and a significant negative correlation with
H. burtonii, W. anomalus, P. kudriavzevii, and S. fibuligera.
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4. Discussion

Absolute quantitation of the microbiota is essential for all aspects of microbial ecol-
ogy [13]. The relative abundance obtained by high-throughput sequencing can partially
characterise the fungal community in the sample, while the absolute abundance based on
quantitative methods can more objectively describe the actual abundance of the fungi. To
quantify the core fungal community, we designed a HAQ method in which the structurally
stable and highly reproducible mature Daqu was selected as a model ecosystem. Unlike
the direct use of sequencing data to quantify microorganisms, this method quantifies fungi
based on the construction of a standard curve.

Despite the advantages of the internal standard method, this method is commonly
used for the quantification of bacteria and still faces many challenges when applied to
the quantification of fungi. Figure 1A shows that the fungal ITS2 sequence is highly
variable in length. Moreover, the difference in sequence lengths can cause deviations in
high-throughput sequencing [28]. In the face of the absolute quantification of fungi, the
corresponding internal standard sequence length should be designed according to the
ITS sequence length of different fungi. Therefore, we constructed five ISPs based on the
sequence lengths and GC contents of 30 screened fungal ITS2. The 16 core fungi from
the screening culture were divided by five ISPs as a way to compensate for the lack of
accuracy in quantifying all fungi using one internal standard substance (Figure 1B and
Table S2). Recently, several studies have used one internal standard to attempt an absolute
quantification of all fungi [13–15]. For example, a synthetic plasmid was used as the
internal standard for the absolute quantitation of fungal abundance in environmental
samples, which is easier to operate [13]. However, owing to the high length variations of
the fungal ITS2 sequence, this method may reduce the accuracy of quantification [15,28].
Therefore, it would be more accurate to quantify core fungi using five internal standards
compared to merely using one internal standard to quantify all fungi.

It is strongly recommended to determine the optimal level of ISP addition for a given
sample. Since spiking the internal standard to the sample before DNA isolation can obtain
the most accurate results [13], our method too followed this principle. Figure 1B shows that
the five ISFs have a similar basic composition. Furthermore, the most common sequence of
fungal ITS is 272 bp [39], and 50% GC is the regular GC content (same sequence length and
GC content as ISF II) [28]. Therefore, we used ISP II to determine the added concentration
of mixed ISPs. Since the CT values between 15 and 25 had a higher accuracy for a given
target concentration [40,41], combined with the results of high-throughput sequencing, we
selected 107 copies/mL as the final added concentration of the mixed ISPs (Figure 2a,c).
When the concentration of ISP II was high, the fungal community structures showed
obvious changes (Figure 2c). However, a concentration of the mixed ISPs hardly altered the
measured structure of the fungal community in the three types of mature Daqu (Figures 6
and S2B). The linear relationship (Figure 3b) demonstrated a strong association between the
relative abundance of ISP II and its added concentration in high-temperature mature Daqu.
Similar results were reported by Yang et al. [15] and Lou et al. [24], wherein the slopes of the
internal standard output and input amounts were close to 1. This indicated that the ISP II
concentration of the changes could be linearly reflected in the high-throughput sequencing
results. Therefore, the constructed mixed ISPs could be used as internal standards for the
determination of the absolute abundance of the fungal community.

In studies of the high-throughput absolute quantification of bacteria, it has been
shown that, once the internal standard strain is added to the sample to be tested, it is
difficult to extract it completely, and the losses are significant [15]. This also reflects that the
same problem exists for the extraction of genomes from samples to be tested. Therefore,
the extraction efficiency of the sample to be tested should be taken into account when
quantifying the microbial community by the internal standard method. The extraction
efficiency of the sample genome was calculated using ISP II with a 116-bp specific fragment.
The accuracy of this method mainly depends on the linearity of the standard curves [42].
The R2 (>0.99) of the standard curves indicated the accuracy of the qPCR (Figure 2a) [41].
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Meanwhile, the consistent melting temperature showed that the amplified 116-bp fragment
had a strong specificity (Figure 3b). Therefore, the calculation of the extraction efficiency of
the sample genome based on ISP II was reliable. Furthermore, the extraction efficiency of
ISP II in the three types of mature Daqu was 17.42~19.89% (Figure 3c), which was similar
to the results obtained by Yang [28]. We also used this method of qPCR to characterise
the extraction efficiency of mixed fungi, the results of which were within the above range
(Figure S3).

Presently, the absolute quantitative method is mainly used to quantify microbial com-
munities in soil. In this study, we used the culturable technique to establish standard curves
of 16 core fungi to achieve absolute abundance quantification of core fungal communities
and applied them to different mature Daqu. The results showed that the differences in the
fungal community structure of the three mature Daqu were small (Figure 5). Therefore,
we inferred that the difference in fungal biomass was an important factor in the difference
between the three mature Daqu. Using the HTS technique, we found that the 16 core
fungi used for absolute quantification all occupied high abundance in three mature Daqu
(Figure 7a), indicating that the 16 core fungi have important reference values for resolving
the fungal community structure of the mature Daqu. Meanwhile, we also found that the
relative and absolute abundances have opposite trends in different samples [15,24–26].
Notably, we found similar results in the same sample. For example, the fungus with highest
relative abundance among the 16 core fungi in MHQ was S. fibuligera (41.78%), whereas,
in terms of their absolute abundance, L. ramosa ramosa (41.95%) was the most dominant,
and S. fibuligera only accounted for 9.22% (Figure S5). Moreover, we revealed the deviation
in abundance of the 16 core fungi (Figure S6). Compared to their absolute abundance, we
found that two fungi were overestimated in the three types of mature Daqu. Among them,
the overestimation of S. fibuligera (36% GC) may be caused by the low GC content of the
ITS2 sequence. All seven fungi were underestimated in the three types of mature Daqu.
Among them, the underestimation of T. lanuginosus (59% GC), R. composticola (62% GC),
and M. purpureus (60% GC) may result from the high GC content of the ITS2 sequence. The
underestimation of S. cerevisiae (381 bp, 43% GC), L. ramosa (399 bp, 39% GC), and S. pombe
(421 bp, 31% GC) may result from the long sequence length and low GC content of the ITS2
sequence. The above results indicate that the use of multiple internal standards can help
obtain accurate quantitative results.

In this study, the changes of the physical and chemical indexes of the Daqu surface
and Daqu core were tracked during the Daqu fermentation, and the driving factors of
the initial formation about Daqu surface and Daqu core were quantitatively analysed by
means of RDA in combination with the HAQ. The figure (Figure 8) showed that the fungal
community structure of the Daqu surface and Daqu core fungi was similar. The difference
in fungal biomass was an important factor in the formation of the Daqu surface and Daqu
core. To find the key time points for the formation of the medium-high-temperature Daqu
surface and Daqu core, the fungal community during Daqu fermentation characterised
at the OUT level based on PCoA. Figure 9 showed that, from the spatial structure level,
4–6 stages during Daqu fermentation were important stages for the initial formation of the
Daqu surface and Daqu core. Among them, H. burtonii, S. fibuligera, P. kudriavzevii, and
P. verrucosus were the key fungi that caused the formation of Daqu surface and Daqu core.
To further analyse the correlations between the four key fungi and other core fungi, we used
a microbial interaction network analysis to resolve the relationship between Daqu fungus
microorganisms, and the results showed a total of 13 positive and 12 negative correlations
between the four key fungi and other fungi. H. burtonii, S. fibuligera, and P. kudriavzevii
have been proven to be important functional fungi in Chinese liquor fermentation [43].
H. burtonii could produce various important flavour substances, such as ethyl acetate and
4-hydroxy-2-butanone [44,45]. P. kudriavzevii could produce metabolites such as phenethyl
alcohol that had an important contribution to liquor flavour [46]. It could also ensure the
stability of the microbial community and the fermentation process [47]. S. fibuligera could
increase the activity of saccharified starch and acid protease and the rate of ethanol synthesis
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in the early stage of fermentation [48]. It could also improve the aroma of wine and produce
many pleasant aroma compounds, such as ethyl acetate and ethyl butyrate [49].

5. Conclusions

In conclusion, the relative abundance determined using high-throughput sequencing
can be partially helpful in characterising fungal communities. The actual abundance of
fungi can be described more objectively based on the absolute abundance of the quantitative
method. In this study, five ISPs were constructed to quantify fungi because of the length
variations of the fungal ITS2 sequence. The HAQ method can absolutely quantify 16 fungi
and more truly characterise the core fungal community structures. Furthermore, we found
that fungal ITS2 sequences with lower GC contents may be easily overestimated or vice
versa. The Daqu surface during fermentation initially formed in the fourth stage, which was
mainly driven by the moisture. Among them, H. burtonii, S. fibuligera, and P. kudriavzevii
were the key fungi. The Daqu core during fermentation initially formed in the fifth stage,
which was mainly affected by the moisture and reducing sugar. Among them, S. fibuligera
and P. verrucosus were the key fungi. The HAQ method can be used for the quantification
of core fungi in different samples and serve as a valuable reference for studying fungal
interactions, potential functions, and energy metabolism.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8080345/s1. Figure S1. Verification of ISFs and
ISPs. (A) Enzyme digestion of pET-28a plasmid and ISFs. (B) Plasmid map of ISP. (C) PCR verifica-
tion. Figure S2. Rarefaction curves and box plots. (A) Rarefaction curves of the fungal ITS2 region
sequences of all samples. (B) Box plots showing the Shannon index values of fungal communities
among MQ, MHQ, HQ, and MHC. Sample groups with different letters and colours indicate signifi-
cant differences (p < 0.05), as determined using one-way analysis of variance and Tukey’s post hoc
test. Figure S3. Extraction efficiency of ISP II in mixed fungi with different concentrations. Figure S4.
Absolute abundance of 16 core fungi in different mature Daqu. Figure S5. Relative and absolute
abundance of 16 core fungi. (A) The total relative abundance of the 16 core fungi was regarded
as ‘1’. (B) The total absolute abundance of the 16 core fungi was regarded as ‘1’. Figure S6. The
abundance deviation of 16 core fungi. The abundance deviation was calculated according to the
following equation: As = Ar

R − Aa
A . Where As is the abundance deviation of a fungus (%); Ar and Aa

are the relative and absolute abundance of a fungus, respectively; and R and A are the total relative
and absolute abundances of the 16 core fungi, respectively. The positive value of abundance deviation
represented overestimation, and the negative value represented underestimation. (A–C) were in MQ,
MHQ, and HQ, respectively. Table S1. High-quality sequence distribution statistics. Table S2. ITS2
sequence and GC content of screened core fungi. Table S3. Strain, plasmid, and sequence used in
this study.
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Abstract: L-Cysteine is an important sulfur-containing amino acid with numerous applications in
the pharmaceutical and cosmetic industries. The microbial production of L-cysteine has received
substantial attention, and the supply of the precursor L-serine is important in L-cysteine biosynthesis.
In this study, to achieve L-cysteine overproduction, we first increased L-serine production by deleting
genes involved in the pathway of L-serine degradation to glycine (serine hydroxymethyl transferase,
SHMT, encoded by glyA genes) in strain 4W (with L-serine titer of 1.1 g/L), thus resulting in strain
4WG with L-serine titer of 2.01 g/L. Second, the serine-biosensor based on the transcriptional
regulator NCgl0581 of C. glutamicum was constructed in E. coli, and the validity and sensitivity of the
biosensor were demonstrated in E. coli. Then 4WG was further evolved through adaptive laboratory
evolution (ALE) combined with serine-biosensor, thus yielding the strain 4WGX with 4.13 g/L
L-serine production. Moreover, the whole genome of the evolved strain 4WGX was sequenced, and
ten non-synonymous mutations were found in the genome of strain 4WGX compared with strain
4W. Finally, 4WGX was used as the starting strain, and deletion of the L-cysteine desulfhydrases
(encoded by tnaA), overexpression of serine acetyltransferase (encoded by cysE) and the key enzyme
of transport pathway (encoded by ydeD) were performed in strain 4WGX. The recombinant strain
4WGX-∆tnaA-cysE-ydeD can produce 313.4 mg/L of L-cysteine using glycerol as the carbon source.
This work provides an efficient method for the biosynthesis of value-added commodity products
associated with glycerol conversion.

Keywords: Escherichia coli; biosensor; glycerol; adaptive laboratory evolution; L-cysteine

1. Introduction

L-cysteine has been widely used in the food, agricultural and pharmaceutical indus-
tries. Because of the toxicity of L-cysteine and the complex regulation of its synthesis
pathway, efficient microbial production of L-cysteine at the industrial scale has not been
achieved [1–4]. Most studies have focused on producing L-cysteine from glucose by re-
combinant Escherichia coli or Corynebacterium glutamicum [5–8]. However, C. glutamicum
grows slowly, thus resulting in a long manufacturing cycle. Compared with C. glutamicum,
E. coli has a higher growth rate, and the its genetic engineering method is well developed,
thus suggesting that the production of L-cysteine by E. coli has great potential [2,3,7,8].
The precursor of L-cysteine is L-serine in E. coli, and the biosynthesis of L-cysteine from
L-serine in E. coli occurs via a two-step pathway, the catalysis of L-serine acetyltransferase
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(encoded by cysE) and L-cysteine synthase (encoded by cysK) (Figure 1). The first reaction
catalysed by CysE is the rate limiting step of L-cysteine biosynthesis in E. coli. Moreover,
multiple L-cysteine desulfhydrases (CD encoded by tnaA) catalyse the degradation of
L-cysteine [2,3,7–9]. Previous studies have shown that L-serine is an important precursor
for the biosynthesis of L-cysteine, and enhancing the L-serine synthesis is a necessary
metabolic engineering strategy for L-cysteine accumulation [1,2].

Figure 1. The protocol of constructing strain 4WGX over-producing L-cysterine from glycerol. glyA
encoded serine hydroxymethyl transferase, tnaA encoded L-cysterine transporter, Red crosses on
solid lines (
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) indicated genes that were deleted. cysE encoded serine acetyltransferase, the red line
indicated gene that were overexpressed. The starting strain E. coli 4W had been constructed in our
previous study with deletion of sdaA, sdaB, and tdcG (The three genes encoded L-serine deaminases),
and the removal of feedback inhibition of serA (serA encoded 3-phosphoglycerate dehydrogenase).

Simultaneously, in addition to traditional fermentation substrates such as glucose,
sucrose and other sugar raw materials, glycerol has become a very competitive new
choice [10,11]. As non-renewable fossil energy is increasingly depleted, searching for
new alternative energy sources, such as biodiesel, has become a top priority. However, the
large-scale development and utilization of biodiesel has brought about another serious
problem: the treatment and reuse of crude glycerol, which was the by-product of biodiesel
manufacturing. According to statistics, every 10 kg of biodiesel produces approximately
1 kg of crude glycerol by-product [12,13]. If these by-products could be converted into
high value-added chemicals, the crude glycerol could be reused, and the chemical cost
could also be decreased. Therefore, using glycerol as a carbon source to produce high
value-added chemicals has become a major topic in the biodiesel industry [14,15]. The
chemicals produced by using glycerol as a substrate mainly include shikimic acid, lactic
acid, succinate, lysine, L-phenylalanine and 1,3-propanediol [11,13,16–19]. However, nearly
all studies on the production of L-cysteine by E. coli have focused on the pathway begin
from glucose. Compared with that from glucose, the metabolic pathway from glycerol to
L-cysteine is shorter, and the carbon atom economy is also better [20,21].

ALE, also called adaptive evolutionary engineering, has become a valuable tool in
metabolic engineering for strain development [22]. However, the traditional screening
procedure is cumbersome and time-consuming. A pressing need to develop an efficient
approach to screen high-yield mutant strains [23–25]. High-throughput screening methods
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with biosensors have been used to screen mutant strains, such as those overproduce amino
acids and organic acids, and the biosensors, including the ones based on riboswitches,
enzymes, and transcription factors, can transform information about a specific metabolite
into a graded fluorescence output [26–31]. In our previous study [32], we developed a
genetic metabolite biosensor capable of detecting L-serine in single C. glutamicum cells,
this biosensor is based on the transcriptional regulator NCgl0581 of C. glutamicum, which
activates expression of the NCgl0580 promoter to drive transcription of enhanced yellow flu-
orescent protein [32]. However, no study has reported screening of L-serine overproducing
strains a biosensor in E. coli.

In this study, to achieve L-cysteine overproduction, we first enhanced production of the
precursor L-serine by deleting the L-serine degradation pathway glyA with CRISPR/Cas9 in
strain 4W, thus resulting in strain 4WG. Second, in E. coli, we constructed a serine-biosensor
based on the transcriptional regulator NCgl0581 of C. glutamicum. The validity and sen-
sitivity of the biosensor were studied. Subsequently, 4WG was further evolved by using
ALE combined with serine-biosensor, thus yielding the evolved strain 4WGX. The whole
genome of the evolved strain 4WGX was sequenced, and comparative genomics analysis
and reverse mutation were performed. Finally, 4WGX was used as the starting strain, and
the deletion of the L-cysteine desulfhydrases (tnaA), overexpression of serine acetyltrans-
ferase (cysE) and the key enzyme in the transport pathway (ydeD) were performed. The
recombinant strain was successfully constructed and found to produce L-cysteine using
glycerol as substrate.

2. Materials and Methods
2.1. Strains and Plasmids

Strains and plasmids used in this study are summarized in Table 1. Primers for gene
cloning and deleting are listed in Table 2. Strain 4W, carrying deletions of sdaA, sdaB
and tdcG, was constructed in our previous study [20]. The serine-biosensor pDser from
C. glutamicum was also constructed in our previous study [32]. The plasmids pTarget and
pCas were used for knocking out the glyA gene.

Table 1. Strains and plasmids used in this study.

Strains or Plasmids Description Sources

Strains
E. coli JM109 recA1, endA1, gyrA96, thi-1, hsd R17(rk- mk+) supE44 Invitrogen

4W W31104tdcG4sdaA4sdaB serAdr Invitrogen
4WG 4W with glyA deletion This study

4W-pDer 4W harboring serine-biosensor pDser This study
4WGX A mutant derived from 4W This study

4WG-pDer 4WG harboring serine- biosensor pDser This study
4WG-cysE 4WG harboring pEtac-cysE This study

4WG-cysE-ydeD 4WG harboring pEtac-cysE-ydeD This study
4WG-∆tnaA 4WG with tnaA deletion This study

4WG-∆tnaA-cysE 4WG-∆tnaA harboring pEtac-cysE This study
4WG-∆tnaA-cysE-ydeD 4WG-∆tnaA harboring pEtac-cyE-ydeD This study

Plasmids
pCas Carrying Cas9 and λRed System, kan Invitrogen

pTargetF Carrying N20 sequence, spc or smr Invitrogen
pDser Biosensor, kan Invitrogen
pEtac Inducible expression plasmid, tac, kan This study

pEtac-cysE Carrying cysE gene from E. coli This study
pEtac-cysE-ydeD Carrying cysE and ydeD gene from E. coli This study
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Table 2. Primers used in this study.

Primers Sequence

pTargetF-4glyA1-F ACTGTGGCAGGCTATGGAGCGTTTTAGAGCTAGAAATAGCAAGTT
pTargetF-4glyA1-R GCTCCATAGCCTGCCACAGTACTAGTATTATACCTAGGACTGAGC
pTargetF-4glyA2-F AGAAGCCGAAGCGAAAGAACGTTTTAGAGCTAGAAA-TAGCAAGTT
pTargetF-4glyA2-R GTTCTTTCGCTTCGGCTTCTACTAGTATTATACCTAGGACTGAGC

glyA-U-F AGCCCTGCAATGTAAATGGTT
glyA-U-R ACAGCAAATCACCGTTTCGCCCGCATCTCCTGACTCAGCTA
glyA-D-F AGCTGAGTCAGGAGATGCGGGCGAAACGGTGATTTGCTGTC
glyA-D-R TCGCCAGACAGGATTTAACCC

pTargetF:1756F23 CCCTGATTCTGTGGATAACCGTA
pTargetF:78R23 ACATCAGTCGATCATAGCACGAT

cysE-F TTCACACAGGAAACAGAATTCATGTCGTGTGAAGAACTGGAAATTG
cysE-R TGCGGCCGCAAGCTTGTCGACTTAGATCCCATCCCCATACTCAA
ydeD-F GGGATCTAAGTCGACAAGCTTCGCTGAGCAATAACTAGCATAACC
ydeD-R GTGGTGGTGGTGGTGCTCGAGTTAACTTCCCACCTTTACCGCT

tnaA-U-F TTGCATATATATCTGGCGAATTAATCGG
tnaA-U-R GCCACTCTGTAGTATTAAGTATCAAAGAAATAGTTAGAGAACGCCA
tnaA-D-F ACTTAATACTACAGAGTGGCTATAAGGATGTT
tnaA-D-R ACGAAAATGGCTGTGCAGAT

pTargetF-∆tnaA-F CGTTCTCTTTCACATGTTTAACTAGTATTATACCTAGGACTG
pTargetF-∆tnaA-R TAAACATGTGAAAGAGAACGTTTTAGAGCTAGAAATAGCAA

2.2. Growth Medium and Culture Conditions

Luria-Bertani (LB) medium was used for plasmid construction. When appropriate,
streptomycin (50 µg/mL) or kanamycin (50 µg/mL) was added. For L-serine fermentation,
mineral AM1 medium [33] supplemented with 10.0 g/L glycerol, 8.6 g/L (NH4)2·HPO4,
3.9 g/L NH4H2PO4 and 1 g/L yeast extract was used. E. coli was cultured according to our
previous study [20].

2.3. Gene Deletion with CRISPR/Cas9

For deletion of glyA gene, as an example, the upstream homologous arms of the glyA
gene were obtained by using primers glyA-U-F and glyA-U-R, and the downstream homol-
ogous arms of glyA gene by using primers glyA-D-F and glyA-D-R. Then both the upstream
and downstream arms were used as templates, and the homologous recombination repair
templates were obtained by overlap extension PCR using primers glyA-U-F and glyA-D-R.

Plasmid pTarget was extracted from E. coli JM109 and amplified with primers pTargetF-
4glyA1-F, pTargetF-4glyA1-R and pTargetF-4glyA2-R and pTargetF-4glyA2-F. The tem-
plate was degraded with the DpnI enzyme, and then PCR products were transferred to
E. coli JM109 to repair the cyclization gap. After the clones were grown, pTargetF:1756F23
and pTargetF:78R23 were used for PCR amplification. If the sequencing results were correct,
then plasmids were amplified and extracted. Finally, two pTarget plasmids containing
N20 sequences specifically targeting glyA were obtained. The N20 sequences were predicted
in CHOPCHOP (chopchop.cbu.uib.no).

Finally, homologous arm fragments and two pTarget plasmids were electroporated into
competent cells containing the pCas plasmid. Transformants were selected on kanamycin
and streptomycin plates and verified by PCR using the corresponding primers glyA-U-F
and glyA-D-R. The gene tnaA was deleted by this method.

2.4. Gene Overexpression

The plasmid pEtac was used for the expression of foreign genes. This plasmid carries
a tac promoter and Kan resistance marker. For the expression of cysE, as an example, we
amplified the cysE gene by using the primers cysE-F/cys-R. The target gene was digested
with EcoR I and Sal I, then ligated with the linearized plasmid pEtac to construct the
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inducible expression plasmid pEtac-cysE. The gene ydeD was overexpressed through this
method, thus yielding the plasmid pEtac-cysE-ydeD.

2.5. Construction and Verification of the Serine-Biosensor

The pDser plasmid was constructed in our previous study [32]. The pDser plasmid
was introduce into E. coli 4WG, transformants were selected and verified, and strains
containing the pDser plasmid were achieved. The verification of the serine-biosensor was
performed according to our previous study [32].

2.6. Biosensor-Driven Evolution Experiment

For strain evolution, E. coli 4WG harboring pDser was cultured in LB medium, and
10% (v/v) inoculum was transferred into fresh AM1 medium with 6 g/L L-serine for 24 h.
This step was repeated ten times (recorded as ten generations). The evolved strain was
approximately 600 generations. Then L-serine concentration were increased to 12, 25 and
50 g/L, and this process was repeated. Successive rounds of ALE were carried out with the
L-serine increased stepwise (6, 12, 25 and 50 g/L). According to the generation time (GT) of
E. coli, the evolved strain was approximately 600, 1200, 1800, 2400 generations, respectively.

At the end of the experiment, an appropriate amount of the evolved strains after 600,
1200, 1800, 2400 generations were diluted to 10−5-10−6 fold. Then 100 µL of diluted bacterial
solution was spread on kanamycin plates and cultured overnight at 37 ◦C and single
colonies were transferred to 96-well plates. After 24 h of fermentation, the fluorescence
intensity of the strain in each well was measured, the most efficient strain was selected by
using FACS according to our previous study [32].

2.7. Genome Sequencing

The whole genome of E. coli 4WGX was sequenced, and comparative genomics analysis
was performed with the parent strain 4WG. Genomic DNAs of the strains were extracted
using Molpure Bacterial DNA Kit (Yeasen. Shanghai, China). Library construction and
genome sequencing were performed by Genewiz (Suzhou, China) by using Illumina
Hiseq2500 sequencing platform. Quality assurance of the output was analyzed by using
FastQC software (v.0.10.1) and NGSQC Toolkit software (v.2.3.3). BWA alignment software
(v.0.7.17) and SAM tools software (v.1.9) were used for alignment and variant calling,
respectively. Variations were annotated by using the SnpEff software (v.4.3i).

2.8. Analytical Methods

Cell growth was measured as the OD600 (AOE UV-1200S, China). A triglyceride
assay kit for measuring glycerol concentration was purchased from Nanjing Jiancheng
Bioengineering Institute. First, a standard curve based on different concentrations of
glycerol standard and the corresponding OD550 values was constructed, and then the actual
glycerol concentration of each sample was calculated according to the OD550 value. The
fluorescence intensity of bacteria was detected with a microplate reader with an excitation
wavelength of 488 nm and emission wavelength of 530 nm. The concentrations of L-serine
and L-cysteine were determined with high-performance liquid chromatography (HPLC;
Agilent 1100, USA) according to a previously reported method [32].

3. Results
3.1. Improved the Precursor L-Serine Accumulation by Decreasing L-Serine Degradation in E. coli

To achieve L-cysteine overproduction, we first enhanced the L-serine production of
strain 4W. In the L-serine degradation pathway, SHMT (glyA) were deleted in strain 4W
by using CRISPR/Cas9, thus resulting in strain 4WG. As shown in Figure 2, strain 4WG
showed cell growth inhibition, with a maximum OD600 of 2.37 (Figure 2b). In contrast,
the maximum OD600 of parent strain 4W was 5.73 (Figure 2a), glyA deletion significantly
decreased the cell growth. Correspondingly, the L-serine accumulation of strain 4WG
was 0.75 g/L, a level significantly lower than that of the parental strain 4W (1.1 g/L).
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We inferred that intracellular glycine deficiency caused by knocking out the pathway of
L-serine degradation resulted in poorer growth status of the strain, and leaded to lower
L-serine accumulation.
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(a) Profiles of glycerol consumption, cell growth and L-serine production in strain 4W; (b) Profiles
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According to a previous study [5], inactivation of SHMT in E. coli could effectively
reduce the intracellular degradation of L-serine, and exogenous glycine could be added to
maintain the cell growth. After 0.15 g/L (2 mM) glycine was added to the medium, the
strain 4WG returned to normal growth with a maximum OD600 value of 4.87 (Figure 2c).
Meanwhile, L-serine accumulation also increased significantly, reaching 2.01 g/L after 54 h
of fermentation, which was 53.4% higher than that of the control strain 4W. Simultaneously,
the substrate glycerol was completely consumed during fermentation for 48 h, which was
similar to that for the parental strain 4W.

Although L-serine titer of strain 4WG increased with the addition of glycine, L-serine
was found to be highly toxic to this strain even at low concentrations. As shown in Figure 3,
the cell growth of strain 4WG was significantly decreased with the addition of L-serine
in the medium. When 6 g/L L-serine was added, the maximum OD600 was 2.62. When
L-serine addition reached 12, 25 and 50 g/L, strain 4WG showed negligible growth. The
strain’s tolerance to L-serine was the key to over-producing L-serine.
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Figure 3. Growth profiles of strains 4WG in AM1 containing different concentrations of L-serine.
Squares represent 0 g/L L-serine, open squares represent 6 g/L L-serine, triangles represent 12 g/L
L-serine, open circles represent 25 g/L L-serine, and diamonds represent 50 g/L L-serine. Values
denote the average of three independent experiments, and error bars indicate standard deviation.

3.2. Increased L-Serine Production through ALE Combined with a Serine-Biosensor
3.2.1. Construction and Verification of a Serine-Biosensor in E. coli

ALE was selected to improve L-serine tolerance and L-serine production. We con-
structed a serine-biosensor to increase the screening efficiency, and verified its efficacy in
E. coli. The serine-biosensor of C. glutamicum was constructed and used to screen L-serine
overproducing strains in our previous study [32]. However, there is no research adapting
this biosensor in E. coli, and whether the heterologous expression of the biosensor was also
effective in high-performance screening in E. coli needed to be tested. The serine-biosensor
pDser was transformed into E. coli 4WG, resulting in 4WG-pDser. Afterward, 4WG and
4WG-pDser were photographed under a laser scanning confocal microscope under visible
light and UV light. As shown in Figure 4, the parental strain 4WG showed no fluorescence
signal, and 4WG-pDser showed substantial fluorescence intensity. This result confirmed
that the serine-biosensor was successfully expressed in E. coli.

Figure 4. Identification of serine-biosensor pDser in E. coli. 4WG-pDser clearly emitted yellow
fluorescence, whereas the control E. coli 4WG did not emit yellow fluorescence.
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The relationship between fluorescence intensity and L-serine titer was then stud-
ied. The fluorescence signal from the serine-biosensor correlated with the L-serine titer
(Figure 5a). Moreover, in the ALE experiment, L-serine was added to the medium, and the
effect of the L-serine addition to the biosensor was studied. No fluorescence significant
change was observed with varying amounts of L-serine added (data not shown), indicating
that only the cellular L-serine biosynthesized was monitored by serine-biosensor. These
results demonstrated the functionality of the serine-biosensor in E. coli, which was adapted
from C. glutamicum. We used this method to screen serine over-producing strain in the rest
of this study.
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3.2.2. Increased L-Serine Yield Achieved by Biosensor-Driven Evolution

ALE with biosensors was used to improve L-serine tolerance and L-serine production.
The strain harbouring serine-biosensor (4WG-pDser) was evolved in the medium with 6,
12, 25 and 50 g/L L-serine, and the evolve strain was approximately 600, 1200, 1800 and
2400 generations respectively, according to the generation time of E. coli. In this process, we
observed that the cell growth of strain 4WG was significantly inhibited in the medium with
25 g/L and 50 g/L L-serine. With increasing generation number, the cell growth rate clearly
increased, as did the maximum OD600 increased (data not shown). The final evolved strain
was achieved 2400 generations. As shown in Figure 5b, the first strain was the control strain
4WGX-pDser, and the remaining 95 strains were single colonies selected on the plates.
Five strains with the highest intensity values were selected for flask fermentation. The
resultant ALE strain was named 4WGX. As shown in Figure 6a, after 48 h of fermentation,
the maximum OD600 of strain 4WGX was 6.87, glycerol was completely consumed at 24 h,
the L-serine titer was 4.13 g/L at 48 h, which was 105% higher than that of 4WG (2.01 g/L)
and 275% higher than that of 4W (1.1 g/L), and the substrate conversion rate was 41.3%.
Strain 4WGX was cultured in medium with the addition of 50 g/L L-serine, the cell growth
was shown in Figure 6b, the maximum OD600 of strain 4WGX reached 3.65, and the parental
strain 4WG showed almost no growth in the same medium (Figure 3).

To clarify the reasons for the greatly improved serine-tolerance of strain 4WGX, we
sequenced the whole genome of strain 4WGX. The sequencing results revealed a total of
eleven single base mutations in the genome of strain 4WGX compared with strain 4W,
including ten non-synonymous mutations (bamA, brnQ, ybcJ, fepB, agp, dgcT, oppB, fliK,
ygbN and eno) and one synonymous mutation (fdrA). We chose two genes (agp encoded
glucose-1-phosphatase, and eno encoded enolase) not involved in the membrane for further
study. First, reverse mutation of agp and eno was performed in the genome of 4WG, thus
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yielding mutant strains. However, we did not observe any significant change in L-serine
production, cell growth and glycerol consumption in both strains (data not shown).

Figure 6. Fermentation profiles of strain 4WGX, strain 4WGX in AM1 containing different concen-
trations of L-serine, and stain 4WGX-∆tnaA-cysE-ydeD. (a) Profiles of glycerol consumption, cell
growth and L-serine production in strain 4WGX. Squares represent cell growth, circles represent
residual glycerol, and triangles represent L-serine; (b) Growth profiles of the evolved strains 4WGX in
AM1 containing different concentrations of L-serine. Squares represent 0 g/L L-serine, open squares
represent 6 g/L L-serine, triangles represent 12 g/L L-serine, open triangles represent 25 g/L L-serine,
and open circles represent 50 g/L L-serine; (c) Profiles of glycerol consumption, cell growth and
L-serine production in strain 4WGX-∆tnaA-cysE-ydeD. Squares represent cell growth, circles represent
residual glycerol, and triangles represent L-cysteine. Values denote the average of three independent
experiments, and error bars indicate standard deviation.

3.3. Construction of L-Cysteine-Producing Recombinant Strain

Strain 4WGX was used as the staring strain, in which the L-cysteine desulfhydrases
(tnaA gene) gene was deleted by the CRISPR/Cas9 method. The 4WGX genome was used
as a template, and primers tnaA-1/tnaA-2 and tnaA-3/tnaA-4 were used to amplify the
upstream and downstream fragments. The pTarget plasmid with the specific N20 sequence
and the homology arm fragment were electroporated into competent cells containing the
Cas9 plasmid. Clones were selected on LB agar plates containing kanamycin and strepto-
mycin (50 µg/mL). The clones were verified by PCR, the plasmid was finally eliminated,
and strain 4WGX-4tnaA was achieved. Then the plasmid pEtac was used for the overex-
pression of cysE and ydeD. The plasmid pEtac-cysE-ydeD was constructed and transformed
into 4WGX-4tnaA, thus yielding the L-cysteine-producing strain 4WGX-4tnaA-pEtac-cysE-
ydeD. Fermentation by strain 4WGX-4tnaA-pEtac-cysE-ydeD was performed (Figure 6c).
The cell growth (OD600) reached a maximum value of 3.4 at 48 h, the glycerol was com-
pletely consumed at 42 h, and the accumulation of L-cysteine gradually increased after
6 h, exhibiting a cell growth-independent production profile. At 48 h, the final L-cysteine
titer was 313.4 mg/L, and the original strain 4WGX did not produce L-cysteine. Compared
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with those of the original strain 4WGX (Figure 6a), the cell growth and the glycerol con-
sumption rate of 4WGX-4tnaA-pEtac-cysE-ydeD were significantly lower, thus suggesting
that L-cysteine might be toxic to the cell, and improving the strain’s tolerance to L-cysteine
might be key in the future.

4. Discussion

In this study, we successfully established a biosensor-driven laboratory evolution
approach using serine-biosensor from C. glutamicum for improving L-cysteine production in
E. coli. Within several iterative rounds, E. coli 4WGX was isolated from a large evolved strain
library and found to produce 4.13 g/L L-serine. Furthermore, the L-cysteine producing
strain was obtained through deletion of tnaA, overexpression of cysE and ydeD in strain
4WGX. The recombinant strain 4WGX-∆tnaA-cysE-ydeD with 313.4 mg/L of L-cysteine
was constructed using glycerol as the carbon source. This is the first report of producing
L-cysteine from glycerol. Compared with glucose as carbon source for microbial L-cysteine
production, using glycerol has several advantages, including its better carbon atomic
economy and higher degree of reduction; glycerol is a highly promising substrate for amino
acid production [20]. Although these results showed that L-cysteine titer was lower than
that with glucose as the carbon source, glycerol is an alternative substrate providing a
variety of economic and metabolic advantages. With further engineering and optimization,
fermentation directly using glycerol as carbon source could become competitive. Moreover,
this work provides an efficient method for value-added products bioconversion using
glycerol as substrate.

L-serine is the precursor of L-cysteine in E. coli, and L-serine accumulation is important
to efficient produce L-cysteine. However, degradation is a crucial issue in microbial L-serine
production. L-serine has two main degradation pathways to either glycine or pyruvate. The
conversion of L-serine to pyruvate in E. coli is catalyzed by three L-serine deaminases, sdaA,
sdaB and tdcG. The conversion of serine to glycine is catalyzed by serine hydroxymethyl
transferase (SHMT). Strain 4W was obtained by deleting sdaA, sdaB and tdcG in E. coli W3110.
In this study, to remove the L-serine degradation pathway in E. coli 4W, the gene glyA
was deleted with CRISPR/Cas9, thus resulting in strain 4WG, which produced 2.01 g/L
L-serine with the addition of glycine. Decreasing SHMT activity strongly affects L-serine
accumulation was observed in other studies [5–7]. However, in the present experiments,
glyA deletion resulted in cell growth inhibition and a lower glycerol consumption rate.
These results were not completely consistent with Mundhada’s study, in which the T1 strain
(E. coli MG1655 with tdcG, sdaA and sdaB deletion) had a higher glucose consumption rat e
and a lower cell growth than the Q1 (strain T1 with glyA deletion) [5]. With glyA deletion,
the cell growth did not significantly change, possibly because of the different carbon source.
The low growth rate of strain 4WG limited the its application. To overcome this problem,
we used ALE to enhance the strain’s tolerance.

ALE or random mutagenesis followed by screening for a non-selectable phenotype
is often labor-intensive [32,34]. However, this process can be circumvented by combining
ALE with biosensors [23,24]. By using ALE combined with serine-biosensor, we obtained
the evolved strain 4WGX, and L-serine production was increased. The maximum OD600 of
strain 4WGX was 6.87, glycerol was consumed completely at 24 h, faster than the parental
strain 4W, with the addition of 2 mM glycine. The L-serine titer was 4.13 g/L at 48 h
(Figure 6a), a value 105% higher than that of 4WG and 275% higher than that of 4W. The
substrate conversion rate was 41.3%, and the value reported for the strain developed
in this study is close to highest yield reported from sugar [5]. Moreover, sequencing
results of strain 4WGX revealed a total of eleven single base mutations in the genome of
strain 4WGX, including ten non-synonymous mutations and one synonymous mutation
(Table S1). Interestingly, most of the mutated genes encoded the membrane protein, such as
brnQ, encoding the branched chain amino acid transporter BrnQ, fepB, oppB encoding the
ABC transporter, and fepB, encoding FepB with a key role in transporting the catecholate
siderophore ferric enterobactin from the outer to the inner membrane in Gram-negative
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bacteria [35]. ygbN encodes a putative transporter. bamA encodes the outer membrane
protein BamA in E. coli, and a recent study has reported that the outer membrane fluidity
linked to BamA activity [36,37]. The gene agp encodes glucose-1-phosphatase, and eno
encodes enolase. The function of the other mutated genes (ybcJ, fepB, dgcT, fliK) were unclear.
We chose to study the genes agp and eno, which were not involved in the membrane. Reverse
mutation of agp and eno were performed in the genome of 4WG, thus yielding mutant
strains. However, we did not observe any significant changes in L-serine production and
cell growth in both strains (data not shown). The previous study has showed that a site-
specific variant of enolase results in the functional and structural changes [38]. Most of
the mutated genes (brnQ,BrnQ, fepB, oppB, ygbN and bamA) encoded transporters in E. coli,
and these mutations were likely to alter cellular metabolite to help bacteria cope with the
toxic metabolite [37,39], thus potentially explained why the final evolved strain grew better
than the parent strain in 50 g/L L-serine. Further studies are needed to explore relationship
between the membrane protein and phenotypic.

Biosensors have been widely used to develop high throughput screening methods and
optimize pathway expression [40–42]. In our previous study, the serine-biosensor pDser,
which was based on NCgl0581 (a transcription factor specifically responsive to L-serine in
C. glutamicum), had been constructed in C. glutamicum for high-throughput screening of
L-serine high-yield strains. However, we did not know whether this biosensor was suitable
for screening L-serine over-producing E. coli, because the heterologous expression of the
transcriptional regulator might have significantly interfered with the host gene regulatory
networks. Moreover, the sensitivity of the biosensor was determined by the rate of promoter
occupation by transcription factors through protein-protein interaction [43]. Therefore, the
validity and sensitivity of serine-biosensor pDser were verified, and the results showed
that biosensor from C. glutamicum was effective in selecting L-serine over-producing E. coli.
On this basis, we developed a high-throughput screening method. Moreover, in evolution
experiments, L-serine was added to the medium, and the effect of the L-serine addition to
the biosensor was studied. No significant change in fluorescence intensity was observed
with varying amount of L-serine added (data not shown), thus indicating that only the
cellular L-serine biosynthesized was monitored by serine-biosensor. This work indicates
that the serine-biosensor from C. glutamicum is useful in selecting serine over-producing
E. coli, thus expanding the application of biosensor and enabling expanded strategies for
screening high performance strains. Moreover, glycerol is a promising carbon source for
the production of L-cysteine. In the future, to further increase L-cysteine production, we
will focus on the genes involved in biosynthesis and transport of L-cysteine, and in the
uptake of sulfur sources.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation8070299/s1, Table S1. The eleven single base mutations
in the genome of strain 4WGX. References [35,37–39,44–50] are cited in the supplementary materials.
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Abstract: In this study, the fermentation broth of the recombinant Pichia pastoris strain ncy-2 was
studied. After pretreatment, separation, and purification, lysozyme was optimized using biofilm
and ion exchange separation. Finally, lysozyme dry enzyme powder was prepared by concentrating
and vacuum drying. The removal rate of bacterial cells was 99.99% when the fermentation broth
was centrifuged at low temperature. The optimum conditions were: transmembrane pressure of
0.20 MPa, pH 6.5, 96.6% yield of lysozyme, enzyme activity of 2612.1 u/mg, which was 1.78 times
higher than that of the original enzyme; D152 resin was used for adsorption and elution. Process
conditions were optimized: the volume ratio of resin to liquid was 15%; the adsorption time was
4 h; the concentration of NaCl was 1.0 mol/L; the recovery rate of lysozyme activity was 95.67%; the
enzyme activity was 3879.6 u/mL; and the purification multiple was 0.5, 3.1 times of the original
enzyme activity. The enzyme activity of lysozyme dry enzyme powder was 12,573.6 u/mg, which
had an inhibitory effect on microsphere lysozyme. Its enzymatic properties were almost the same as
those of natural lysozyme, which demonstrated good application prospects and production potential.

Keywords: lysozyme; biofilm; ion exchange resin; separation; purification

1. Introduction

Lysozyme is a kind of natural lyase, which can specifically hydrolyze the peptidogly-
can structure of the cell wall of many microorganisms, especially Gram-positive bacteria. Its
antibacterial protection mechanism is significant. It has been a long development process
since Nicolle first isolated the dissolving factor from Bacillus subtilis, and the World Health
Organization (WHO) and many countries and regions determined that lysozyme can be
used as a non-toxic and safe additive. Nowadays, lysozyme is widely used in medicine [1],
food, scientific research, and other fields [2–4], especially in a variety of industries. There-
fore, the production and purification of lysozyme has become very important. Lysozyme is
an alkaline protein with stable chemical properties. It can maintain its original structure
and activity under a wide temperature and pH range. It has a high isoelectric point and
is mostly positively charged. It is a high molecular weight compound with a variety of
dissociable multivalent amphoteric electrolytes. It has different amounts of positive or
negative charges at different pH values. In acidic and near neutral environments, there
are many positive charges. Most other proteins are acidic proteins. When they coexist
with other proteins, the interaction between molecules is easy to combine into a certain
macromolecule, so it is difficult to separate lysozyme directly.

Lysozyme, because of its non-specificity, can be used as a cellular immune protein
in various organisms, such as birds, mammals, and bacteria. Among them, the content
inegg white is particularly rich. The traditional process usually adopts the combination
of ultrafiltration and chromatography to remove the force of enzyme molecules and other
proteins, so as to achieve the purpose of separating lysozyme. The common way to obtain
lysozyme is to use egg white as raw material. However, the process of extracting lysozyme
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from egg white is limited by the source of egg white. Because egg white has only about
3.5% lysozyme, extraction has high production cost, it is a complicated operation, and it
has very limited output and low profit, which is not conducive to amplification, and it is
difficult to realize large-scale industrial production. Therefore, it is necessary to produce
substitutes and reduce production costs to solve the problem of reducing enzyme produc-
tion. Microbial fermentation with genetically engineered bacteria is an effective way to
solve the above problems. However, it is an important challenge to separate lysozyme
from the fermentation broth, because the metabolism of microorganisms involves multiple
integrated processes, so that in addition to lysozyme, there are many complex components
in the fermentation broth: water, residual substrates, by-products, and macromolecules
(such as protein and polysaccharide). The first step in the treatment of fermentation broth
is to remove various insoluble impurities such as microbial cells and residual substrates,
which can be solved by centrifugal filtration. Then, it is necessary to remove the impurity
protein and other macromolecular substances in the clear liquid as much as possible. Ul-
trafiltration can be used for further treatment. Ultrafiltration membrane technology can
push water and small molecular substances through the membrane and release them into
the permeate according to the molecular weight of the target product and the pressure
difference between the two sides of the membrane; lysozyme is intercepted during this
process. It is an excellent fermentation liquid purification technology. Important aspects
include obtaining clearer permeate; less energy demand; recyclable material; simple and
efficient operation; improved purity; and assuredlysozyme activity [5,6]. However, the
viscous substances in the feed liquid are easy to adsorb, block the membrane pores, and
form a filter cake layer, resulting in concentration polarization on the surface of the ultrafil-
tration membrane, increasing the resistance and affecting the transmittance, rejection, and
membrane flux. Therefore, adjusting the ionic strength in the feed liquid, weakening the
force between molecules, selecting the appropriate ultrafiltration membrane pressure, and
improving the membrane flux are of great significance to improving the purity of the feed
liquid. Lysozyme cannot be completely separated from other impurities in the feed solution
by using biofilm, and it needs further refining and purification. Ion exchange technology
can complete the refining and purification process, select the appropriate resin as the filler,
and use the difference of binding force between lysozyme and exchange groups in the resin
to complete the purification of lysozyme in the process of adsorption, binding, and elution.
There are many factors affecting the adsorption–desorption process, such as resin type,
time, eluent concentration and dosage, etc.,and optimizing the operating conditions of ion
exchange is particularly important for the commercial production of lysozyme [7]. The
whole process is easy to operate, has low cost, has no need to add any chemical reagent,
and is safe and efficient. In particular, ultrafiltration technology has mild conditions; does
not cause changes in temperature and pH; can prevent denaturation, inactivation, and
autolysis of lysozyme molecules; ensures the activity of lysozyme to the greatest extent;
and provides good contact conditions for ion exchange. The macroporous resin has many
and large pores, large surface area, many active centers, fast diffusion speed, short distance,
high efficiency, short processing time, easy adsorption and exchange, strong pollution
resistance, and a stable structure, and is renewable and recyclable [8]. The purpose of
this study is to combine ultrafiltration membrane and ion exchange technology, improve
the extraction process, seek the best process parameters, ensure the enzyme activity to
the greatest extent, extract lysozyme step by step from the fermentation broth, purify and
refine lysozyme, and lay a foundation for microbial fermentation to produce lysozyme and
realize industrial production.

2. Materials and Methods
2.1. Materials and Reagents

Feed liquid: fermentation broth liquid of recombinant Pichia pastoris strain ncy-2.
Resin: D152 ion exchange resin, Beijing Solabao Technology Co., Ltd., Beijing, China.
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Micrococcus dissolving wall: Institute of Microbiology, Chinese Academy of Sciences.
Lysozyme Detection Kit: Nanjing Jiancheng Bioengineering Institute, Nanjing, China.

2.2. Instruments and Equipment

Biofilm: 30 kDapolyethersulfone(PES)polysulfone ultrafiltration membrane, Shanghai
Mosu Scientific Equipment Co., Ltd., Shanghai, China. Membrane separation equipment:
ro-nf-vf-40, Shanghai Mosu Scientific Equipment Co., Ltd., Shanghai, China. Ultraviolet
visible spectrophotometer: uv-5100, Shanghai Yuanxie Instrument Co., Ltd., Shanghai,
China. Mechanical stirring bioreactor: 10jsa, Shanghai Baoxing Biological Equipment
Engineering Co., Ltd., Shanghai, China. High-speed refrigerated centrifuge: 20 pr-52 d,
Hitachi Co., Ltd., Tokyo, Japan. Gradient mixer: th-500, Shanghai Huxi Analytical Instru-
ment Factory Co., Ltd., Shanghai, China. CNC drip automatic part collector: sbs-100,
Shanghai Huxi Analytical Instrument Factory Co., Ltd., Shanghai, China. Timing digital
display constant flow pump: hl-2d, Shanghai Huxi Analytical Instrument Factory Co., Ltd.,
Shanghai, China.

2.3. Methods
2.3.1. Preparation of Feed Solution

A recombinant Pichia pastoris strain ncy-2 producing lysozyme was used for contin-
uous fermentation in a 10 L bioreactor for 120 h to obtain yeast fermentation broth. The
solid–liquid separation was carried out at 5000 r/min and 4 ◦C to remove yeast cells and
various insoluble impurities in the fermentation broth. The removal rate of the cells was
calculated using the blood cell counting plate method.

2.3.2. Preliminary Separation

In addition to secreting the target product, strain ncy-2 could also secrete other ex-
tracellular proteases. The purpose of this study was to isolate and extract lysozyme from
the fermentation broth. Considering that the feed solution contains a large number of
highly viscous substances such as proteins and sugars, in order to ensure the membrane
flux of the biofilm, the PESmembrane with a molecular weight of 30 kDa was selected,
and macromolecular substances such as protease greater than 30 kDa were preliminarily
removed. The enzyme activities of the intercepted solution and permeate were measured
to evaluate the separation effect of the biofilm. The supernatant was ultrafilteredusing the
operation equipment shown in Figure 1 [9–11].
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Effect of Transmembrane Pressure on Membrane Separation Effect

The pH was fixed at 6.5, and pressure P was changed to 0.10, 0.20, and 0.30 MPa
to explore the change of biofilm flux with time and its relationship with lysozyme con-
tent. Enzyme activity, membrane flux, rejection rate, transmittance, and yield were also
calculated.

Effect of pH on Membrane Separation

Pressure P was set as 0.20 MPa, and pH was varied to 4.5, 6.5, and 11.0 to explore
the change in biofilm flux with time and its relationship with lysozyme content. Enzyme
activity, membrane flux, rejection rate, transmittance, and yield were also calculated.

2.3.3. Ion Exchange Chromatography

The filtrate obtained from the biofilm was purified using ion exchange chromatography.
The purpose of separating and extracting lysozyme was realized using a weak acid group
combined with lysozyme and an ion exchange medium. D152 resin was selected to optimize
the single factor, design the response orthogonal experiment, construct the model, analyze
and verify, and optimize the process parameters.

Single-Factor Experiment

Single-factor experiments were carried out with the ratio of resin dosage to liquid
volume, stirring speed, pH, temperature, treatment time, and NaCl concentration as the
investigation factors [12,13].

1. Ratio of resin dosage to liquid volume

The amounts of resin, fixed speed, temperature, and other conditions for ion exchange
chromatography were varied, and the content of lysozyme in the eluent was determined.
The recovery rate of enzyme activity was calculated, and the influence of the ratio of resin
amount to solid–liquid volume on the extraction was explored.

2. Stirring speed

The stirring speed, fixed resin dosage, temperature, and other conditions for ion
exchange chromatography were used to determine the lysozyme content in the eluent,
calculate the enzyme activity recovery, and explore the influence of stirring speed on
the extraction.

3. pH

The pH value was changed; the stirring speed, temperature, and other conditions
were fixed for ion exchange chromatography; the lysozyme content in the eluent was
determined; the recovery of enzyme activity was calculated; and the effect of pH on the
extraction was explored.

4. Temperature

The temperature, fixed resin dosage, stirring speed, and other conditions for ion
exchange chromatography were varied, and the content of lysozyme in the eluent was
determined. The enzyme activity recovery was calculated, and the influence of temperature
on the extraction was explored.

5. Processing time

Ion exchange chromatography was carried out under the conditions of fixed resin
dosage, stirring speed, and temperature. Samples were procured every 20 min to determine
the change in lysozyme content, calculate the recovery rate of enzyme activity, and explore
the influence of treatment time on the extraction.

6. NaCl concentration

Ion exchange chromatography was carried out under the conditions of fixed resin
dosage, stirring speed, and temperature. The concentration of the NaCl solution was varied
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for elution. The change in lysozyme content in the eluent was measured, the recovery of
enzyme activity was calculated, and the effect of eluent concentration on the lysozyme
extraction was explored.

Orthogonal Experiment

Based on the single-factor experiment and referring to the response surface optimization
method [14], a three-factor and three-level response surface analysis experiment [15–17] was
designed with the enzyme activity recovery of lysozyme as the response value, and a (resin
dosage in volume ratio of feed solution) (%), B (adsorption time) (h), and C (NaCl concen-
tration) (mol/L) as variables, as shown in Table 1.

Table 1. Level of response surface experimental factors.

Level

Factor

A (Ratio of Resin Dosage
to Liquid Volume) in %

B (Adsorption Time)
in h

C (NaCl Concentration)
in mol/L

−1 15 4 0.5
0 20 6 1.0
1 25 8 1.5

2.3.4. Preparation of Dry Enzyme Powder

Using the eluent obtained via ion exchange chromatography as a raw material,
lysozyme concentrate was obtained by treatment with a polysulfone membrane, with
a molecular weight of 5 kDa, and vacuum drying at −30 ◦C to prepare lysozyme dry
enzyme powder.

Enzymatic Properties

Using dry enzyme powder as the research object, the changes in lysozyme activity
under different temperatures, pH, metal ions, and surfactants were measured [18–20].

1. Effect of temperature on enzyme activity and thermal stability

Lysozyme solution (pH 6.2) was prepared with 0.01 mol/L phosphate buffer, the
temperature was changed, samples were procured every 30 min, the lysozyme activity was
measured, and the time change curve of lysozyme at different temperatures was drawn.

2. Effect of pH on enzyme activity and pH stability

The pH value of the phosphate buffer was adjusted, the lysozyme activity was deter-
mined, and the relationship curve between the pH value and lysozyme activity was drawn.

3. Effect of metal ions on enzyme activity

FeSO4, NaCl, KCl, CaCl2, MgSO4, CuSO4, ZnSO4, MnSO4, and FeCl2 at a concen-
tration of 0.01 mol/L each were used to prepare a lysozyme solution such that the final
concentration of each metal ion was 5 mmol/L. Lysozyme activity was determined, and
the effects of different metal ions on lysozyme activity were explored.

4. Effect of surfactants on enzyme activity

Glycerol, Tween 20, Tween 80, and Span 80 were added to the lysozyme solution such
that the final concentration of each surfactant was 0.5 mg/mL. Lysozyme activity was
measured to explore the effects of different surfactants on lysozyme activity.

Bacteriostatic Test

Lysozyme microspheres were activated to ensure that the strain recovered its original
activity. Using lysozyme dry enzyme powder as a sample, the Oxford cup bacteriostatic
experiment was carried out, the size of the bacteriostatic circle was measured, and the bacte-
riostatic effect of lysozyme and natural lysozyme on lysozyme microspheres was explored.
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2.4. Analysis Method
2.4.1. Calculation of Enzyme Activity

The lysozyme content was determined according to the kit operation manual [21], that
is, the enzyme activity.

U =
UT15 −OT15

ST15 −OT15
× 200U·mL−1 ×N,

where U is in u/mL, UT15/ST15/OT15 is the transmittance of the liquid to be tested/standard/
blank; 200 u/mL is the standard concentration (2.5 µg/mL); and N is the dilution multiple
of the solution to be tested.

U =
U1

U0
× 100%,

where U is in %; U1 is enzyme activity after treatment in u/mg; and U0 is primary enzyme
activity in u/mg.

U =
m1 −m2

V
,

where U is the enzyme content (mg/mL), m1 is the mass of the sample before vacuum
drying (g), m2 is the mass of dry mass and constant weight of the sample (g), and V is the
total sample volume (mL).

2.4.2. Evaluation Parameters of Membrane Performance

Membrane flux [22] is the volume of permeate per unit membrane area per unit time.
The experimental operation parameters were changed, samples were taken after stable
operation, and the volume of the permeate was recorded within a certain time. The formula
used for calculation is:

Jw =
V

Smt
,

where Jw is the membrane flux, L/(m2·h); V is the total volume of permeate, L; Sm is the
effective area of the membrane, m2; and t is the filtering time, h.

Retention rate (the retention capacity of membrane to solute) is expressed as decimal
or percentage. Concentration polarization exists in the actual membrane separation process,
and the real rejection rate is:

R0 = 1− Cp

Cm
,

Because it is difficult to determine the polarization concentration Cm, the volume
concentration of the feed solution was used to replace the polarization concentration, and
the apparent rejection rate R was used to replace the rejection rate R0.

R = 1− Cp

Cb
,

where R0 is the rejection rate, R is the apparent rejection rate, and Cp, Cb, and cm are the
permeate, feed solution, and membrane surface concentrations, respectively (mol/L).

Concentration multiple CF and yield REC [23] are determined as follows:

CF =

(
C0

C

)R
,

REC =

(
V0

V

)R−1
,

where C0 and C are the concentration of the feed solution and concentrated solution,
respectively (mol/L), and V0 and V are the volume of the feed solution and concentrated
solution, respectively.
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3. Results and Discussion
3.1. Preparation of Feed Solution

The cell concentration in the fermentation broth was 4.675 × 109 cells/mL, and after
solid–liquid separation, it decreased to 8.25 × 105 cells/mL, and the removal rate of
bacterial cells reached 99.98%. All kinds of insoluble impurities such as bacterial cells and
fermentation residues in the fermentation broth were preliminarily removed.

3.2. Preliminary Separation
3.2.1. Effect of Transmembrane Pressure on Membrane Separation Effect
Effect of Different Pressures on the Extraction of Microbial Enzymes

As shown in Figure 2, the transmembrane pressure had a significant impact on the
membrane flux and lysozyme activity. When the transmembrane pressure was 0.20 MPa,
the maximum membrane flux was 38.2 L·(M2·h)−1, and the enzyme activity was the highest.
In the early stage, owing to the increase in transmembrane pressure, the shear force on
the membrane surface increased; the feed liquid velocity accelerated, showing a turbulent
state;the concentration polarization phenomenon on the membrane surface decreased,
resulting in an increase in membrane flux; and agel layer was formed on the surface of
the membrane. The higher the pressure, the higher the density and thickness of the gel
layer, and the worse the polarization phenomenon; the larger the resistance, the lower
the flow rate of the liquid material and the longer the time, and the lower the membrane
flux, resulting in aloss of and decrease in enzyme activity. However, excessive pressure
leads to serious membrane pollution, difficult membrane cleaning, and increased energy
consumption, and it affects the activity of lysozyme. Therefore, it is very important to select
the appropriate pressure.
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Figure 2. Effect of transmembrane pressure on ultrafiltration separation effect. 
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Effect of Different Pressures on Membrane Flux

As shown in Figure 3, the membrane flux increased with an increase in pressure. When
the pressure rose to 0.30 MPa, the membrane flux was lower than 0.20 MPa, which was due
to the concentration polarization on the membrane surface. Under the same pressure, the
flux trend of the membrane increased rapidly and then decreased slowly. The higher the
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initial pressure, the higher the membrane flux. The gel layer formed at a later stage of the
membrane. As the resistance of the ultrafiltration membrane increased, the concentration
polarization phenomenon on the surface of the membrane increased, and the flux of the
membrane decreased.
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Effect of Different Pressures on Ultrafiltration

As shown in Table 2, different operating pressures had different effects on the yield
of lysozyme, especially the rejection and transmittance. Owing to the difference in trans-
membrane pressure, the thickness and density of the gel layer were different, and the
resistance was also different, thus affecting the rejection rate and transmittance. At the
pressure of 0.20 MPa, the minimum interception rate of lysozyme was 7.4%. The maximum
transmittance was 45.7% and the yield was 96.6%.

Table 2. Effect of transmembrane pressure on ultrafiltration effect.

P (MPa) R (%) R′ (%) REC (%)

0.10 11.2 37.4 93.6
0.20 7.4 45.7 96.6
0.30 15.85 37.7 91.9

P—pressure R—rejection rate; R′—transmittance; REC—yield.

3.2.2. Effect of pH on Membrane Separation Effect
Effect of Different pH Values on the Extraction of Lysozyme

As shown in Figure 4, the pH of the feed solution had a significant influence on the
membrane separation. When the membrane flux and lysozyme activity in the permeate
at pH 4.5 and 11.0 were lower than that at pH 6.5, the maximum membrane flux was
38.2 L·(M2·h)−1, and the lysozyme activity was the highest. Under the condition of pH 4.5,
almost no charge, aggregation occurred easily, forming a gel layer on the surface of the
membrane and increasing resistance, resulting in a decrease in membrane flux. When
the pH value was 6.5, it was negatively charged, and there was an electrostatic repul-
sion between the molecules. Concurrently, other hetero-proteins were also be negatively
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charged, which weakened the concentration polarization phenomenon to a certain extent
and ensured high membrane flux. In addition, the isoelectric point of lysozyme was 11,
without charge, and the repulsive force between molecules was the smallest. It was easy to
form a gel layer by molecular flocculation, and the concentration polarization phenomenon
was aggravated, and the membrane flux decreased.

Fermentation 2022, 8, x FOR PEER REVIEW 10 of 23 
 

 

L·(M2·h)−1, and the lysozyme activity was the highest. Under the condition of pH 4.5, al-

most no charge, aggregation occurred easily, forming a gel layer on the surface of the 

membrane and increasing resistance, resulting in a decrease in membrane flux. When the 

pH value was 6.5, it was negatively charged, and there was an electrostatic repulsion 

between the molecules. Concurrently, other hetero-proteins were also be negatively 

charged, which weakened the concentration polarization phenomenon to a certain extent 

and ensured high membrane flux. In addition, the isoelectric point of lysozyme was 11, 

without charge, and the repulsive force between molecules was the smallest. It was easy 

to form a gel layer by molecular flocculation, and the concentration polarization phe-

nomenon was aggravated, and the membrane flux decreased. 

3 4 5 6 7 8 9 10 11 12
0

50

100

150

200

U
（

%
）

 U

35

36

37

38

39

40

 Jw

J w
（

L
·(

m
2
·h

)－
1
）

pH
 

Figure 4. Effect of pH on ultrafiltration separation. 

Effect of Different pH on Ultrafiltration Membrane Flux 

As shown in Figure 5, the membrane flux decreased with time. At pH 6.5, lysozyme 

was negatively charged and was relatively stable between molecules, ensuring a high 

membrane flux. At pH 4.5, molecular aggregation easily occurred and was attached to 

the membrane surface, resulting in a decrease in the membrane flux. The charge of ly-

sozyme at the isoelectric point was 0, the repulsion between molecules was the smallest, 

intermolecular flocculation occurred easily, and the membrane flux was reduced. 

Figure 4. Effect of pH on ultrafiltration separation.

Effect of Different pH on Ultrafiltration Membrane Flux

As shown in Figure 5, the membrane flux decreased with time. At pH 6.5, lysozyme
was negatively charged and was relatively stable between molecules, ensuring a high
membrane flux. At pH 4.5, molecular aggregation easily occurred and was attached
to the membrane surface, resulting in a decrease in the membrane flux. The charge of
lysozyme at the isoelectric point was 0, the repulsion between molecules was the smallest,
intermolecular flocculation occurred easily, and the membrane flux was reduced.

Effect of Different pH Values on Ultrafiltration

As shown in Table 3, pH had a significant influence on the interception rate of
lysozyme. When the pH value was 6.5, the rejection and transmittances were 7.4% and
45.7%, respectively, and the yield of lysozyme was 96.6%. This was due to the negative
charge of lysozyme and the electrostatic interaction between enzyme molecules, resulting
in concentration polarization on the membrane surface, which affected the membrane
separation effect.

Table 3. Effect of pH on ultrafiltration.

pH R (%) R′ (%) REC (%)

4.5 16.2 48.5 92.1
6.5 7.4 45.7 96.6
11 15.3 47.7 93

R—rejection rate; R′—transmittance; REC—yield.
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Figure 5. Variation curve of membrane flux with time at different pH values. 
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3.3. Ion Exchange Chromatography
3.3.1. Single Factor Experiment
Ratio of Resin Dosage to Liquid Volume

As shown in Figure 6, the ability of the resin to adsorb and desorb enzyme molecules
first increased and then decreased. In the adsorption stage, when the amount of resin
reached 20%, the growth of resin adsorption capacity slowed down; when it exceeded
25%, it did not increase, but decreased, indicating that the resin had been adsorbed and
was saturated. In the elution stage, when the amount of resin reached 20%, the elution
was complete.
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Stirring Speed

As can be seen from Figure 7, the external diffusion of lysozyme increased with an
increase in the stirring speed of the feed solution, the resin exchange capacity increased,
and the internal diffusion was not affected.
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pH

The pH of the feed solution determined the dissociation strength between the resin
active group and the exchange ion and affected the exchange capacity of the resin. When
the pH changed, the intermolecular forces changed, and the charges differed. As shown
in Figure 8, with an increase in the pH of the feed solution, the swelling degree with a
high degree of hydration was large, and the resin exchange capacity increased first and
then decreased.
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Temperature

As shown in Figure 9, the adsorption saturation of the resin was sensitive to tempera-
ture. With an increase in the feed liquid temperature, the diffusion and exchange speed
also accelerated, and the enzyme activity decreased when the time was too long at too high
a temperature.
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Processing Time

As shown in Figure 10, after the resin reached saturation, the enzyme activity remained
unchanged or even decreased, which was caused by long-time adsorption, partial inacti-
vation of enzymes, or human factors. At the initial stage of analysis, owing to the large
concentration difference between the resin and the lysozyme in the eluent, the desorption
power was large, and the speed was fast, but the enzyme activity decreased after 80 min of
elution and increased after 100 min of elution, which was due to the uneven distribution
caused by salting out, resulting in an increase in enzyme activity.
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NaCl Concentration

As shown in Figure 11, the degree of enzyme desorption was significantly affected
by the NaCl concentration. When the NaCl concentration reached 1.0 mol/L, the enzyme
activity recovery, reaching the maximum value, and the concentration continued to increase
but then decreased. This is because the salt concentration in the feed solution was too high,
resulting in the aggregation of lysozyme molecules and affecting desorption.
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3.3.2. Orthogonal Experiment
Establishment of Regression Model

A response surface optimization method was used to design the experimental scheme.
The specific results are presented in Tables 4 and 5.

Table 4. Response surface experimental design scheme and results.

Number A B C U/%

1 0 1 −1 43.432
2 −1 0 −1 66.8512
3 1 1 0 71.8863
4 −1 −1 0 94.5497
5 0 −1 1 77.8369
6 0 0 0 92.4846
7 0 0 0 81.9566
8 0 1 1 67.7667
9 1 0 1 78.9759
10 −1 0 1 71.6521
11 0 0 0 86.7681
12 −1 1 0 76.006
13 0 −1 −1 62.9551
14 1 0 −1 49.2229
15 1 −1 0 89.2804
16 0 0 0 85.6185
17 0 0 0 85.1607
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Table 5. Variance analysis of quadratic response surface regression model.

Source SS Df MS F p

Model 3195.16 9 355.02 37.15 <0.0001
A 48.48 1 48.48 5.07 0.059
B 536.79 1 536.79 56.17 0.0001
C 680.26 1 680.26 71.18 <0.0001

AB 0.33 1 0.33 0.035 0.8578
AC 155.65 1 155.65 16.29 0.005
BC 22.34 1 22.34 2.34 0.1702
A2 0.047 1 0.047 4.893 × 10−3 0.9462
B2 53.74 1 53.74 5.62 0.0495
C2 1655.29 1 1655.29 173.19 <0.0001

Residua 66.9 7 9.56
Lack of Fit 7.85 3 2.62 0.18 0.9065
Pure Error 59.05 4 14.76
Cor Total 3262.06 16

R2 0.9795
R2 (adj) 0.9531
C.V.% 0.041

A quadratic response surface regression analysis was carried out on the data in
Table 4 using Design-Expert software, and amultivariate quadratic regression model of
lysozyme activity Y on resin dosage in feed liquid volume ratio a, adsorption time B,
and NaCl concentration C was obtained: Y = 60.132 − 3.32861A + 3.68373B + 112.97956C
+ 0.028742AB + 2.49521AC + 2.36321BC + 4.21546 × 10−3A2 − 0.89312B2 − 79.31020C2

(p< 0.0001, R2 = 0.9795, R2 (adj) = 0.9531 (>0.80), CV = 4.10%.
As shown in Table 5, according to the equation model results, the model significance

test value f was 37.15, the significance level p< 0.0001, and the model term p ≤ 0.05, in-
dicating that the established model regression equation was significant and statistically
significant; the mismatch term p > 0.05, the correlation coefficient R2 = 0.9795, the adjusted
correlation coefficient R2 (adj) = 0.9531 (>0.80), and coefficient of variation CV = 4.10%, indi-
cating that the model had good fit, the proportion of abnormal error between the model and
the actual fitting was small, and the mismatch term was not significant. The model equation
can be used to preliminarily analyze and predict the process of lysozyme extraction.

Regression Model Analysis

We fixed any factor and analyzed the deformation of the regression equation. The
results are as follows.

It can be seen from the response surface and contour map in Table 5 and Figures 12–14
that there was no significant difference in the interaction between the resin dosage volume
ratio a and the adsorption time B, the interaction between the resin dosage volume ratio a
and the NaCl concentration C was extremely significant, and the interaction between the
adsorption time B and the NaCl concentration C was not significant. It can be seen from
the contour line that the extraction rate y was less sensitive to the change of adsorption
time B than to the change of the ratio of resin dosage to feed liquid volume a, and it was
more sensitive to the change of NaCl concentration C than to the change of the ratio of
resin dosage to feed liquid volume a. The interaction between adsorption time B and
NaCl concentration C was more sensitive than that of the other two groups. Therefore, the
sequence of three factors of resin dosage in volume ratio of feed solution a, adsorption time
B, and NaCl concentration C affecting the enzyme activity recovery y of lysozyme was
C > B> A.

Validation Experiment

The data were analyzed using Design-Expert (StatEase company, Minneapolis, MN,
USA) and SPSS (International Business Machines Corporation, Armonk, New York, NY,
USA) software, and the comparison results are shown in the table below.
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It can be seen from Table 6 that the analysis results of the Design-Expert and SPSS
were consistent. The NaCl concentration in the regression analysis of variance table was
p < 0.0001, the main effect test of SPSS analysis was p = 0.022, the multiple comparison
results of NaCl concentration were p = 0.011 (all < 0.05) when the concentration was
1.0 mol/L, and the most influential factor was NaCl concentration.
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Figure 12. Contour and response surface of resin dosage in volume ratio of material to liquid and
adsorption time. The red dots in the figure are the salient points of the contour map and response
surface map.
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Figure 13. Contour and response surface of resin dosage in volume ratio of material to liquid and
NaCl concentration. The red dots in the figure are the salient points of the contour map and response
surface map.
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Figure 14. Contour and response surface of adsorption time and NaCl concentration. The red dots in
the figure are the salient points of the contour map and response surface map.

196



Fermentation 2022, 8, 297

Table 6. Comparison of Design-Expert and SPSS software results.

Software R2 p Significant Factor

Design-Expert 0.9795 <0.05 NaCl
SPSS 0.9820 <0.05 NaCl

By solving the regression equation, the optimum theoretical conditions were as follows:
the amount of resin accounted for 15% of the volume of the feed solution, the adsorption
time was 4.0 h, the concentration of NaCl was 1.01 mol/L, and the recovery of enzyme
activity was 93.88%. Considering the actual operation, the amount of resin accounted
for 15% of the volume of the feed solution, the adsorption time was 4 h, and the NaCl
concentration was 1 mol/L. Under these conditions, the recovery of enzyme activity
was 95.67%, and the error was 0.22% (<1%). The process conditions established in this
experiment are reliable, and the model fits well with the actual situation.

3.4. Preparation of Dry Enzyme Powder

The prepared lysozyme dry enzyme powder was milky white, and the lysozyme
content was 33.8 mg/mL. The enzyme solution was prepared with 0.005 g/mL. The
enzyme activity was 12,573.6 u/mg.

3.4.1. Enzymatic Property Test
Effect of Temperature on Enzyme Activity and Thermal Stability

As shown in Figure 15, in the range of 20–50 ◦C, the activity of lysozyme increased
with an increase in temperature, which was relatively stable, and the enzyme activity
remained above 50%. The temperature continued to rise, and lysozyme activity decreased.
This was due to the denaturation and inactivation caused by the increase in temperature.
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Figure 15. Effect of temperature on enzyme activity.

As shown in Figure 16, temperature had little effect on lysozyme activity in the range
of 20–60 ◦C. Lysozyme had good thermal stability. After holding at 70 ◦C for 90 min,
the enzyme activity decreased to approximately 75%, and the enzyme activity decreased
continuously. At 90 °C, lysozyme was extremely unstable, denatured, and inactivated in a
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short time, and the enzyme activity decreased sharply. When the temperature was lower
than 60 ◦C, lysozyme couldstably maintain its activity.

Fermentation 2022, 8, x FOR PEER REVIEW 19 of 23 
 

 

 

Figure 15. Effect of temperature on enzyme activity. 

0 40 80 120 160 200
0

20

40

60

80

100

120

U
（

%
）

t（min）

 20 ℃

 30 ℃

 40 ℃

 50 ℃

 60 ℃

 70 ℃

 80 ℃

 90 ℃

 

Figure 16. Changes in enzyme activity with time at different temperatures. 

Effect of pH on Enzyme Activity and pH Stability 

As shown in Figure 17, the activity of lysozyme showed a “peak” shape, which first 

increased and then decreased with an increase in pH. Under neutral conditions, the ac-

tivity of lysozyme was the largest and most stable. 

20 40 60 80 100
0

20

40

60

80

100

U
（

%
）

T（℃）

Figure 16. Changes in enzyme activity with time at different temperatures.

Effect of pH on Enzyme Activity and pH Stability

As shown in Figure 17, the activity of lysozyme showed a “peak” shape, which first
increased and then decreased with an increase in pH. Under neutral conditions, the activity
of lysozyme was the largest and most stable.
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Effect of Metal Ions on Enzyme Activity

As shown in Figure 18, the enzyme activity was inhibited by Fe2+, Fe3+, Zn2+, and
Cu2+ and activated by Na+ and Mg2+, whereas Mn2+, K+, and Ca2+ had no significant effect
on lysozyme activity. Except for a few metal ions with strong inhibitory effects, most metal
ions could pair well with lysozyme and had little effect on enzyme activity.
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Figure 18. Effect of metal ions on enzyme activity.

Effect of Surfactants on Enzyme Activity

As shown in Figure 19, the overall effects of the four surfactants were similar. Span80
inhibited lysozyme activity, whereas Tween20 and 80 and glycerol activated it.
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3.4.2. Bacteriostatic Test

As shown in Figure 20, lysozyme dry enzyme powder prepared from the fermenta-
tion broth of the recombinant yeast strain had the same inhibitory effect on microsphere
lysozyme as natural lysozyme.
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4. Conclusions

After solid–liquid separation, the removal rate of bacterial cells reached 99.98%. The
optimal conditions of biofilm are as follows: transmembrane pressure of 0.20 MPa and
feed solution pH of 6.5. The yield of lysozyme was 96.6%, and the enzyme activity was
2612.1 u/mg, which was 1.78 times that of the original enzyme. A regression equation
model was established. The optimal process conditions obtained using the model were
as follows: The amount of resin accounted for 15% of the volume of material liquid,
the adsorption time was 4 h, and the NaCl concentration was 1.0 mol/L. Under these
conditions, the recovery of lysozyme was 95.67%, the enzyme activity was 3879.6 u/mL,
and the purification multiple was 0.5, which was 3.1 times that of the original enzyme.
Lysozyme dry enzyme powder had an inhibitory effect on Micrococcus lysozyme, and
the enzyme activity was 12,573.6 u/mg. The optimum temperature was 50 ◦C, and the
thermal stability was good, in the range of 20–60 ◦C. The optimum pH was 6.5. The enzyme
activity of lysozyme was inhibited by Fe2+, Fe3+, Zn2+, and Cu2+, while Na+ and Mg2+

activated the enzyme activity, which can also be inhibited by Span 80 and activated by
Tween 20, Tween 80, and glycerol. The product obtained by the above process not only has
the advantages of natural lysozyme, but also overcomes the disadvantages of low activity,
low yield, inconvenient preparation, and inability to be stably preserved. It has a wide
application prospect by using microbial fermentation to expand production.
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Abstract: Nisin is a green, safe and natural food preservative. With the expansion of nisin application,
the demand for nisin has gradually increased, which equates to increased requirements for nisin
production. In this study, Lactococcus lactis subsp. lactis lxl was used as the original strain, and the
compound mutation method was applied to induce mutations. A high-yielding and genetically
stable strain (Lactobacillus lactis A32) was identified, with the nisin titre raised by 332.2% up to
5089.29 IU/mL. Genome and transcriptome sequencing was used to analyse A32 and compare it with
the original lxl strain. The comparative genomics results show that 107 genes in the A32 genome had
mutations and most base mutations were not located in the four well-researched nisin-related operons,
nisABTCIPRK, nisI, nisRK and nisFEG: 39 single-nucleotide polymorphisms (SNPs), 34 insertion
mutations and 34 deletion mutations. The transcription results show that the expression of 92 genes
changed significantly, with 27 of these differentially expressed genes upregulated, while 65 were
downregulated. Our findings suggest that the output of nisin increased in L. lactis strain A32,
which was accompanied by changes in the DNA replication-related gene dnaG, the ABC-ATPase
transport-related genes patM and tcyC, the cysteine thiometabolism-related gene cysS, and the
purine metabolism-related gene purL. Our study provides new insights into the traditional genetic
mechanisms involved nisin production in L. lactis, which could provide clues for a more efficient
metabolic engineering process.

Keywords: nisin; Lactococcus lactis subsp. lactis; mutation breeding; genomics; transcriptomics

1. Introduction

Nisin is a small-molecule polypeptide with broad-spectrum antibacterial effects, and
is produced by Lactococcus ssp. Nisin is internationally recognized as a safe and nontoxic
natural food additive. It has no side effects, and has been used as a food preservative for
more than 60 years [1,2]. Due to the high biosafety of nisin, research on its application value
has long expanded past the field of food preservation. In recent years, nisin applications,
including its use as a packaging material [3–5], as a medical antibacterial agent [6–9], as
a biosensor [10], in immune regulation [11,12], as an anticancer drug [13,14] and in other
aspects, have been explored.

In the process of fermentation, lactic acid-producing bacteria (LAB) produce a va-
riety of metabolites, and nisin is a byproduct of the growth process of Lactococcus lactis
subspecies. The nisin synthesis process is very complex, and its synthesis efficiency is
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relatively low [1]. (1) Nisin is generated to inhibit other microorganisms that compete
with L. lactis ssp. for living space [15,16]. To avoid self-inhibition, L. lactis also exerts
a series of immune mechanisms. (2) Nisin is produced by ribosomal synthesis and is a
post-translationally modified peptide (RiPP); its production process involves precursor
peptide-related genes and modified protein synthesis genes. Nisin biosynthesis genes are
transcribed in four operons, nisABTCIPRK, nisI, nisRK and nisFEG [16–18]. (3) From a
production environment standpoint, during their growth processes, LAB produce a variety
of acids, such as carboxylic acid, lactic acid and other acidic substances, decreasing the
pH of the media [19]. A low pH inhibits the growth of LAB and the production of nisin,
requiring production strains that tolerate acidic environments.

The complexity of nisin synthesis makes it difficult to reconstruct the production
pathway in other heterogenic hosts; thus, optimizing nisin production by L. lactis strains is
important and useful. At present, two main methods are used to modify bacterial strains,
traditional mutagenesis-type breeding and genetic engineering. Genetic engineering of
bacteria can alter the expression of several genes; however, the choice of operation sites
is based on the clear understanding of the intracellular pathway and the corresponding
regulatory mechanism. Furthermore, it is difficult to achieve the coexpression of a series of
genes, and accordingly, the corresponding increase in production is limited. Although a
greater effort is needed to induce traditional mutations, a series of genes can be changed,
which is more favourable than changes in the whole strain. To screen the strains with
high nisin yields, in this study, compound mutation combined with high-concentration-
nisin plate screening was used to modify and quickly screen high-nisin-yielding strains.
Compound mutagenesis involves the successive or simultaneous use of one or more
mutagens on microorganisms, or the same mutagen acting on microorganisms repeatedly.
It is a commonly used method to improve the production of microorganisms. Atmospheric
room temperature plasma (ARTP) can change the structure and permeability of the cell
wall membrane, causing gene damage and mutation when plasma jets with highly active
particles are discharged toward microbial cells. The method is simple to use, is highly
pure and pollution-free, is harmless to the human body and causes various mutations [11].
Ultraviolet (UV) mutation is the most traditional and useful mutation method, and is
often used as the first choice for microbial breeding. It can directly affect double-stranded
DNA and improve mutation efficiency. Therefore, we chose the use of ARTP and UV light,
which are two traditional and modern methods for compound mutagenesis. A high-nisin-
concentration screening method can be used to identify strains with increased nisin yields.
Together, these methods can effectively mutate and screen mutant strains. In this study, a
high-yielding mutant strain (A32) was screened, and then, by comparing the differences at
the transcriptome level between the original strain and the mutant strain, we hoped to find
a series of genes related to increasing nisin production, which is very important for future
genetic engineering of the producing strain.

A high-yielding and genetically stable mutant strain was obtained, which was named
L. lactis A32. The yield of the mutant strain was three times that of the original strain
L. lactis lxl, and its resistance to nisin was twofold greater. By comparing the whole-genome
sequence of L. lactis A32 with that of the original strain lxl, 107 mutated genes were found,
including 39 single-nucleotide polymorphisms, 34 insertion mutations and 34 deletion
mutations. Through comparative analysis of the transcriptome sequencing results, it was
found that the transcription of 92 genes changed significantly, with 27 of these genes
significantly upregulated, while 65 genes were significantly downregulated. Analysis of the
metabolic pathways of these genes can provide clues for the further study of the molecular
mechanism underlying the nisin synthesis pathway.

2. Materials and Methods
2.1. Strains, Media and Growth Conditions

Lactococcus lactis subsp. lactis lxl is a store strain in our laboratory. It was screened
from raw milk, with 40 mg/L bromocresol purple and 1000 IU/mL nisin standards in

203



Fermentation 2022, 8, 255

modified M17 medium (10 g/L sucrose as the only carbon source). After morphological
and physiological analysis and 16S rDNA sequencing, it was identified as Lactococcus lactis
subsp. lactis. The titre test strain was Micrococcus luteus NCIB 8166, which was purchased
from China General Microbiological Culture Collection Center, and preserved at −80 ◦C in
20% (v/v) glycerin in our laboratory.

The composition of the media used is as follows.
GM17 medium (a seed medium): M17 broth medium (soy peptone 5 g/L, peptone

2.5 g/L, casein peptone 2.5 g/L, yeast extract powder 2.5 g/L, beef extract powder 5 g/L,
lactose 5 g/L, sodium ascorbate 0.5 g/L, β-sodium glycerophosphate 19 g/L, magnesium
sulfate 0.25 g/L) containing glucose (5 g/L). CM1 medium (a fermentation medium):
sucrose (20 g/L), peptone (20 g/L), yeast extract (20 g/L), KH2PO4 (10 g/L), NaCl (2 g/L)
and MgCl2 (0.2 g/L). S1 medium (a detection medium): peptone (8 g/L), yeast extract
(5 g/L), glucose (5 g/L), NaCl (5 g/L) and NaH2PO4·12H2O (2 g/L).

2.2. Fermentation in Flasks and Nisin Titre Assays

A nisin standard (Maclin, China) was prepared in a series of standard solutions of 50,
100, 200, 400, 800, 1000, 2000, 3000 and 4000 IU/mL. For this procedure, a sterilized Oxford
cup was placed on the test plate, the culture media containing the tested bacteria was
added to the plate, and the Oxford cup was removed after cooling to form a uniform small
hole. Then, 200 µL of standard solutions containing a series of nisin concentrations were
added to the small holes, after which the plates were cultured at 37 ◦C until there was an
obvious bacteriostatic circle around each small hole, and the diameter of the bacteriostatic
circle was measured. A nisin titre standard curve was constructed, with the diameter of the
bacteriostatic circle representing the abscissa and the logarithm of the titre representing
the ordinate.

As a seed solution, a single colony of the original strain lxl was inoculated into GM17
media and cultured overnight at 30 ◦C and 200 rpm. Then, the seed liquid was inoculated
into CM1 media at a concentration of 5%, fermented at 30 ◦C and centrifuged 200 rpm for
24 h. Samples were collected every 2 h during the fermentation period, and a bacteriostatic
circle experiment was carried out. The nisin titre was calculated according to the nisin
standard curve (Figure S1) [20].

2.3. Compound Mutation and Strain Breeding

The starting strain was cultured by scribing, and a single colony was picked and
cultured in GM17 liquid medium for 6–8 h. The culture was appropriately diluted with
normal saline instead of the mutagenic strain solution, and the optical density (OD600) of
the mutagenic strain solution was maintained between 0.8 and 1.0 to ensure the proper
colony number and growth state of each mutagenic strain. The lethality of the ARTP and
UV mutations was determined, and the time when the lethality was 80–90% was selected
as the mutation time to ensure mutation efficiency. The nisin tolerance range of the original
strain was determined, and a screening plate containing high concentrations of nisin
was constructed. The solution of bacteria with different mutations was poured onto the
screening plate, which was subsequently cultured at 30 ◦C. The grown colonies were picked
out and cultured overnight in an Erlenmeyer flask containing 50 mL of GM17 medium.
The cultured bacterial solution was then inoculated into a triangular flask containing
50 mL of CM1 medium for fermentation at 30 ◦C and centrifugation at 200 rpm for 24 h.
The fermentation broth was subsequently centrifuged at 8000 rpm for 5 min, and the
supernatant was collected for a bacteriostatic circle experiment to determine the titre of the
fermentation broth. The strain with the highest titre from this batch of colonies was selected
as the starting strain for the next mutation, as shown in Figure 1. The abovementioned
process was repeated until the high-yielding strains whose parameters were within the
target range were screened.
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2.4. Determination of the Genetic Stability of Mutants

To investigate whether the titre decreased and whether the mutant phenotype was
reversible, we determined the genetic stability of the mutants. The strains with high nisin
titre were screened out. They were transferred onto plates and cultured at 30 ◦C for 24 h to
form the F1 generation. The colonies were then removed from the F1 plate and cultured on
another plate to form the F2 generation. This process was repeated to obtain 20 generations
in total. Single colonies were picked every three generations from seed liquid culture, then
inoculated into liquid fermentation medium CM1 and incubated at 30 ◦C and 200 rpm
for 24 h, and the supernatant of the fermentation broth was collected to determine the
nisin titre.

2.5. Comparison of the Fermentation Process between the Mutant Strain and Original Strain

The mutant with the highest titre that was genetically stable and the original strain
were inoculated into CM1 fermentation media at the same time and fermented at 30 ◦C
and 200 rpm for 48 h, and samples were collected every 3 h. The biomass of the sample
was measured at 600 nm by a spectrometer (Metash, Shanghai, China), and the nisin titre
was tested via bacteriostatic circles.

2.6. DNA Library Construction, DNA Sequencing, Assembly and Annotation

Single colonies of L. lactis A32 and lxl were selected and cultured in CM1 media at
a suitable temperature overnight, and the bacteria were collected during the logarithmic
growth period. Genomic DNA of L. lactis lxl and A32 was extracted using TIAMP Bacterial
DNA Kits (Sparkjade, Jinan, China) according to the manufacturer’s instructions. Then, the
quality of the DNA was checked to ensure that the quality was sufficient for subsequent
sequencing. The concentration of the standard DNA was measured of by a Qubit instru-
ment (Thermo Fisher Scientific, Waltham, MA, USA) (including the following process of
establishing the whole library). A Nanodrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) was used to measure the DNA concentration (between OD260/280 and
between 1.8 and 2.0), and the DNA integrity was verified by 1% agarose gel electrophoresis.
Library construction, Oxford Nanopore Technologies (ONT) sequencing, Illumina sequenc-
ing and base determination were carried out by Gene Denovo (Guangzhou, China). The
bacterial genome was sequenced by a combination of third-generation ONT sequencing
and second-generation Illumina sequencing. This method relies on the long reading charac-
teristics of third-generation sequencers to ensure a more complete genome assembly, and
uses second-generation sequencing data for correction to ensure more accurate and reliable
assembly results. Fastp software [21] was used to control the ONT and Illumina sequencing
data and obtain effective data (clean data). The third -generation sequencing reads were
spliced and assembled with Flye (version 2.8.1-b1676) [22]. Pilon (version 1.23) [23] was
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then used to compare the second-generation sequencing reads to the assembled genome
sequence, correct the genome results according to the default parameters of the software,
and output the corrected genome sequence and corrected site information. The National
Center for Biotechnology Information (NCBI) database was used to predict gene functions.
Through BLAST, the predicted gene sequences were compared to the information within
the nonredundant (Nr), Swiss-Prot, Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Clusters of Orthologous Genes (COG) databases to determine the
proteins with the highest sequence similarity to those encoded by a given gene, to obtain
the protein functional annotation information of the genes. We used Blast2GO to obtain
the GO annotation information of the genes, and performed GO functional classification
analysis for all of the genes. Diamond was used to compare all the gene sequences with the
sequences in the COG database to obtain the annotation results corresponding to the genes
and to classify the functions of proteins according to the annotation results. In addition,
the gene function databases Antimicrobial Resistance Genes Database (ARDB) and the
Virulence Factors of Pathogenic Bacteria Database (VFDB), within which information is
subdivided into an increased number of fields, were used to predict secondary metabolic
gene clusters and to annotate virulence factor-related genes and drug resistance-related
genes. Moreover, the Protein Family (Pfam) database, the Pathogen Host Interactions (PHI)-
base database, the Carbohydrate-Active Enzymes (CAZy) database, the Comprehensive
Antibiotic Resistance Database (CARD) and other databases were used for secretory protein
prediction, type-N secretion system (TNSS) effector protein prediction and two-component
system prediction.

2.7. Whole-Genome Comparisons

L. lactis lxl and A32 bacteria were subjected to comparative genomic analysis. MUM-
mer [24] software was used to detect the SNPs and insertion deletions (indels) in the
assembled genomes of the individuals, as well as to perform statistics based on the posi-
tional relationships between the mutant genes and the mutation results, and compare the
results with information in databases to assess the functions of the mutated genes.

2.8. RNA Extraction, Transcriptome Sequencing and Analysis

Single colonies of L. lactis A32 and L. lactis lxl were selected and cultured in CM1
media at a suitable temperature overnight, and the bacteria were collected during their
logarithmic growth period. An appropriate amount of the cultured bacterial solution
was transferred into a suitable centrifuge tube, after which the bacteria were collected by
high-speed centrifugation (12,000 rpm). The culture medium in the upper part of the tube
was discarded. Total RNA was extracted by the TRIzol (Sevencyd, Jinan, China) method.

The RNA degradation degree and potential contamination were monitored on 1% agarose
gels. RNA purity (OD260/OD280, OD260/OD230) was determined using a NanoPhotometer®

spectrophotometer (IMPLEN, CA, USA). RNA integrity was measured using a Bioanalyzer
2100 (Agilent, Santa Clara, CA, USA). An Illumina MRZB12424 Ribo Zero rRNA Removal
Kit (Bacteria) (Illumina, San Diego, CA, USA) was used to remove rRNA from 1 µg of
total RNA. The quality of the RNA samples was detected using an Agilent 2100 Biological
Analyser (Agilent Technologies, Santa Clara, CA, USA). The library construction, transcrip-
tome sequencing and RNA sequencing (RNA-seq) analysis of L. lactis A32 were carried
out in Gene Denovo (Guangzhou, China). FASTP (version 0.18.0) [21] was used to filter
the original data produced via the Illumina platform. The filtering criteria were as follows:
(1) reads with ≥10% unidentified nucleotides (N); (2) reads in which >50% of the bases
had Phred quality scores of ≤20 and (3) reads aligned to the barcode adapter. Bowtie2
(version 2.2.8) [25] was used to compare the retained reads to the reference genome, and the
reads associated with rRNA in the comparison were deleted. RSEM [26] was used to iden-
tify known genes and calculate their expression. Library construction and transcriptome
sequencing of L. lactis lxl were carried out by Gene Denovo (Guangzhou, China). The gene
expression level was further normalized by using the fragments per kilobase of transcript
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per million (FPKM) mapped reads method to eliminate the influences of different gene
lengths and amounts of sequencing data on the calculation of gene expression. The edgeR
package [27] (http://www.r-project.org/ Accessed on 1 January 2022) was then used to
identify differentially expressed genes (DEGs) across the samples. Genes were considered
differentially expressed if their expression fold-change was ≥2 and their false discovery
rate-adjusted P (q value) was <0.05. The DEGs were then subjected to GO functional enrich-
ment and KEGG pathway analyses, and q values <0.05 were used as thresholds. The GO
functional terms of the DEGs were analysed, the GO functional classification annotations
of the DEGs were obtained, and the pathways in which the DEGs were enriched were
identified. Using Rockhopper [28] software, the sequencing results were compared to
the reference genome sequence and to the annotated genes. Unknown transcript-coding
regions were considered new transcript-coding regions. The newly encoded transcripts
were compared to the information in the Nr database for annotation, and the annotated
transcripts were regarded as new transcripts with coding potential.

2.9. Statistical Analysis

Student’s t-test was conducted to determine the significant differences in nisin titres
between the original L. lactis lxl strain and the mutant A32 strain. The data were statistically
analysed using Origin 9.1 (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Titres of Mutant Strains

As the duration of ARTP and UV treatment increased, the mortality of bacteria also
increased. When the bacteria were treated with ARTP and UV light for 120 s and 60 s,
respectively, the lethality rates were 90% and 92%, respectively, as shown in Figure 2A,B. In
the recent literature on mutagenesis, a treatment time with a lethal rate of approximately
90% is usually used to ensure mutation efficiency [17]. In the present study, ARTP and UV
light were applied for 120 s and 60 s, respectively.
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Through a series of compound mutagenesis and step-by-step screening, some mutants
that could grow on plates supplemented with high nisin concentration were selected,
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fermented, and their nisin production titres were determined. The results are shown in
Figure 2C. Among all examined mutants, mutants A32 and A225 had higher titres, and
their titre peaks were 5089.29 IU/mL and 5361.16 IU/mL, respectively.

3.2. Evaluation of Mutant Stability

The experimental results regarding the genetic stability of the mutants were shown
in Table S2. We observe that the ability of the mutant L. lactis A32 to produce nisin was
stable, while the ability of A225 to produce nisin was not stable. In the third generation,
the nisin titre of A225 was only half that of A32. A32 was also twice as resistant to nisin as
the original strain. These results show that the A32 mutant generated by ARTP and UV
radiation yielded high amounts of nisin and was genetically stable. Therefore, the mutant
strain L. lactis A32 was selected for use in the following experiments.

3.3. Comparison of the Fermentation of L. lactis A32 and Lxl

There was a significant difference in growth curves and nisin titres between L. lactis
A32 and lxl. Mutant A32 took significantly longer to reach the stationary phase than the
original lxl strain. The A32 biomass peaked at 12 h, and the lxl biomass peaked in the
stationary phase at 9 h, as shown in Figure S2. Since nisin is a growth-coupled secondary
metabolite, hypothetically, A32 would accumulate more nisin than lxl during this process.
This hypothesis is verified in Figure 2D. As shown in Figure 2D, the nisin titre continued
to increase within 0–28 h of A32 fermentation, the peak nisin production intensity of A32
reached up to 181.76 IU/(mL·h), which is 5089.29 IU/mL, and lxl yielded a maximum of
1529.79 IU/mL at 24 h. These results show that the correlation between product synthesis
and thallus growth was not shifted, but the regulation around the synthetic pathways flux
was improved.

3.4. Genome Assembly and Annotation

The PromethION (Oxford Nanopore Technologies, Oxford, UK) and Agilent 2100 se-
quencing platforms were used to sequence the whole genome of L. lactis A32. A total of
7,244,702 bp of clean reads and 1,086,215,124 bp from A32 were generated. The genome se-
quencing data of L. lactis A32 have been submitted to the Sequence Read Archive database
of the NCBI under accession number PRJNA799214. After data filtering, the genome of
L. lactis A32 was assembled, with a total genome length of 2.40 Mb (Table S2). The GC
contents (lxl, 34.44%; A32, 34.57%) were similar (Table 1). The complete genome sequences
of L. lactis A32 and lxl have been submitted to the GenBank database of the NCBI (accession
number for A32, SAMN25149786; accession number for lxl, SAMN25148929). According
to the comparative results of five gene function databases (Nr, Swiss-Prot, GO, KEGG
and COG), 2278 DNA sequences (CDSs) in lxl and 2285 CDSs in A32 were predicted in
the genome (Table 1), and five genes encoded proteins with no predicted function in lxl
and A32.

Table 1. Genome characteristics of L. lactis A32 and lxl.

Item A32 lxl

Genome size (bp) 2,399,752 2,399,772
Correction (bp) 3081 3147
GC content (%) 35.24 36.08

No. CDSs 2285 2278
CDS length (bp) 75-4917 75-4917

No. tRNAs 66 66
No. rRNAs 18 18
No. sRNAs 2 2
No. repeats 42 43

208



Fermentation 2022, 8, 255

3.5. Functional Classification and Comparison

All annotated genes of L. lactis A32 and lxl were classified into GO functional categories
(Table S3). The GO functional classification system is based on three ontologies, includ-
ing biological processes, cell components and molecular processes. It includes 58 gene
functional classifications, such as cellular processes, metabolic processes, single-organism
processes, responses to stimuli, cellular component organization or biogenesis, biological
regulation and biological processes. There were some differences in GO cluster analy-
sis between A32 and lxl. Further analysis showed that, compared with lxl, A32 had six
more genes related to molecular processes, four more genes related to metabolic processes,
four more genes related to catalytic activity, two more genes related to single biological
processes, two fewer genes related to responses to stimuli and one less gene related to
development processes.

The COG functional categories of all annotated proteins of L. lactis A32 and lxl are
shown in Table 2, and were divided into 25 main functional categories. The main functional
categories were related to translation; ribosomal structure and biogenesis; replication, re-
combination and repair; cell wall/membrane/envelope biogenesis; carbohydrate transport;
and amino acid transport and metabolism. The distribution patterns of the protein clusters
of homologous genes in the two strains were very similar. There were four fewer CDSs in
the genome of A32 compared with the original lxl strain. In addition, compared with lxl,
A32 had one more CDS related to transcription- and signal transduction-related proteins;
two fewer CDSs related to replication, recombination and repair; two fewer CDSs related
to cell cycle control, cell division and chromosome distribution; two fewer CDSs related to
carbohydrate transport and metabolism; and one less CDS related to inorganic ion transport
and metabolism.

Table 2. GO functional categories.

Functional Category No. A32 Genes No. Lxl Genes

Translation, ribosomal structure and biogenesis 148 148
RNA processing and modification 0 0

Transcription 160 159
Replication, recombination and repair 119 121

Chromatin structure and dynamics 1 1
Cell cycle control, cell division, chromosome partitioning 19 20

Nuclear structure 0 0
Defence mechanisms 50 50

Signal transduction mechanisms 55 53
Cell wall/membrane/envelope biogenesis 104 104

Cell motility 14 14
Cytoskeleton 0 0

Extracellular structures 0 0
Intracellular trafficking, secretion and vesicular transport 25 25

Post-translational modification, protein turnover, chaperones 55 55
Energy production and conversion 74 75

Carbohydrate transport and metabolism 172 174
Amino acid transport and metabolism 195 195
Nucleotide transport and metabolism 76 76
Coenzyme transport and metabolism 75 75

Lipid transport and metabolism 61 61
Inorganic ion transport and metabolism 112 113

Secondary metabolites biosynthesis, transport and catabolism 38 38
General function prediction only 263 263

Function unknown 202 202

3.6. Comparison of Genomes between L. lactis lxl and A32

To reveal the relationships between phenotypes and genetic variations, and provide
clues for the further study of the molecular mechanism of the nisin synthesis pathway, a
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genome-wide comparison was performed between the high-nisin-yielding mutant A32
and the original lxl strain. The cyclic images from the genome comparison show the
microstructural mutations between L. lactis A32 and lxl (Figure 3). A total of 107 genes in
the A32 genome were mutated compared with the lxl genome, including 39 single-base
mutations, 34 insertion mutations and 34 deletion mutations. The sequences of the mutated
genes were compared with the reference genome sequence in the NCBI database of COG
functional annotations. While the functions of some genes were not clear, some genes with
base mutations had clear functions (Table 3), and some mutated genes, such as rexB, ftsH,
gntP and yfmR, were related to energy metabolism. Additionally, some mutated genes
were related to ion transport, such as yfmR, rbcR, zitR, adcA and copB; to DNA replication,
transcription and translation, such as dnaG, rpsI, rex and arlR; and to amino acid transport
and metabolism, such as patM, tcyC, tcyJ, cysS and brnQ. However, a vast improvement in
the nisin titre was achieved, except for one mutation in the four nisin-related operons, nisK;
most base mutations were not located in the well-researched nisin-related four operons,
nisABTCIPRK, nisI, nisRK and nisFEG. Sequence analysis of the nisin genes nisA, nisB, nisC
and nisP before and after mutation showed that these genes were not mutated, thus the
amino acid sequence of nisin and the mechanism of action of the modified protein did not
change. Based on these analyses, it is reasonable to infer that the nisin produced by the
mutant is structurally identical to that of the original bacterium, and thus its stability and
other properties remain unchanged.
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Table 3. COG analysis and type of gene mutation.

Gene ID Name Mutation Type COG Functional Description

L3G80_00845 rexB SNP ATP-dependent nuclease, subunit B
L3G80_00940 ftsH SNP ATP-dependent Zn proteases
L3G80_09890 cysS SNP Cysteinyl-tRNA synthetase
L3G80_00020 gntP Ins H+/gluconate symporter and related permeases
L3G80_08275 yfmR Ins ATPase components of ABC transporters with duplicated ATPase domains
L3G80_05905 dut DEL dUTPase
L3G80_11910 ccpB DEL Beta-glucosidase/6-phospho-beta-glucosidase/beta-galactosidase
L3G80_00735 rpsI SNP/Del Ribosomal protein S9
L3G80_08145 purL SNP Phosphoribosylformylglycinamidine (FGAM) synthase, synthetase domain
L3G80_05450 patM SNP ABC-type amino acid transport system, permease component
L3G80_05455 tcyC SNP ABC-type polar amino acid transport system, ATPase component

L3G80_05445 tcyJ SNP ABC-type amino acid transport/signal transduction systems, periplasmic
component/domain

L3G80_11520 adcA SNP ABC-type metal ion transport system, periplasmic component/surface adhesin
L3G80_03200 tig SNP FKBP-type peptidyl-prolyl cis-trans isomerase (trigger factor)
L3G80_06070 PAL Del Cell wall-associated hydrolases (invasion-associated proteins)
L3G80_06075 rex Del AT-rich DNA-binding protein
L3G80_05015 copB Ins Cation transport ATPase
L3G80_10025 rbcR Ins Transcriptional regulator
L3G80_11525 zitR SNP Transcriptional regulators

L3G80_05095 mraY SNP UDP-N-acetylmuramyl pentapeptide
phosphotransferase/UDP-N-acetylglucosamine-1-phosphate transferase

L3G80_03295 dnaG SNP DNA primase (bacterial type)

L3G80_03435 tspO SNP Tryptophan-rich sensory protein (mitochondrial benzodiazepine
receptor homologue)

L3G80_03890 brnQ SNP Branched-chain amino acid permeases
L3G80_00800 ytqA SNP Predicted Fe-S oxidoreductase
L3G80_02410 thiT Ins Predicted membrane protein
L3G80_10565 yadS Ins Predicted membrane protein

L3G80_07665 arlR Del Response regulators consisting of a CheY-like receiver domain and a
winged-helix DNA-binding domain

L3G80_02525 penA Ins Cell division protein FtsI/penicillin-binding protein 2
L3G80_02535 ddl Ins D-alanine-D-alanine ligase and related ATP-grasp enzymes

3.7. Transcriptome Sequencing and Analysis

Transcriptome sequencing was used to detect the differences in gene expression
between the original L. lactis lxl strain and A32, the inserted genes were examined to
determine the metabolic pathways that they influenced. After quality screening, 19.58 to
24.42 million clean reads and 1.65 to 2.14 Gb of clean data submitted to the NCBI gene
expression comprehensive database (BioProject: PRJNA825060) were obtained from the
control strain and the mutant strain, respectively (Table S4). The sequencing reads of the
original strain and mutant strain were mapped to the A32 genome assembly sequence, and
2231 known mRNAs were identified in A32. The statistics of gene coverage are shown in
Figure 4A. Compared with that in the original L. lactis lxl strain, the expression of 92 genes
in L. lactis A32 changed significantly (p < 0.005), of which 27 were significantly upregu-
lated and 65 were significantly downregulated, as shown in Figure 4B. GO enrichment
analysis was performed on the significant DEGs (Figure 4C) to understand their biological
functions. DEG pathway enrichment analysis is helpful for further understanding the
gene-related metabolic networks. The main metabolic pathways of significantly differ-
entially expressed genes were metabolic pathways, ABC transporters, two-component
systems, biosynthesis of secondary metabolites, quorum sensing, arginine biosynthesis and
butanoate metabolism (Figure 4D).
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genes are shown in red and downregulated genes are shown in green.

3.8. Comprehensive Analysis

The fermentation conditions and growth states of L. lactis strains A32 and lxl were
observed. Comparative genomic analysis and transcriptomic analysis were then performed
in combination to identify associated genes, and try to infer the regulatory pathway of
nisin biosynthesis.

3.8.1. DEGs Associated with Nisin Immunity Genes

Nisin mainly targets Gram-positive bacteria, and Lactococcus itself is also a gram-
positive bacterium. The nisin immunity genes nisEFG and nisI were found to be present
in the nisin synthesis-related gene cluster [18,29]. Due to the existence of immunity genes,
Lactococcus has immune activity against nisin. As also mentioned in the introduction of
this paper, as early as 1998, Kim tried to increase the production of nisin by overexpressing
the nisin immunity gene [30]. Therefore, the improvement of nisin immunological activity
must depend on the upregulation of immunity-related gene expression. The results of
transcriptomic analysis verified this conclusion.

3.8.2. DEGs Related to DNA Replication, Transcription and Translation

During the fermentation and growth of L. lactis strains A32 and lxl, the logarithmic
growth period of A32 obviously lagged behind that of lxl, which made the cumulative nisin
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production time longer, and the nisin yield higher, in the former. When performing our
comparative omics analysis, we focused on the DNA enzyme synthesis-related gene dnaG,
which had a base mutation. Although the change in its expression was not obvious in tran-
scriptomics analysis, the expression of a single-stranded DNA-binding (SSB) protein bound
to dnaG decreased significantly. This SSB protein is very important for DNA metabolism.
First, it can stabilize the intermediate products of single-stranded DNA (ssDNA) produced
during DNA processing. In addition, it can interact with 14 proteins and deliver reserve
enzymes to DNA when needed to repair DNA damage [31,32]. It is speculated that the
oligonucleotide/oligosaccharide-binding fold (OB-fold) of the dnaG protein was changed
due to the gene mutation in dnaG [33], resulting in a decrease in its ability to bind to the
SSB protein.

3.8.3. DEGs Related to ABC ATPase

ABC proteins refer only to proteins containing an ATP-binding box or an ABC-ATPase
domain, and these proteins are involved in coupling ATP hydrolysis energy with many
physiological processes that are not always, but usually, related to transport. On the other
hand, when cytoplasmic ABC-ATPase binds to a hydrophobic membrane domain (MD), it
forms an ABC transporter, which is synonymous with a trafficking ATPase (or permeability
of the input system). Most (but not all) ABC transporters form six hypothetical helical
transmembrane segments [34]. Romano showed that the ABC transporter mcjd has high
specificity for its substrate, and the experiment also proved that the nisin transporter nisT
cannot recognize MccJ25. Similarly, nisT is also an ABC transporter, and these transporters
depend on the energy generated by ATP hydrolysis as an energy source [35,36]. In this
study, many ABC-ATPase-related genes, including patM, tcyc, tcyj, adcA, yfmr and rexb,
were mutated. According to the transcriptomic analysis, the expression of some phos-
phoamino acid transporter-related genes, such as phnE, phnC and rbsA, was significantly
downregulated. It is speculated that changes occur in the distribution of ATP energy, and a
portion of ATP energy flows into the pathway related to ABC transport, which promotes
the excretion of nisin outside the cell.

3.8.4. DEGs Related to Cysteine Thiometabolism Translation

Nisin is a small-molecular polypeptide composed of various amino acid molecules.
Amino acid metabolism in all cells is closely related to nisin synthesis. Nisin, as a lanthanide
compound, has an intramolecular sulfide bridge similar to those in other lanthanide
compounds. During the modification process from the nisin precursor to mature nisin,
serine and threonine in the core peptide must be hydrated by the cysteine protease NisB,
followed by the coupling of these dehydrated residues with cysteine by cyclase (NisC),
which is homologous to asparagine synthase, to form a sulfide ring [37]. Studies have
shown that the automatic regulation of signal transduction in nisin biosynthesis [38] and
the antibacterial mechanism of nisin, including binding with lipid II and the inhibition of
bacterial cell wall synthesis [39–41], are related to the presence of sulfide bonds.

In this study, the mutated genes also included some genes involved in cysteine sulfur
metabolism, such as cysteine tRNA synthase (CysS) and iron sulfur reductase (YtqA).
According to our transcriptomic analysis, the expression of cysteine synthase (CysK),
which is a gene related to cysS, was significantly upregulated, and the expression of the
whole cysteine metabolic pathway was upregulated and enriched. With respect to the
biosynthesis of nisin, the cysteine thiometabolism pathway is related to the formation
of sulfide bonds. CysS catalyses the CO conversion of cysteine polysulfide [42], which
improves the efficiency of nisin modification.

3.8.5. DEGs Related to Purine Metabolism

The de novo biosynthesis of purine plays an important role in various metabolic
pathways. It is involved in not only nucleotide synthesis, but also other biosynthetic
processes. Pur-type purine synthesis-related genes are related to different physiological
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activities of microorganisms. Yanfei Xia proved that purL, whose product catalyses the
transformation of 5’-phosphoribosyl-N-formylglycinamide (FGAR) into 5’-phosphoribosyl-
N-formyl-glycinamidine (FGAM) in the purine synthesis pathway, is a gene that affects
Bacillus subtilis nematocidal activity [43]. Buendia-Claver analysed Sinorhizobium fredii
with a mutation in the purL gene, and found that its specific lipopolysaccharide (LPS)
changed [44]. Studies have shown that mutation of the pur gene usually leads to significant
weakening of the virulence of human and animal pathogens. Mutation of the purE gene in
Brucella melitensis reduces its ability to infect mice [45], and mutations of purL and purF in
Francisella tularensis were also shown to significantly reduce the toxicity of the strain [46].
Maegawa analysed the relationship between the production of Clostridium difficile toxin
and purine synthesis, and found that the production of C. difficile toxin was negatively
correlated with the expression of the purL gene [47].

In this study, comparative genomic analysis revealed base mutations in the purL gene.
According to the transcriptomic analysis, the expression levels of purL, purC, purD and purE,
which are involved in the purine metabolism pathway, were significantly downregulated.
Quanli Liu tested the characteristics of a purL mutant (Bacillus amyloliquefaciens L4) and
proved, for the first time, that purl inactivation can significantly enhance the production of
subtilosin A by B. amyloliquefaciens L4, resulting in a production level three times higher
than that in the wild-type strain [36]. It can be inferred that mutations in the purL gene
reduce the activity of its protein and improve the ability of L. lactis A32 to produce nisin.

4. Conclusions

In this study, the mutant L. lactis A32 was screened from among lxl strain bacteria
subjected to ARTP and UV irradiation. Mutant A32 presented improved nisin production
ability and nisin resistance. The results of comprehensive analysis show that strain A32
obtained in this study had a delayed growth rate compared with that of the original lxl
strain. The comparative genomics results show that 107 genes in the A32 genome had
mutations, and most base mutations were not located in the four well-researched nisin-
related operons. The overall transcriptome sequencing and analysis showed that the output
of nisin increased in L. lactis strain A32, which was accompanied by changes in the DNA
replication-related gene dnaG, the ABC-ATPase transport-related genes patM and tcyC, the
cysteine thiometabolism-related gene cysS, and the purine metabolism-related gene purL.
This research provides novel insights into the traditional genetic mechanisms involved nisin
production in L. lactis, which was far beyond the four traditional well-known nisin-related
operons. This study revealed a series of DEGs related to high nisin yields, which provides
important genomic information and highlights potential influencing factors for further
improving nisin yields.
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Abstract: The cytotoxicity of overexpressed transporters limits their application in biochemical pro-
duction. To overcome this problem, we developed a feedback circuit for L-threonine production that
uses a biosensor to regulate transporter expression. First, we used IPTG-induced rhtA regulation,
L-threonine exporter, to simulate dynamic regulation for improving L-threonine production, and the
results show that it had significant advantages compared with the constitutive overexpression of
rhtA. To further construct a feedback circuit for rhtA auto-regulation, three L-threonine sensing pro-
moters, PcysJ, PcysD, and PcysJH, were characterized with gradually decreasing strength. The dynamic
expression of rhtA with a threonine-activated promoter considerably increased L-threonine produc-
tion (21.19 g/L) beyond that attainable by the constitutive expression of rhtA (8.55 g/L). Finally,
the autoregulation method was used in regulating rhtB and rhtC to improve L-threonine production
and achieve a high titer of 26.78 g/L (a 161.01% increase), a yield of 0.627 g/g glucose, and a pro-
ductivity of 0.743 g/L/h in shake-flask fermentation. This study analyzed in detail the influence
of dynamic regulation and the constitutive expression of transporters on L-threonine production.
For the first time, we confirmed that dynamically regulating transporter levels can efficiently promote
L-threonine production by using the end-product biosensor.

Keywords: biosensor; dynamic regulation; exporter; L-threonine production

1. Introduction

L-threonine (Thr, CAS 72-19-5), an essential amino acid for mammals, is widely used
in food, cosmetics, animal feed, and pharmaceuticals [1]. L-threonine is one of four major
commercial amino acids, the others being L-glutamic acid, L-lysine, and DL-methionine.
The global production of L-threonine totals 700,000 metric tons annually [2]. Currently,
microbial fermentation with catalyzation by six enzymes from oxalacetate—including
aspC-encoded aspartate aminotransferase, thrA (metL or lysC)-encoded aspartate kinase
and homoserine dehydrogenase, asd-encoded aspartyl semialdehyde dehydrogenase,
thrB-encoded homoserine kinase, and thrC-encoded threonine synthase—is the main
method of L-threonine production (Figure 1) [3]. L-threonine belongs to the aspartate
family of amino acids. First, L-aspartate is generated from oxaloacetate by L-aspartate
aminotransferase. L-aspartate is then catalyzed by aspartate kinase to aspartate phosphate.
This is followed by a two-step reduction reaction catalyzed by aspartyl semialdehyde de-
hydrogenase and homoserine dehydrogenase to generate L-homoserine. The homoserine
kinase catalyzes the phosphorylation of L-homoserine to L-homoserine phosphate, which is
finally catalyzed by threonine synthase to L-threonine.

Many strategies have been explored to synthesize L-threonine, including cofactor
engineering, energy adjustment, the overexpression of rate-limiting steps, the removal
of feedback inhibition, and the removal of competitive pathways [1,3–5]. Transporter
engineering has also emerged as an attractive approach to improve L-threonine produc-
tion [6–10]. The overexpression of transporters is a commonly used tactic to increase strain

Fermentation 2022, 8, 250. https://doi.org/10.3390/fermentation8060250 https://www.mdpi.com/journal/fermentation217



Fermentation 2022, 8, 250

tolerance by pumping out products [3,7,8,11]. However, the overexpression of membrane
proteins seriously hinders the homeostasis of proteins in the cytoplasm [12,13], which is
not conducive to efficient catalytic anabolites. For example, overexpressing membrane
proteins can reduce the levels of the respiratory chain complexes succinate dehydrogenase
and cytochrome bd and bo3 oxidases in Escherichia coli [13]. Therefore, the expression of
transporters should be carefully modified for chemical production without disturbing
the physiological metabolism. In addition, some transporter engineering strategies were
also performed in microbial manufacturing, such as omics-guided transporter mining,
transporter evolution to enhance transport efficiency and substrate specificity, and the
heterologous expression of transporter [9]. However, transporters obtained from the above
strategies still need to be overexpressed to improve product outflow. One promising
method of performing this is to dynamically regulate transporter expression through a
general biosensor. Dynamic regulation can automatically control the level of transporters
according to the needs of cells, which can not only alleviate the adverse effects of overex-
pressed transporters on cells, but also timely discharge intracellular metabolites. To produce
n-butanol and 1-alkene, previous studies have induced transporter expression by respond-
ing to membrane stress and exhausted glucose [14,15]. However, such a general biosensor
needs to be coupled with the cell growth state to perform its regulatory functions. The cell
growth state can be affected by many factors, such as hyperosmotic stress condition [16],
which lead to the non-precise regulation of transporter expression by using the cell-growth-
state-dependent biosensor. In contrast to the general biosensor, a product-specific biosensor
finely regulates transporter expression without being affected by culture conditions and
changes in cell physiology. Many end-product-specific biosensors have been designed
and utilized to dynamically regulate metabolic pathways to improve chemical produc-
tion [17,18]. Although Lange et al. found that the exporter BrnFE can be activated by the
transcription factor lrp and that its expression increased with the addition of branched-
chain amino acids [19], the effects of dynamically regulated transporter expression by using
end-product biosensors have not been studied in detail. The comparison of the effects of
dynamic regulation and the constitutive expression of transporters on product synthesis
has not been reported.

Figure 1. Scheme of sensing L-threonine to regulate transporter expression. The L-threonine produc-
tion pathway consists of five genes: aspartate aminotransferase encoded by aspC; aspartate kinases
encoded by thrA, metL, or lysC; semialdehyde dehydrogenase encoded by asd; homoserine dehydroge-
nase encoded by thrA; homoserine kinase encoded by thrB; and threonine synthase encoded by thrC.
Three transporters were encoded by rhtA, rhtB, and rhtC. L-threonine transporters belong to the inner
membrane. PcysJ, PcysD, and PcysJH are L-threonine-sensed promoters for activating gene translation.
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In this study, we use the native L-threonine-sensing promoters PcysJ, PcysD, and PcysJH
to study in detail the effect of dynamically regulated transporter expression for L-threonine
production (Figure 1). Compared with the constitutive expression of transporters, dynamic
regulation significantly improved L-threonine production with an increase of approximately
147%. This regulation can also be extended to two other native transporters, rhtB and rhtC.

2. Materials and Methods
2.1. Chemicals and Reagents

The L-threonine standard was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Phanta HS Super-Fidelity DNA Polymerase was purchased from Vazyme Biotech (Nanjing,
China). High-performance liquid chromatography grade acetonitrile (75-05-8) was obtained
from Tedia (ACN, Tedia Company, Inc., Fairfield, OH, USA). Isopropyl-β-d-thiogalactoside
(IPTG; CAS, 367-93-1) and spectinomycin dihydrochloride pentahydrate (CAS, 22189-32-8)
were purchased from Sangon Biotech (Shanghai, China) Co., Ltd. Triethylamine (CAS, 121-44-
8) and phenyl isothiocyanate (CAS, 103-72-0) were purchased from Aladdine. Other reagents
were purchased from Sinopharm Chemical Reagent Beijing Co. Ltd. (Shanghai, China).

2.2. Construction of Strains and Plasmids

All strains and plasmids used in this study are listed in Tables S1 and S2. E. coli
DH5α was used to reconstruct plasmids, and E. coli K-12 MG1655 was used for L-threonine
sensor characterization. The L-threonine-producing Tm strain was provided by Fufeng
Group. The strains Tm-100AR, Tm-101AR, and Tm-109AR containing plasmids cl-100AR,
cl-101AR, and cl-109AR, respectively, were constructed to study the effect of rhtA levels
on L-threonine production. We introduced pCL1920 and cl-rhtA into Tm to construct
strains Tm-cl and Tm-AR to study the effects of rhtA expression times on cell growth and
L-threonine production. MG-cl, MG-PcysJ, MG-PcysD, and MG-PcysJH were constructed by
transforming the plasmids pCL1920, cl-JAR, cl-DAR, and cl-JHAR into E. coli K-12 MG1655.
Tm-PcysJ, Tm-PcysD, and Tm-PcysJH were constructed by transforming the plasmids cl-JAR,
cl-DAR, and cl-JHAR into Tm. Tm-JAR, Tm-DAR, Tm-JHAR, Tm-105AR, Tm-110AR, and
Tm-116AR were engineered by introducing cl-JAR, cl-DAR, cl-JHAR, cl-105AR, cl-110AR,
and cl-116AR into Tm to analyze the influence of the dynamic regulation of rhtA on L-
threonine production. Tm-JB and Tm-JC were constructed by introducing cl-JB or cl-JC
into Tm and used to further dynamically regulate the native transporters to improve
L-threonine production. All engineered strains were constructed by transforming the
corresponding plasmids into E. coli K-12 MG1655 or Tm with the calcium chloride (CaCl2)
or electroporation transformation methods.

The primers used for plasmid reconstruction are listed in Table S3. The low copy num-
ber plasmid pCL1920 with the pSC101 replicon was used as the cloning vector. All plasmids
in this study were constructed using the Gibson assembly method [20]. To construct cl-rhtA,
the backbone was amplified from pCL1920 with the primers cl-F1 and cl-R1, and rhtA was
amplified from the E. coli K-12 MG1655 genome with the primers cl-rhtA-F and cl-rhtA-R
by using Phanta HS Super-Fidelity DNA Polymerase (Vazyme Biotech, Nanjing, China).
cl-rhtA was assembled by fusing the amplified backbone and rhtA with the 2X MultiF
Seamless Assembly Mix (ABclonal Technology Co., Ltd. Wuhan, China). PcysJ-rfp, PcysD-
rfp, and PcysJH-rfp were constructed through fusing the promoters PcysJ, PcysD, and PcysJH
amplified from the E. coli K-12 MG1655 genome with the reporter rfp and then was inserted
into amplified pCL1920 backbone. The dynamically regulated rhtA plasmids containing
cl-JAR, cl-DAR, and cl-JHAR were constructed with the frame of the PcysJ/cysD/cysJH-B0034-
rhtA-terminator BBa_B1006-PcysJ B0034-rfp. To constitutively express rhtA, we selected
three different transcription levels of promoters (J23105, J23110, and J23116) from iGEM
(http://parts.igem.org/Main_Page /(accessed on December 2021)). cl-105AR, cl-110AR,
and cl-116AR were constructed according to the form of the PJ23105/J23110/J23116-B0034-
rhtA-terminator BBa_B1006-PcysJ B0034-rfp. The native L-threonine exporters rhtB and rhtC
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were amplified from the E. coli K-12 MG1655 genome and cloned into pCL1920 to generate
the recombinant plasmids cl-JB and cl-JC for dynamic regulation.

2.3. Characterization of the L-Threonine-Sensing Promoters

To characterize the promoters PcysJ, PcysD, and PcysJH, the fluorescence intensity of the
reporter gene rfp was monitored using a multidetection microplate reader (Synergy HT,
BioTek, Winooski, VT, USA). Single colonies were grown in 12-well microassay plates with
2 mL of LB medium supplemented with spectinomycin dihydrochloride pentahydrate at
37 ◦C for approximately 12 h. The feeds were then transferred to a 96-well microassay plate
containing 200 µL Luria–Bertani (LB) medium with 2% (v/v) inoculation at 37 ◦C for 48 h.
Spectinomycin dihydrochloride pentahydrate was added during the cultivation process to
maintain the stabilization of the plasmids. The fluorescence intensity of rfp was measured
through excitation at 590 nm and emission at 645 nm. The characterization was calculated
with the ratio of the fluorescence intensity of rfp to the optical density at 600 nm (OD600).
All measurements were performed in triplicate.

2.4. Culture Medium and L-Threonine Fermentation

A LB medium containing 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl was
used for plasmid construction and L-threonine sensor characterization. The L-threonine
fermentation medium consisted of 15 g/L of (NH4)2SO4, 2 g/L of KH2PO4, 1 g/L of
MgSO4·7H2O, 2 g/L of yeast extract, and 0.02 g/L of FeSO4 [8]. We also added 40 g/L of
glucose as the initial carbon source and 20 g/L CaCO3 to adjust the pH during fermentation.
For shake-flask fermentation, single colonies were cultured in fresh LB medium at 37 ◦C for
approximately 12 h. The precultured seeds were subsequently transformed into a 300 mL
shake flask attached with flaps containing a 20 mL fermentation medium with 1% (v/v)
inoculation. Fermentation was performed at 220 rpm, 37 ◦C for 36 h. When glucose was
lower than 10 g/L, it was supplemented up to 40 g/L. rhtA expression was induced with
0.1/0.2/0.5 mM of IPTG when necessary.

Analytical Methods

A 1 mL culture was vigorously vortexed, and 0.1 mL of it was transferred to a 1.5 mL
centrifuge tube. We added 0.9 mL of 1 mM HCl and mixed the solution to remove the
residual CaCO3. Subsequently, OD600 was measured using a spectrophotometer (Shimazu,
Kyoto, Japan). For glucose and L-threonine detection, the culture was centrifuged at
12,000 rpm for 2 min to collect the supernatant. The collected supernatant was filtered
with a 0.22 µm aqueous membrane for glucose analysis. Glucose was quantified with
a high-performance liquid chromatography (HPLC) system (Shimadzu, Kyoto, Japan)
equipped with a refractive index detector (RID-10A; Shimadzu, Kyoto, Japan) and an
Aminex HPX-87H ion exclusion column (Bio-Rad Laboratories, Hercules, CA, USA); 5 mM
H2SO4 was used as the mobile phase at a flow rate of 0.6 mL/min [21].

For the detection of L-threonine, the collected supernatant was initially deproteinized
with 5% trichloroacetic acid. Subsequently, the pretreated supernatant was derived with
triethylamine and phenyl isothiocyanate and then extracted with n-hexane. Briefly, 0.2 mL
of samples and standard L-threonine were pretreated with the mixture of triethylamine–
acetonitrile (1.4 mL of triethylamine mixed with 8.6 mL of acetonitrile). Next, we added
phenyl isothiocyanate–acetonitrile (25 µL of phenyl isothiocyanate mixed with 2 mL of
acetonitrile) to pretreat the samples and standard L-threonine for 1 h at room temperature.
We added 0.4 mL of n-hexane and vigorously shocked. The bottomed liquid (0.2 mL)
was collected and diluted with 0.8 mL of deionized water. The solution was filtered
with a 0.22 µm organic membrane, and samples were detected using an HPLC equipped
with a diode array detector (SPD-M20A; Shimadzu, Kyoto, Japan), with the VenusilAA
(4.6 × 250 mm, 5 µm, Agela Techanologies) column applied at 40 ◦C. The analysis was
performed at a flow rate of 1 mL/min with mobile phases consisting of (A) 15.2 g of sodium
acetate dissolved in 1850 mL of ultrapure water and mixed with 140 mL of acetonitrile and
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(B) 80% (v/v) acetonitrile and 20% (v/v) ultrapure water. The concentration of L-threonine
was quantified with the peak area according to the corresponding standard curve.

2.5. Statistical Analysis

Results are presented as the mean ± SEM. Differences between the means were
evaluated using a one-way ANOVA. p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Simulating Dynamic rhtA Regulation with IPTG Induction

The membrane protein RhtA consists of 10 predicted transmembrane segments, which
were identified and characterized as L-threonine and L-homoserine transporters [22].
Constitutive overexpressing rhtA is the commonly method used to improve L-threonine
production and removing the toxic intermediate metabolite L-homoserine [22–26]. In this
study, we used the industrial L-threonine production host Tm, engineered from E. coli K-12
MG1655, from the Fufeng Group (http://www.fufeng-group.com/ (accessed on January
2021)) as the parent strain.

To verify whether the dynamic regulation of transporter expression can improve L-
threonine production, we firstly explored the effect of constitutive overexpressed rhtA on
L-threonine production. Three promoters at strong (J23100, 1348), medium (J23101, 399),
and weak (J23109, 18) from the Registry of Standard Biological Parts (http://parts.igem.org/
Main_Page(accessed on January 2021)) were characterized in strains Tm-100AR, Tm-101AR,
Tm-109AR, respectively (Figure 2A). As illustrated in Figure 2A, compared with the control
(strain Tm-cl without rhtA overexpression), overexpressing rhtA enhanced L-threonine
production due to relief from the toxicity of the accumulated products through the timely
export of L-threonine [9,27]. Tm-100AR and Tm-109AR significantly increased the titer of L-
threonine (p < 0.0001) than Tm-101AR. However, there was an irregular correlation between
the increase in production and the intensity of rhtA levels. Then, we used IPTG-induced
rhtA regulation to simulate the availability of dynamic regulation. rhtA was induced with
0.5 mM of IPTG in different growth phases (OD 0, 3, 6, or 9) (Figure 2B). When enhancing
rhtA expression at different growth stages, host cells with delayed rhtA induction achieved
a higher L-threonine titer than constitutive expression (Figure 2B). rhtA expressed at OD 3
achieved higher titers at 15.4 g/L than early at OD 0 (p < 0.05) with 13.4 g/L or delayed
induction at OD 6 (p < 0.01) or 9 (p < 0.001) with 13.4 g/L and 10.7 g/L, respectively.
The premature expression of high-level rhtA causes membrane burden. rhtA expresses too
late to excrete the accumulated L-threonine with low-level rhtA in the cell timely, resulting
in metabolic burden. Compared to the strength of the constitutive promoter shown in
Figure 2A, the promoter strength of Plac-lacO (RFP/OD600 values from 6.7 to 55.4) can be
evaluated to be roughly between J23101 (RFP/OD600 value, 399) and J23109 (RFP/OD600
value, 18), suggesting that increased L-threonine productivity at OD 0–9 may be not
due to higher intensity of Plac-lacO. Therefore, the dynamic regulation of rhtA in different
fermentation phases can improve L-threonine production, and it had significant advantages
compared with the constitutive overexpression of rhtA. Although the transporter rhtA was
successfully regulated to increase L-threonine production, the addition of the exogenous
inducer IPTG is impracticable in industrial production due to the high production cost [28].
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Figure 2. Adding IPTG at different growth stages to dynamically control rhtA expression. (A) rhtA
was constitutively expressed with strong (promoter J23100), medium (promoter J23101), and weak
(promoter J23109) intensities in strains Tm-100AR, Tm-101AR, and Tm-109AR, respectively. Strain
Tm-cl without overexpressed rhtA as the control. (B) The Tm-AR strain containing overexpressed
rhtA was induced with 0.5 mM of IPTG at OD 0, 3, 6, and 9. L-threonine titers were measured at
36 h of fermentation. All results were calculated with three (n = 3) independent replicates. Error bars
represent mean ± SEM. **** p < 0.0001, ** p < 0.01. ns: non-significance.

3.2. Characterizing the L-Threonine-Sensing Promoters

Biosensors have emerged as an outstanding tool for dynamically adjusting gene
expression in metabolic engineering [18,29]. Several E. coli-derived L-threonine-sensing
promoters have been excavated through omics analysis [30]. In this paper, the L-threonine
sensor was characterized by placing the report gene rfp under the promoter PcysJ, PcysD,
or PcysJH. We initially tested the response in E. coli K-12 MG1655 with the strains MG-PcysJ,
MG-PcysD, and MG-PcysJH. After removing the background value of RFP/OD600 from strain
MG-cl, MG1655 with empty plasmid pCL1920, all three promoters can be activated by
adding L-threonine (Figure 3A). The intensity of expression continuously decreased for
PcysJ, PcysD, and PcysJH. To demonstrate that the three promoters were practicable in the
L-threonine-producing strain and determine the lowest activation threshold, the strains
Tm-PcysJ, Tm-PcysD, and Tm-PcysJH were constructed by introducing the plasmid PcysJ-rfp,
PcysD-rfp, or PcysJH-rfp into the industrial strain Tm. The results demonstrate that the three
promoters can be used to activate gene expression during the L-threonine production
process (Figure 3B). Furthermore, expression levels increased with increased L-threonine
concentration (Figure 3B,C). As indicated in Table S4, the three promoters had different
minimum sensing thresholds during fermentation: PcysJ and PcysJH at 3 h with 0.05 g/L
and PcysD at 5 h with 0.25 g/L of L-threonine. The highest concentrations of L-threonine
sensing were not measured because the fluorescence intensity of rfp continued to increase
at the final concentration of L-threonine (Figure 3C). Nonetheless, we quantified the highest
sensing threshold (~60 g/L) with MG-PcysJ, MG-PcysD, and MG-PcysJH by exogenously
adding different concentrations of L-threonine (Figure 3A).
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Figure 3. Characterization of the L-threonine-sensing promoters PcysJ, cysD, and cysJH. (A) Plasmids
PcysJ-rfp, PcysD-rfp, and PcysJH-rfp were introduced into E. coli K-12 MG1655 to construct MG-PcysJ,
MG-PcysD, and MG-PcysJH for characterization by adding 0–80 g/L L-threonine. Strain MG-cl contain-
ing the empty plasmid pCL1920 was the control for removing the background value of RFP/OD600.
(B) The sensing curves of the three promoters were monitored in the strains Tm-J, Tm-D, and Tm-JH
containing the plasmids PcysJ-rfp, PcysD-rfp, and PcysJH-rfp. (C) Monitoring of the L-threonine concen-
trations of Tm-J, Tm-D, and Tm-JH during the fermentation process. All results were calculated with
three (n = 3) independent replicates.

3.3. Improving L-Threonine Production through the Dynamic Regulation of rhtA Expression

The characterized sensing promoters PcysJ, PcysD, and PcysJH were used for gradually
increasing rhtA expression in the L-threonine-producing strain Tm, corresponding to the
strains Tm-JAR, Tm-DAR, and Tm-JHAR, respectively. To estimate the expression of rhtA,
the linked rfp gene was activated by L-threonine-responsive promoters. Varying strengths
of promoters J23105, J23110, and J23116 were selected to constitutively express rhtA in the
strains Tm-105AR, Tm-110AR, and Tm-116AR, respectively. The strain Tm-cl contained
the empty vector as the control. The expression levels of rhtA in strains with L-threonine-
responsive promoters were gradually increased during the fermentation process with the
analysis of RFP/OD600 (Figure 4A). As illustrated in Figure 4A, the promoter J23110 had
the same effect as PcysJ on rhtA expression at 36 h. Comparing the constitutive expression
of rhtA with the promoter J23100 in the strain Tm-110AR, dynamically regulating the
strain Tm-JAR with PcysJ resulted in a significantly improved L-threonine production
of up to 21.19 g/L of titers, an increase of approximately 147% than the unexpressed
strain (Figure 4B). The other L-threonine-sensing promoters PcysD and PcysJH had lower
L-threonine titers than PcysJ, 19.11 and 9.49 g/L, respectively, which are a result of the
weaker expression of rhtA. These results suggest that stronger dynamic expression of
rhtA is more conducive to L-threonine production. The difference in expression levels
of rhtA may be due to the different transcription and translation strengths of PcysJ, PcysD
and PcysJH. It may also be caused by the different affinity for L-threonine of the currently
unknown transcription regulators. Although a stronger constitutive expression of rhtA
with the promoter J23116 can increase the L-threonine titer, it is still lower than the dynamic
expression with the promoter PcysJ and with a slower cell growth (Figure 4C). These results
indicate that the dynamic regulation of rhtA expression is more conducive to promoting L-
threonine production. Dynamic regulation is a successful strategy to improve biochemical
production [4,31–34]. Recently, a study has developed a thermal switch system to increase
L-threonine yield through regulating carbon distribution and cofactor supplementation
by sensing temperature [4]. Apart from the generally utilized metabolic flux engineering,
in this study, we confirmed in the first time that dynamically engineering the transporter
rhtA is more effective than constitutive expression for improving L-threonine production.
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Figure 4. Analysis of the effects of dynamically and constitutively expressed rhtA on L-threonine
production. (A) Analysis of the expression levels of rhtA during the whole fermentation process.
Characterization of rhtA expression levels of the constitutive promoters (J23110, J23105, and J23116)
and L-threonine-activated promoters (PcysJ, PcysD, and PcysJH) with fluorescence intensity to OD600.
(B) L-threonine fermentation with dynamically or constitutively expressed rhtA. The constitu-
tive promoters J23105, J23110, and J23116 were used to express rhtA in the strains Tm-105AR,
Tm-110AR, and Tm-116AR, respectively. The L-threonine sensing promoters PcysJ, PcysD, and PcysJH

were used to control rhtA expression in the strains Tm-JAR, Tm-DAR, and Tm-JHAR, respectively.
(C) Comparison of cell growth on varying strains with L-threonine-sensing promoters or constitutive
promoters. All results were calculated with three (n = 3) independent replicates. Error bars represent
mean ± SEM. **** p < 0.0001. ns: non-significance.

3.4. Regulating rhtB and rhtC to Further Improve L-Threonine Production

In E. coli, three native permeases—RhtA, RhtB, and RhtC encoded with rhtA, rhtB,
and rhtC, respectively—were confirmed as the membrane proteins to pump out L-threonine [3].
RhtA belong to the category of nonspecific transporters for exporting L-threonine and L-
homoserine. RhtB also transports homoserine lactone (HSL) [7,35]. By contrast, RhtC is the
specific transporter for L-threonine [7]. Studies have reported that the expression of all these
exporters results in the efficient pumping of L-threonine and increased production [1,3,36].
In this study, we demonstrated that L-threonine titers were considerably increased through
the dynamic regulation of rhtA expression (Figure 4B). The sensing promoter PcysJ had
the greatest impact on increasing L-threonine production. To explore the influence of the
autoregulated expression of rhtB and rhtC on L-threonine production, rhtB and rhtC were
controlled by PcysJ by responding to L-threonine (Figure 5). The plasmids PcysJ-rhtB and PcysJ-
rhtC were transformed into the parent strain Tm and formed Tm-JB or Tm-JC. As illustrated
in Figure 5A and Table 1, compared with the unexpressed transporter and overexpressed
rhtC, the dynamically expressed rhtB resulted in the highest L-threonine titers of 26.78 g/L,
an approximately 161% increase, and a productivity up to 0.734 g/L/h. Because Tm-JB
consumed more glucose during the 36 h fermentation (Figure 5C), the yield (0.627 g/g)
was slightly lower than that of Tm-JC (0.665 g/g). Although Tm-JB grew less than Tm-
JC during the 0 to 18 h period, the final biomass at 36 h was higher (Figure 5B). These
results demonstrate that dynamically regulating rhtB expression is relatively beneficial for
L-threonine production.

Table 1. Titers, titer increase, yield, and productivity of L-threonine under dynamically regulated
RhtB and RhtC.

Titer
(g/L) Titer Increase (%) Yield

(g/g) Productivity (g/L/h)

Tm-cl 10.26 (±0.68) —— 0.402 (±0.006) 0.285 (±0.019)
Tm-JB 26.78 (±0.67) 161.01 (±6.61) 0.627 (±0.023) 0.743 (±0.018)
Tm-JC 25.44 (±0.31) 147.95 (±3.02) 0.665 (±0.010) 0.706 (±0.008)
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Figure 5. Dynamic regulation of rhtB and rhtC expression to improve L-threonine production. Strain Tm-cl
containing the nonexpressed transporter as the control, rhtB, and rhtC was overexpressed in the strains
Tm-JB and Tm-JC, respectively. (A) L-threonine titers were detected at 36 h of fermentation. (B,C) Glucose
consumption and cell growth were monitored for 36 h of fermentation. All results were calculated with
three (n = 3) independent replicates. Error bars represent mean ± SEM. **** p < 0.0001.

4. Conclusions

The toxicity of transporter expression to cells limits the application of transporter
engineering in improving metabolite production. For the first time, we compared the effects
of dynamic and constitutive expression transporters on product synthesis. We analyzed the
effect of the dynamic regulation of transporters on L-threonine production based on end-
product biosensors. These results demonstrate that the dynamic regulation of transporter
expression was more conducive than constituent expression for L-threonine production,
which increased by 147%. Therefore, the dynamic regulation of transporters is a promising
strategy for improving biochemical production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8060250/s1, Table S1. Plasmids used in this study;
Table S2. Strains used in this study; Table S3. Primers used in this study; Table S4. Analysis of
the initial sensing times and L-threonine concentrations of the three promoters in the L-threonine-
producing strains [37].
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Abstract: Gibberellin is an important plant growth regulator that has been widely used in agricultural
production with great market prospects. However, the low yield from Gibberella fujikuroi restricts its
application. To improve the production of gibberellin A4 (GA4), the response surface methodology
was used in this study to explore the effect of different types and concentrations of vegetable oil
and precursors on the production of GA4. Based on a single factor experiment, the Behnken box
and central composite designs were used to establish the fermentation condition model, and the
response surface method was used for analysis. The results indicated that the optimum formula was
0.55% palm oil, 0.60% cottonseed oil, 0.64% sesame oil, 0.19 g/L pyruvic acid, 0.21 g/L oxaloacetic
acid, and 0.21 g/L citric acid for 48 h, which produced a yield 4.32 times higher than that without
optimization. This suggests that the mathematical model is valid for predicting GA4 production in
Gibberella fujikuroi QJGA4-1.

Keywords: medium optimization; GA4; Gibberella fujikuroi; response surface methodology; fermentation

1. Introduction

Gibberellin is a natural plant hormone that regulates the growth and development of
higher plants. Currently, 136 species have been discovered, which are sequentially termed
GA1–GA136 in the order of discovery [1]. The activity of gibberellin is GA3 > GA7 > GA4
in promoting stem growth [2–5]. However, due to its high activity, GA3 often causes
excessive growth of the plant hypocotyl when it breaks plant dormancy and reduces
the lodging resistance of the plant. At the same time, it promotes the rapid growth of
epidermal cells, resulting in a thinner cuticle layer of the epidermis and rupture of spots of
the fruit. GA7 can strongly inhibit the formation of flower buds, whereas GA4 promotes
the formation of flower buds [2]. In addition, GA4 exhibits high biological activity in terms
of promoting plant growth, appearance, and shelf life in apples, sweet northern potatoes,
and grapes. Although the biological activities of GA4 have been documented, commercial
use in agriculture has remained limited compared to GA3, presumably due to low yield
and cost competitiveness. Therefore, there is an urgent need to improve GA4 productivity.

GA4 production by fermentation with Gibberella fujikuroi (G. fujikuroi) has been re-
ported [6–9]. G. fujikuroi belongs to Fusarium, which is an industrial strain producing
gibberellin. At present, there are two engineering strategies for enhancing GA4 produc-
tion. One way to improve GA4 yield is by regulating the carbon metabolic flux to GA4
in G. fujikuroi. For example, Tudzynski et al. [10] deleted two genes at the end of the GA
biosynthesis pathway, DES and P450-3, in order to construct an engineered strain that
produces only GA4. It was shown that the DES knockout mutant strain did not produce
GA3 and GA7, while GA1 and GA4 production increased significantly, with a yield ratio of
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approximately 5:1. However, the P450-3 knockout mutant strain did not produce GA3 and
GA1, simultaneously improving the yield of GA4 and GA7 significantly compared with
the wild-type strain. When both DES and P450-3 were simultaneously deleted, the mutant
strain produced only GA4 and the yield was 7–8 times higher than that of the starting
strain. However, the first method is difficult to perform, owing to a lack of genetic tools for
this organism.

The optimization of fermentation conditions is a powerful alternative to GA4 pro-
duction. The fermentation process is a complex system that is regulated by many factors.
Vegetable oil, as a delayed effect carbon source, can provide a carbon source with strain
reproduction, which significantly improves the yield of certain secondary metabolites, such
as cephalosporin C [11], spiramycin [12], and erythromycin [13]. Zhuang et al. found
that adding sesame oil, olive oil, and soybean oil to the fermentation medium effectively
increased GA3 production [14]. This indicated that vegetable oil not only reduced the
inhibition of carbon metabolism, but also provided the acetyl-coenzyme A and precursor
of gibberellin GA3 [15]. However, the effect of vegetable oil on GA4 production has not
yet been reported. Moreover, there are few kinds of microorganisms that can effectively
use vegetable oil as a carbon source. Therefore, it is very important to explore the ability
of GA4 production by G. fujikuroi using vegetable oil as carbon source and to determine
the appropriate type and concentration of vegetable oil for GA4 fermentation. In addition,
some studies have shown that the concentration of a product is closely related to the
amount of supplied primary metabolite precursors (fatty acids, citric acids, sugars, and C1
compounds) [16], which can be directly used for cell growth and target product formation.
However, the amount of precursor added should not be too high, as this exerts a toxic effect
on microorganisms and affects target metabolite formation. If the added precursors were
too low, the effect was not significant. Therefore, further studies regarding the precursor
addition strategy are necessary to achieve a high yield of GA4.

Response surface methodology (RSM) is a common and effective tool for medium op-
timization and can be used to design various fermentation parameters simultaneously [17].
In view of this, this study determined the main factors affecting the production of GA4
through a single-factor test and Plackett–Burman screening test to optimize the key factors
based on the Box–Behnken design principle and central composite design optimization
method, providing a reference for the optimization of GA4 and other terpenoid fermenta-
tion conditions.

2. Materials and Methods
2.1. Raw Materials

Soybean meal, corn steep liquor, corn gluten meal, and GA4 standard were provided by
Zhejiang Qianjiang Biochemistry Company(Zhejiang China). Vegetable oil was purchased
from a local supermarket. Methanol used was chromatographically pure, and the other
reagents were analytically pure.

2.2. Strains and Media

The G. fujikuroi QJGA4-1 used in this study was provided by Zhejiang Qianjiang
Biochemical Limited Corporation (Zhejiang China) and was kept in the China General
Microbiological Culture Collection Center, and the preservation number was CGMCC17793.

In this study, potato dextrose agar (PDA) medium, containing 200 g/L potato, 20 g/L
dextrose, and 20 g/L agar, was used. G. fujikuroi QJGA4-1 was incubated at 28 ◦C for
five to six days in PDA medium. The hyphae of G. fujikuroi were placed into the inclined
side of the test tube and underwent vibration with glass beads. The liquid (4%) was then
inoculated into a triangular bottle. The samples were cultivated at 220 rpm and 33 ◦C
for approximately 51 h in the seed media. The seed medium (per liter: 30 g sucrose, 12 g
soybean meal, 3 g NH4Cl, 3 g NaNO3, 1.5 g KH2PO4, 0.2 g K2SO4, 0.2 g MgSO4·7H2O)
was adjusted to pH 6.8 and the seed liquid (4%) was inoculated into a shaking flask. The
production of GA4 was measured at 220 rpm and 33 ◦C for approximately 9 days. The
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fermentation medium (per liter: 140 g lactose, 10 g soybean meal, 10 g corn steep liquor, 5 g
corn gluten meal, 2 g K2SO4, 1 g MgSO4·7H2O, 0.0005 g ZnSO4·7H2O, 0.0005 g CoCl2·6H2O,
1.25 g carbamide) was adjusted to pH 7.0.

2.3. Experimental Design

In a previous study, various nutritional conditions were evaluated for their effects
on GA production [18,19]. The results revealed that the major variables affecting the
fermentation performance in terms of GA3 production were vegetable oil and precursors.
Therefore, ten types of vegetable oils (canola, soybean, rice, olive, peanut, sunflower, corn,
palm, cottonseed, and sesame oils) and eight precursors (pyruvate, oxaloacetic acid, calcium
gluconate, L-isoleucine, citric acid, glycerin, L-glutamic acid, and riboflavin) were selected
for further optimization studies.

2.4. Box-Behnken Design (BBD)

The BBD is an efficient method for evaluating the nonlinear relationship between
indexes and factors [20]. In this study, three vegetable oils that significantly increased
gibberellin yield were chosen based on a single factor experiment, and then further de-
signed and analyzed by Expert Design 8.0. The experimental factors and their levels are
listed in Table 1.

Table 1. Experimental design of three independent variables with their coded and actual values
using BBD.

Variables
Levels

−1 Level 0 Level 1 Level

A (%) 0.45 0.65 0.85
B (%) 0.45 0.65 0.85
C (%) 0.45 0.65 0.85

A: Palm oil concentration; B: cottonseed oil concentration; C: sesame oil concentration.

2.5. Plackett–Burman Design (PBD)

The PBD was employed to screen the most suitable precursors for GA4 production by
G. fujikuroi QJGA4-1. Each independent variable was tested at two levels, high and low,
which are denoted by (+) and (−), respectively. The experimental design with the factor
name, symbol code, and actual level of the variables is shown in Table 2.

Table 2. Experimental design of eight independent variables and their coded values using the PBD.

Variables Code Low Level (g/L) High Level (g/L)

Pyruvate A 0.02 0.05
Oxaloacetic acid B 0.02 0.05

Calcium gluconate C 0.02 0.05
L-isoleucine D 0.02 0.05
Citric acid E 0.02 0.05
Glycerin F 0.02 0.05

L-glutamic acid G 0.02 0.05
Riboflavin H 1 × 10−5 4 × 10−5

Two dummy variables were studied in the 12 experiments to calculate the standard
error. GA4 production was performed in duplicate, and the average value was taken as the
response. Variables with confidence levels above 90% were considered to have a significant
effect on GA4 production, and thus were used for further optimization.

2.6. Path of the Steepest Ascent Experiment

To move rapidly toward the optimal response, we used the steepest ascent method.
The experiments were adopted to determine a suitable direction by increasing or decreasing
the concentrations of variables according to the results of the PBD [21].
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2.7. Central Composite Designs (CCD) and Response Surface Methodology

A central composite design and response surface methodology were used to describe
the nature of the response surface in the optimum region. The levels of each factor and the
design matrix are listed in Table 3.

Table 3. Experimental design using CCD of three independent variables with their coded and
actual value.

No. A (g/L) B (g/L) E (g/L)

1 0.18 0.22 0.22
2 0.18 0.18 0.18
3 0.22 0.22 0.22
4 0.20 0.20 0.23
5 0.20 0.17 0.20
6 0.20 0.20 0.17
7 0.20 0.20 0.20
8 0.22 0.18 0.22
9 0.17 0.20 0.20
10 0.20 0.20 0.20
11 0.20 0.20 0.20
12 0.18 0.22 0.18
13 0.22 0.18 0.18
14 0.18 0.18 0.22
15 0.23 0.20 0.20
16 0.22 0.22 0.18
17 0.20 0.23 0.20

2.8. Gibberellin Analysis

GA4 was analyzed using high performance liquid chromatography (HPLC; Thermo
Fisher Scientific, Waltham, MA, USA). A reversed-phase C18 column with 150 mm Lichro-
spher and 5 µm particle size was used for analysis (Waters, Waltham, MA, USA). Detection
was performed at 201 nm. Quantification was achieved using the external standard method
with the peak area. Samples were filtered through 0.22-µm membrane filters and directly
injected into the HPLC using the 20 µL loop of a Rheodyne injector. If required, the samples
were diluted to <40 mg/L.

3. Results and Discussion
3.1. Screening of Vegetable Oils Affecting GA4 Production

As a slow-acting carbon source, vegetable oil can increase the yield of secondary
metabolites. As shown in Figure 1, ten different vegetable oils were selected. The ex-
perimental treatments numbered 1–11 were without vegetable oil, canola, soybean, rice,
olive, peanut, sunflower, corn, palm, cottonseed, and sesame oils to investigate the effect of
0.25% oil on GA4 production by G. fujikuroi.

The results showed that adding vegetable oil to the medium increased the GA4
production, among which the production of palm oil, cottonseed oil, and sesame oil were
significantly higher than those of other oils. It can be found from Figure 1 that there is
no significant difference in improving the production of GA4 by comparing the three oils.
Therefore, palm oil, cottonseed oil, and sesame oil were selected for further research.

3.2. Effect of Palm, Cottonseed, and Sesame Oils on the Production of GA4

Based on the above results, the impact of different concentrations of palm, cottonseed,
and sesame oils on GA4 production was investigated. The results are presented in Figure 2.
Palm oil, cottonseed oil, and sesame oil (0.05%, 0.25%, 0.45%, 0.65%, 0.85%, and 1.05%) were
added to the medium. As the oil concentration increased, the GA4 value first increased
and then decreased gradually. When 0.65% oil was added, the highest yield of GA4
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was achieved. Therefore, 0.65% palm, cottonseed, and sesame oils were determined as
optimal concentrations.
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3.3. Interaction of Palm Oil, Cottonseed Oil, and Sesame Oil on GA4 Production Using BBD

Palm oil (A), cottonseed oil (B), and sesame oil (C) were independent variables, and
GA4 (Y) was the response value in BBD. The Box–Behnken experimental design and results
are shown in Table 4.
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Table 4. Experimental design of three independent variables and actual values of GA4 production
using BBD.

Test Number A (%) B (%) C (%) Y (mg/L)

1 0.65 0.85 0.45 438.30
2 0.65 0.65 0.65 800.93
3 0.45 0.65 0.85 645.54
4 0.85 0.85 0.65 548.54
5 0.45 0.45 0.65 758.06
6 0.65 0.65 0.65 976.88
7 0.65 0.65 0.65 661.92
8 0.65 0.45 0.85 495.44
9 0.85 0.45 0.65 395.96
10 0.85 0.65 0.45 480.55
11 0.85 0.65 0.85 325.60
12 0.45 0.85 0.65 518.87
13 0.65 0.65 0.65 837.61
14 0.65 0.85 0.85 267.78
15 0.65 0.65 0.65 1136.46
16 0.65 0.45 0.45 542.49
17 0.45 0.65 0.45 631.38

The Box–Behnken experimental design and results are presented in Table 4. The
analysis of variance of the test results is presented in Table 5, and the p value of the model
was less than 0.05, indicating that the ANOVA test was significant. The p value of lack
of fit was 0.9507, indicating a high degree of fit between the predicted and actual values.
Therefore, the model could be used to analyze and predict the production of GA4.

Table 5. Analysis of variance of response surface quadratic model for GA4 production.

Source Sum of
Squares df Mean

Square F Value p Value

Model 7.043 × 105 9 78,256.94 3.87 0.0439 *
A 80,645.53 1 80,645.53 3.99 0.0858
B 21,886.57 1 21,886.57 1.08 0.3325
C 16,052.62 1 16,052.62 0.79 0.4022

AB 38,376.48 1 38,376.48 1.90 0.2105
AC 7149.36 1 7149.36 0.35 0.5706
BC 3811.91 1 3811.91 0.19 0.6770
A2 61,978.17 1 61,978.17 3.07 0.1233
B2 1.788 × 105 1 1.788 × 105 8.85 0.0206
C2 2.439 × 105 1 2.439 × 105 12.08 0.0103

Residual 1.414 × 105 7 20,196.33
Lack of Fit 10,647.26 3 3549.09 0.11 0.9507
Pure Error 1.307 × 105 4 32,681.76
Cor Total 8.457 × 105 16

Note: * means p < 0.05.

The data were analyzed using Design Expert 8.0 software, and a quadratic response
surface regression model was established. The fitting quadratic regression equation was
obtained as follows:

Y = 882.76 − 100.40 × A − 52.31 × B − 44.79 × C + 97.95 × A × B − 42.28 × A × C − 30.87 × B × C −
121.33 × A2 − 206.09 × B2 − 240.67 × C2.

(1)

To better estimate the influence of the interactions between any two independent
parameters on GA4 production, three-dimensional response surfaces and two-dimensional
contour plots are plotted in Figure 3. The effect of palm oil concentration and cottonseed
oil concentration on GA4 production is shown in the three-dimensional response surface
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plot in Figure 3a. Figure 3c depicts the influence of the interactions between sesame oil
concentration and palm oil concentration on GA4 production. A response surface plot was
used to depict the effect of cottonseed oil concentration and sesame oil concentration on
GA4 production (Figure 3e). The downward opening of the response surface (Figure 3a,c,e)
revealed that GA4 production was improved by promoting palm, cottonseed, and sesame
oil levels until the optimum value was obtained. However, continuing to increase the
oil levels resulted in a linear decrease in GA4 production. The highest GA4 production
was obtained using palm, cottonseed, and sesame oil values of 0.55%, 0.60%, and 0.64%,
respectively. Figure 3b,d,f shows the two-dimensional contour plot of the interaction
between palm, cottonseed, and sesame oils, respectively, and the effect of variables on GA4
production. From the contour plot, we observe that the interactive contour map between
palm, cottonseed, and sesame oil is nearly circular, indicating that the interaction has no
significant effect on GA4 production.

Overall, analysis of the response surface showed that the optimal conditions for GA4
production were 0.55% palm oil, 0.60% cottonseed oil, and 0.64% sesame oil, the GA4
production was 915.35 mg/L under the above conditions (predicted with RSM).

Confirmation of the optimized medium component was performed in shake-flask
cultures using the optimum predicted values of the various variables. To verify the accuracy
of the model, GA4 fermentation experiments were performed on the optimum medium.
The average production of GA4 obtained from three parallel experiments was 875.51 mg/L,
which is close to the predicted value of the regression equation. This finding demonstrated
that the constructed model was valid for predicting the generation of GA4 using QJGA 4-1.
Similarly, Wang et al. reported that adding soybean oil to the fermentation medium effec-
tively improved GA3 production [22], because oil as a carbon source does not inhibit carbon
metabolism but can provide the necessary acetyl-coenzyme for gibberellin synthesis [18].

3.4. Screening of Precursors for GA4 Production Using the PBD

Pyruvate (A), oxaloacetic acid (B), calcium gluconate (C), L-isoleucine (D), citric acid (E),
glycerin (F), L-glutamic acid (G), and riboflavin (H) were used as screening factors in the
12 fermentation experiments. The concentration of each factor and the experimental results
are listed in Table 6.

Table 6. Experimental design using PB of eight independent variables with their concentration and
actual values of GA4 production.

No. A (g/L) B (g/L) C (g/L) D (g/L) E (g/L) F (g/L) G (g/L) H (g/L) GA4
(mg/L)

1 0.05 0.2 0.2 0.2 0.05 0.05 0.05 4 × 10−5 594.17
2 0.2 0.05 0.2 0.2 0.2 0.05 0.05 1 × 10−5 754.32
3 0.05 0.05 0.05 0.05 0.05 0.05 0.05 1 × 10−5 593.47
4 0.05 0.2 0.05 0.2 0.2 0.05 0.2 4 × 10−5 690.35
5 0.2 0.05 0.05 0.05 0.2 0.05 0.2 4 × 10−5 801.70
6 0.05 0.05 0.05 0.2 0.05 0.2 0.2 1 × 10−5 545.66
7 0.05 0.05 0.2 0.05 0.2 0.2 0.05 4 × 10−5 679.13
8 0.05 0.2 0.2 0.05 0.2 0.2 0.2 1 × 10−5 710.36
9 0.2 0.2 0.05 0.05 0.05 0.2 0.05 1 × 10−5 864.39
10 0.2 0.2 0.05 0.2 0.2 0.2 0.05 1 × 10−5 982.36
11 0.2 0.2 0.2 0.05 0.05 0.05 0.2 1 × 10−5 747.22
12 0.2 0.05 0.2 0.2 0.05 0.2 0.2 4 × 10−5 479.35
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showing the effects of variables and interaction with GA4 production. Three-dimensional response
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sesame oil (e). Corresponding two-dimensional contour plot interaction of palm and cottonseed
oil (b), palm and sesame oil (d), and cottonseed and sesame oil (f).
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To investigate the influence of different precursors on GA4 production, p value analysis
was conducted using Design Expert 8.0. As shown in Table 7, the p value was 0.0453 < 0.05,
and the R2 value was 0.962, which indicates that the fitted model is significant and reliable.
Among the eight factors, pyruvic acid, citric acid, and oxaloacetic acid were the most
important factors for GA4. From the positive and negative effects of the statistical analysis
coefficients of various factors in Table 7, we observed that the concentrations of pyruvate,
oxaloacetic acid, and citric acid should be increased to enhance the production of GA4.

Table 7. Analysis of variance of the response surface quadratic model for GA4 production.

Variable Sum of Squares Prob > F Significance

Model 2.096 × 105 0.0453 Significance
A 48,646.20 0.0246 *
B 39,041.67 0.0328 *
C 18,133.57 0.0828
D 7803.59 0.1909
E 55,775.46 0.0205 *
F 137.77 0.8374
G 16,624.40 0.0911
H 3483.7 0.3426

Note: R2 represents the fitting degree of the regression equation, * means p < 0.05.

3.5. Steepest Ascent Design

To find the proper direction of changing variables, the steepest ascent design experiment
and the corresponding results are shown in Table 8. Pyruvic acid (A), oxaloacetic acid (B),
and citric acid (E) were important factors affecting the production of GA4.

Table 8. The steepest ascent experiment design and results; the values represent the mean ± SD of
three replicates.

No. A (g/L) B (g/L) E (g/L) GA4 (mg/L)

1 0.10 0.10 0.10 854.40 ± 40.21
2 0.15 0.15 0.15 879.98 ± 18.18
3 0.2 0.2 0.2 938.09 ± 63.17
4 0.25 0.25 0.25 903.65 ± 45.55
5 0.30 0.30 0.30 845.29 ± 24.92

The steepest ascent test showed that the maximum GA4 concentration near to the
central point was A, 0.2 (g/L), B, 0.2 (g/L), and E, 0.2 (g/L).

3.6. CCD and Statistical Optimization of GA4 Production

Based on the central point, the central composite design, with three factors and five
levels, was determined (Table 9).

Design-Expert software (version 8.0) was used to fit the experimental data with
quadratic polynomial regression. The following regression fitting equation is obtained:

Y(GA4) = 73899.20 + 22421.45 A + 21009.31 B − 1684.45 E − 17.84 AB − 3412.57 AE + 5235.86 BE −
24566.76 A2 − 51962.34 B2 − 3691.15 E2.

(2)

The results of the variance analysis are presented in Table 10 (p = 0.0169), indicating
that the regression model was significant. The fitting degree was 0.0707, which was not
significant, indicating that the fitting degree was good. This model was found to be effective.
The data can be analyzed using the model, and the GA4 content can be predicted using the
regression equation. Table 10 shows that factors A, B, AE, BE, and B2 had significant effects
on GA4 production.
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Table 9. Experimental design using CCD of three independent variables with their coded and actual
values of GA4 production.

No. A (g/L) B (g/L) E (g/L) GA4 (mg/L)

1 0.18 0.22 0.22 992.57
2 0.18 0.18 0.18 814.97
3 0.22 0.22 0.22 861.32
4 0.20 0.20 0.23 869.82
5 0.20 0.17 0.20 796.45
6 0.20 0.20 0.17 912.60
7 0.20 0.20 0.20 953.15
8 0.22 0.18 0.22 787.74
9 0.17 0.20 0.20 845.29
10 0.20 0.20 0.20 943.20
11 0.20 0.20 0.20 965.31
12 0.18 0.22 0.18 792.20
13 0.22 0.18 0.18 872.31
14 0.18 0.18 0.22 812.17
15 0.23 0.20 0.20 895.41
16 0.22 0.22 0.18 844.40
17 0.20 0.23 0.20 824.27

Design-Expert software (version 8.0) was used to obtain three-dimensional response
surface plots and corresponding two-dimensional contour plots of the relationship be-
tween pyruvic acid, oxaloacetic acid, and citric acid on GA4 production (Figure 4). From
Figure 4a,c,e, we observed the downward opening of the response surface, which proves
that the model has a maximum value and GA4 has a maximum production. Figure 4d
shows that the contour plot of pyruvic acid and oxaloacetic acid on GA4 production is
nearly circular, indicating that the interaction between pyruvic acid and oxaloacetic acid
has no significant effect on GA4 production. Figure 4b,f show the interactive contours of
oxaloacetic acid with citric acid and pyruvic acid with citric acid, respectively. The contours
are elliptical, which proves that the interactions between oxaloacetic acid and citric acid,
and pyruvic acid and citric acid exerted a significant effect on GA4 production. When the
concentration of A was 0.19 g/L, B 0.21 g/L, and E 0.21 g/L, the predicted production of
GA4 was 960.34 mg/L.

Table 10. Regression coefficients and their significance for response surface quadratic model.

Factor Sum of
Squares df F Value p Value Significance

Model 60,790.68 9 5.57 0.0169 Significant
A 16,676.95 1 13.76 0.0076 *
B 11,504.28 1 9.50 0.0178 *
E 3204.59 1 2.64 0.1479

AB 1566.46 1 1.29 0.2929
AE 8793.30 1 7.26 0.0309 *
BE 11,602.44 1 9.58 0.0175 *
A2 7826.45 1 6.46 0.0386 *
B2 31,502.05 1 26.00 0.0014 *
E2 6644.86 1 5.48 0.0517

Residual 8481.11 7
Lack of Fit 8235.81 5 13.43 0.0707 Not significant
Pure Error 245.30 2 122.65
Cor Total 69,271.79 16

Note: * means p < 0.05.
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3.7. Experimental Validation of the Model

To verify the predicted results of the model, three repeated shaking flask fermentation
experiments were conducted under the optimized conditions. The actual GA4 production
in the optimum medium was 972.95 mg/L, which is consistent with the predicted value
of 960.34 mg/L. This demonstrated that the model could predict GA4 production well.
Compared with the case without the precursor, GA4 production increased by 11.1%.

The type and concentration of the precursors affect the synthesis of gibberellin. At
present, most studies have focused on the influence of the precursor on the synthesis of
GA3. For example, Wang and et al. [23] found that oxaloacetic acid, calcium gluconate,
and riboflavin exerted obvious effects on the synthesis of GA3. Through experiments and
metabolic flux analysis, some scholars found that oxaloacetate also had a significant effect
on the formation of GA3 [24]. This may be as a result of the metabolic flux distribution
change. However, relevant studies on the optimization of fermentation conditions for GA4
have not been reported. Based on the relevant studies on GA3, we can further explore
the influence of the precursor on the synthesis of GA4. In this study, oxaloacetic acid
was also found to promote the synthesis of GA4. This may be a result of the metabolic
flux distribution change between the HMP pathway and TCA cycle with the addition of
oxaloacetic acid [25–27]. Acetyl-CoA is a key regulator of metabolite synthesis by Fusarium
fujikuroi. Adding oxaloacetic acid relieved the inhibition of the EMP pathway. At the same
time, it was decarboxylated to pyruvic acid and further metabolized to acetyl CoA, which
is a substance promoting GA4 production. Some studies have shown that pyruvic acid, as
the intermediate product of the tricarboxylic acid (TCA) cycle and the final product of the
glycolysis pathway, can be converted into fatty acids, amino acids, and polysaccharides
through coenzyme A and TCA cycle metabolites [28]. Oxaloacetic acid, citric acid, and
pyruvic acid are all important metabolites of the TCA cycle and the EMP pathway. Adding
an appropriate amount of pyruvic acid, oxaloacetic acid, and citric acid may accelerate the
metabolism of bacteria, promote the formation of acetyl CoA, and further improve GA4
production. In addition, the strain may have different affinities for different precursors.
For example, in this study, calcium gluconate and riboflavin did not significantly affect the
production of GA4.
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duction in the optimum medium was 972.95 mg/L, which is consistent with the predicted 

value of 960.34 mg/L. This demonstrated that the model could predict GA4 production 

well. Compared with the case without the precursor, GA4 production increased by 11.1%. 

The type and concentration of the precursors affect the synthesis of gibberellin. At 

present, most studies have focused on the influence of the precursor on the synthesis of 

GA3. For example, Wang and et al. [23] found that oxaloacetic acid, calcium gluconate, 

and riboflavin exerted obvious effects on the synthesis of GA3. Through experiments and 

metabolic flux analysis, some scholars found that oxaloacetate also had a significant effect 

on the formation of GA3 [24]. This may be as a result of the metabolic flux distribution 

change. However,  relevant  studies on  the optimization of  fermentation  conditions  for 

GA4 have not been reported. Based on the relevant studies on GA3, we can further explore 

the influence of the precursor on the synthesis of GA4. In this study, oxaloacetic acid was 

also found to promote the synthesis of GA4. This may be a result of the metabolic flux 

Figure 4. Three-dimensional response surface plots and corresponding two-dimensional contour plot
showing the effects of variables and the interaction with GA4 production (mg/L); (a,b) interaction
between pyruvic acid and oxaloacetic acid; (c,d) interaction between oxaloacetic acid and citric acid;
(e,f) interaction between pyruvic acid and citric acid.

4. Conclusions

G. fujikuroi QJGA4-1 is a GA4 producing strain, but its production level is not competi-
tive. To further improve the production of GA4, the nutritional conditions of the vegetable
oil and precursors were optimized using response surface methodology. Based on these
results, response surface models for vegetable oils and precursors were determined. To the
best of our knowledge, this GA4 production level is the highest by G. fujikuroi QJGA4-1
under the optimized conditions until now.

Regarding the industrial GA4 fermentation process, a large amount of vegetable oil
is required, which will inevitably lead to an increase in production cost and pollution
probability. Therefore, vegetable oil utilization efficiency needs to be improved to obtain a
cheap substitute for GA4 production. In the future, we will analyze the type and content
of oleic acid in vegetable oil and explore the mechanism of promoting GA4 synthesis via
oleic acid metabolism. In addition, the precursor for the synthesis of GA4 was determined
based on RSM. Subsequently, transcriptomics, proteomics, and metabolomics will be used
to analyze GA4 biosynthesis, through global regulatory analysis, to explore the product
synthesis mechanism, in order to identify new targets for increasing GA4 production.
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Abstract: Trichoderma reesei is a high-yield producer of cellulase for applications in lignocellulosic
biomass conversion, but its cellulase production requires induction. A mixture of glucose and
β-disaccharide has been demonstrated to achieve high-level cellulase production. However, as
inducers, β-disaccharides are prone to be hydrolyzed by β-glucosidase (BGL) during fermentation,
therefore β-disaccharides need to be supplemented through feeding to overcome this problem.
Here, miglitol, an α-glucosidase inhibitor, was investigated as a BGL inhibitor, and exhibited an
IC50 value of 2.93 µg/mL. The cellulase titer was more than two-fold when miglitol was added
to the fermentation medium of T. reesei. This method was similar to the prokaryotic expression
system using unmetabolized isopropyl-β-D-thiogalactopyranoside (IPTG) as the inducer instead
of lactose to continuously induce gene expression. However, cellulase activity was not enhanced
with BGL inhibition when lactose or cellulose was used as an inducer, which demonstrated that the
transglycosidase activity of BGL is important for the inducible activity of lactose and cellulose. This
novel method demonstrates potential in stimulating cellulase production and provides a promising
system for T. reesei protein expression.

Keywords: Trichoderma reesei; cellulase; β-glucosidase inhibitors; sophorose; miglitol

1. Introduction

Excessive exploitation and utilization of petroleum, coals, natural gas and other fossil
fuels have resulted in a series of problems, including diminishing reserves, increasingly
severe pollution, climate changes and the frequent occurrence of natural disasters. These
problems largely restrict socioeconomic sustainability [1]. Lignocellulosic biorefineries,
which involve the production of biofuels and biochemicals from forestry and agricultural
residues, are important alternatives for addressing the energy crisis and sustainable eco-
nomic development [2–4]. However, the robust supramolecular structures of lignocellulosic
biomasses can only be hydrolyzed into fermentable sugars by efficient cellulase [5,6]. High-
yield cellulase strains mainly originate from Trichoderma reesei, but the biosynthesis of the
cellulases must be induced [7,8].

Sophorose is the most efficient inducer for T. reesei cellulase synthesis, and its inducing
ability is more than 2500 times higher than that of cellobiose [9]. Unfortunately, sophorose is
so expensive that it has never been used as a sole inducer for cellulase production. Accord-
ing to the cellulase production process developed by NREL for evaluating the biochemical
conversion of lignocellulosic biomass to ethanol, the mixture glucose-sophorose has been
used as an inducer of T. reesei. When grown on this substrate, T. reesei has been shown
to productively secrete cellulase [10]. In preliminary studies, a mixture of glucose and
β-disaccharide (MGD) was prepared from glucose through the transglycosylation reaction
catalyzed by β-glucosidase (BGL) and used as an inducer for the efficient synthesis of
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cellulases [11–14]. A maximum cellulase titer of 102.63 IU/mL was achieved by engineered
T. reesei, using MGD as an inducer [15]. Moreover, transcriptomic and iTRAQ proteomic
analyses showed that the secretory volumes of major cellulases are higher than those of
other commonly used inducers [16,17], but the BGL was low. To overcome this disadvan-
tage, aabgl1 encoding BGL in Aspergillus aculeatus was heterologously expressed in T. reesei
Rut C30. The BGL activity of recombinant T. reesei increased 71-fold compared to the parent
strain [16], however, we found that the cellulase activity was significantly reduced.

It is speculated that the BGL expressed by T. reesei could degrade sophorose into
glucose; consequently, sophorose does not maintain induction concentrations in cells or is
completely degraded, thus losing its inducing ability. Hence, this sophorose containing
inducer must be supplemented through continual feeding. Although the transglycosy-
lation activity of BGL in T. reesei has been confirmed to be irreplaceable during cellulase
fermentation when cellulose or lactose is adopted as the inducer [18,19], it is no longer
needed when sophorose is directly used. We assume that if the BGLs are inhibited, an
appropriate intracellular concentration of sophorose for induction can be theoretically
maintained, which decreases the dosage and consumption of inducers.

Although BGL is pivotal in the degradation of cellulose components into glucose [20],
research generally indicates that the BGL secreted by T. reesei is insufficient, and the efficient
hydrolysis of cellulose components is achieved only when enough BGL is added [21–25].
Therefore, the actions of the background BGL are generally not considered. Hence, the
inhibition or knockout of BGL genes does not significantly affect the quality of T. reesei cellulase.

In the present study, miglitol, an α-glucosidase inhibitor [26], was used to inhibit BGL
in T. reesei fermentation, and we investigated whether intracellular β-disaccharide can be
maintained at an appropriate induction concentration to stabilize cellulase production. This
is an alternative strategy is to induce the synthesis of cellulase, providing a viable method
for further efficient cellulase production by fed-batch fermentation.

2. Materials and Methods
2.1. Materials and Microorganisms

Trichoderma reesei Rut C30 was a gift from the USDA ARS Culture Collection. Recombi-
nant T. reesei PB-3 and PB-4 were developed by overexpressing aabgl1 (GenBank: D64088.1)
using the pdc1 promoter (encoding pyruvate decarboxylase) in T. reesei RUT C30, which had
four and three gene copies, respectively [16]. The spores were preserved in 50% glycerol at
−80 ◦C. β-Glucosidase SUNSON® was purchased from Sunson Industry Group Co., Ltd.
(Yinchuan, Ningxia, China).

The mixture of glucose and β-disaccharides (MGD) was synthesized from glucose by
β-glucosidase (BGL) through a transglycosylation reaction [11]. In detail, BGL was added
to a substrate containing 600 g/L glucose at 20 IU/g (glucose), and the transglycosylation
reaction was performed at 65 ◦C and pH 4.8 for 72 h, after which the BGL was deactivated
by incubating the mixture at 100 ◦C for 5 min. Finally, the MGD composition was 410.20 g/L
glucose, 60.56 g/L gentiobiose, 9.34 g/L cellobiose and 13.66 g/L sophorose.

2.2. Production of Cellulase and β-Glucosidase from T. reesei C30, PB3 and PB4

T. reesei Rut C30, PB-3 and PB-4 were applied separately in the production of cellulase
and BGL, using MGD, lactose or cellulose as an inducer. Lignocellulase production in
shake flasks was performed, according to a previous work [11]. T. reesei was cultured
on malt extract agar plates (3% malt extract and 1.5% agar) for 7 d. Spores were then
harvested and inoculated into 250-mL Erlenmeyer flasks containing 50 mL of a medium
that was composed of 4 g/L glucose and 10 g/L corn steep liquor. After 24 h, mycelium was
inoculated at 8% (v/v) into 250-mL flasks containing 50 mL of a fermentation medium for
cellulase and BGL production. The fermentation medium contained 10 g/L carbon source
(MGD, lactose or cellulose) supplemented with 1 g/L peptone, 0.3 g/L urea, 0.8 g/L CaCl2,
0.5 mL/L Tween 80, 4 g/L KH2PO4, 0.6 g/L MgSO4·7H2O, 2.8 g/L (NH4)2SO4, 10 mg/L
FeSO4·7H2O, 3.4 mg/L MnSO4·H2O, 2.8 mg/L ZnSO4·7H2O, 4 mg/L CoCl2 and 500 mL/L
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0.2 M Na2HPO4-citric acid (pH 5.0) was formulated, as described previously. Each flask
was incubated at 28 ◦C under shaking at 150 rpm. Triplicate was applied. Time-courses for
the production of cellulase and BGL were monitored at 24, 36, 48 and 60 h.

2.3. Development and Validation of β-Glucosidase Inhibitors

Miglitol inhibitor with a concentration gradient (0–5 mg/mL) was added to the re-
action mixtures, which contained 200 µL of 15 mM cellobiose as a substrate and 200 µL
properly diluted enzyme solution. The reaction mixtures were incubated at 50 ◦C for 30 min
and then boiled for 2 min to stop the reaction. BGL activity was determined by the same
method described in Section 2.9. GraphPad Prism software (version 8; San Diego, CA,
USA) software was used to draw the IC50 curves, and the IC50 of miglitol on BGL inhibition
was obtained.

Aesculin was used to identify β-glucosidase activity in a fermentation broth (24, 36,
48, 60 and 72 h) from T. reesei Rut C30 supplemented with 1 g/L miglitol using 10 g/L
MGD as the carbon source [27], and the nitrogen source and inorganic salts were the same
as the fermentation medium described in Section 2.2. Then, 0.5 g/L aesculin and 1.0 g/L
FeSO4·7H2O were dissolved in 1 mL of a 0.2 M HAC-NaAC buffer. The fermentation
broth (200 µL) was dropped into 1 mL of the test solution and incubated at 50 ◦C for 1 h.
Finally, 200 µL of the mixture was extracted and placed into a 96-well plate for imaging.
The time-course of BGL production was monitored at 24, 36, 48, 60 and 72 h, with water
added as a negative control.

2.4. Molecular Docking

Two crystal structures of β-glucosidase (BGL) were downloaded from the RCSB PDB.
The PDB IDs of BGL were named 3ZYZ and 3AHY. The structures of miglitol, sophorose
and cellobiose were exported to PubChem.

All the water molecules, co-crystal ligands and heteroatoms were deleted from the
receptor using AutoDock. Hydrogen atoms and Gasteiger charges were added. The output
files were saved in the format of pdbqt. The ligands were energy-minimized before they
were converted to the format of pdbqt. Then, the active site of the molecular docking
was determined by referring to the original ligand coordinates in the target protein, and a
10 × 10 × 10 (Å3) molecular pocket was set, according to the BGL protein active pocket, as
an effective structure domain for docking with ligands. AutoDock was used to perform
molecular docking and analyze the best binding modes for receptor–ligand interactions.
The conformers with the lowest Gibbs free binding energy (estimated as ∆G in kcal/mol)
were selected for PostDock analysis. Miglitol, sophorose and cellobiose were used as
ligands and BGL was used as a receptor. Finally, the docking results were visualized on
PyMOL [28].

2.5. Effects of Miglitol on the Growth and Cellulase Induction of T. reesei

To verify whether miglitol can be used as a carbon source for T. reesei, the spores were
inoculated into plates (35 mm in diameter) containing 10 g/L miglitol as the sole carbon
source and the rest of the ingredients were the same as the fermentation medium described
in Section 2.2, but the peptone was removed. Glucose as the sole carbon source was used
as a control. The plates were cultured at 28 ◦C for 48 h.

To test the effect of miglitol on the cellulase activity of T. reesei Rut C30, we measured
cellulase activity in the fermentation medium with or without miglitol (1 g/L), supple-
mented using 10 g/L glucose as the carbon source. Enzyme activity was detected after 48 h
of shake flask incubation. The fermentation broth was centrifuged at 5000 rpm for 4 min to
obtain the supernatant for the cellulase activity assay. The method for cellulase production
in shake flasks was described in Section 2.2, and the enzyme activity assay method was
described in Section 2.9.

To detect the effect of miglitol on T. reesei growth, we inoculated 1 µL of spores in
the plates with fermentation medium containing different concentrations of miglitol (0,
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0.125, 0.25, 0.5, 1 and 2 g/L) and cultured them at 28 ◦C for 96 h. The nitrogen source
and inorganic salts were the same as the fermentation medium described in Section 2.2,
but 10 g/L MGD was used as the carbon source. Meanwhile, three groups were tested in
parallel, and mycelium growth was measured at 12 h intervals.

2.6. Enzyme Production Induced by Different Inducers with/without Miglitol Supplemented

For cellulase and β-glucosidase production after the addition of miglitol, the spores of
T. reesei Rut C30 were inoculated into 250-mL Erlenmeyer flasks containing 50 mL medium
composed of 5 g/L glucose and 10 g/L corn steep liquor. After 24 h of cultivation at
28 ◦C and 150 rpm on a rotary shaker, mycelium was inoculated at 8% (v/v) into 250-mL
Erlenmeyer flasks containing 50 mL fermentation medium for cellulase production. The
fermentation medium was formulated based on the recipe developed in method 2.2, but
10 g/L MGD, 10 g/L lactose or 10 g/L cellulose was used as the sole carbon source. In
the groups with different carbon sources, 1 g/L miglitol was added to one group, and the
other group without the miglitol addition was used as a control. Cellulase activity and
β-glucosidase activity were measured at 12 h intervals until after 96 h of culture. Each
experiment was conducted in triplicate.

2.7. qPCR

Total RNA was extracted using a fungal total RNA isolation kit (Sangon Biotech,
Shanghai, China), according to the manufacturer’s instructions. Reverse transcription was
carried out using a PrimeScript RT reagent kit (Takara, Tokyo, Japan), according to the
manufacturer’s instructions. Quantitative PCR was performed on a Bio-Rad myIQ2 ther-
mocycler (Bio-Rad, Richmond, CA, USA). Amplification reactions were performed using
TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (Takara), according to the manufacturer’s
instructions. The sar1 gene was used as a normalized control, and the primers are listed in
Table S1. The expression of genes was calibrated by the 2−∆Ct method, and at least three
biological replicates were carried out for each experiment.

2.8. Protein Analysis

The fermentation broth (prepared according to Section 2.6) was centrifuged at 4 ◦C
and 5000 rpm for 4 min to remove hyphal pellets, and the supernatant was transferred to
a new tube for further analysis. Then, 8 µL of the supernatant was mixed with 2 µL of
5× native sample loading buffer and boiled for 10 min for denaturation. After that, the
samples and a PageRulerTM prestained protein ladder (10 to 180 kDa) were loaded onto
10% SDS-polyacrylamide separating gels. Then, the gels were pre-run at 80 V for 30 min
and run at 120 V for 100 min in Tris-glycine buffer. Finally, clear bands were obtained after
staining and destaining.

2.9. Analysis Methods

Specifically, 2 mL of a mixture of shake flask fermentation was sampled. Then, the
sample was centrifuged at 4 ◦C and 5000 rpm for 4 min to remove hyphal pellets, and
the supernatant was transferred to another tube for further analysis. The activities of the
cellulase and β-glucosidase (BGL) were determined using standard protocols [29]. In brief,
50 mg of filter paper (Whatman No. 1, GE healthcare, Sheffield, UK) was added to 1 mL of
a 0.1 M HAC-NaAC buffer at pH 4.8. Then, 500 µL of an enzyme solution diluted to the
appropriate concentration was added to the mixture and incubated at 50 ◦C for 60 min.
The reaction was stopped by adding 2 mL of alkaline 3,5-dinitrosalicylic (DNS) and boiling
for 5 min, followed by immediate ice incubation. Then, the mixture was diluted fourfold,
and the absorbance at 540 nm was detected for correction of cellulase activity. One unit
of cellulase activity was defined as the amount of the enzyme needed to release 1 µmol of
reducing sugar per minute.

BGL activity was measured using 15 mM cellobiose (Sigma, St. Louis, MO, USA) as
a substrate [29]. Each assay was carried out in 400 µL of a reaction mixture containing
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200 µL of the enzyme solution diluted to the appropriate concentration and 200 µL of the
respective substrate and incubated at 50 ◦C for 30 min. One unit of β-glucosidase activity
was defined as 1 mL of the enzyme solution needed to hydrolyze cellobiose to produce
1 µmol of glucose per minute.

Cellobiohydrolase activity was assayed according to the methods described elsewhere,
which used p-nitrophenol-D-cellbioside (Sigma–Aldrich, St. Louis, MO, USA) as a sub-
strate [30]. The assays were carried out in 150 µL of a reaction mixture containing 100 µL
of the culture supernatant and 50 µL of 1 mg/mL pNPC with incubation at 50 ◦C for
30 min. Then, 150 µL of 10% Na2CO3 was added to terminate the reaction. Afterwards, the
mixture was diluted fourfold, and the absorbance at 415 nm was detected for correction
of cellobiohydrolase activity. One unit of cellobiohydrolase activity was defined as the
amount of the enzyme required to release 1 µg of pNP from the substrate per minute under
the standard assay conditions.

For xylanase activity determination [31], 180 µL of 1% oat spelt xylan (TCL, Tokyo,
Japan) in 50 mM sodium citrate buffer at pH 4.8 was mixed with 20 µL of the diluted
enzyme and incubated for 5 min. The following steps were similar to the cellulase activity
analysis. One unit of xylanase activity was defined as the amount of the enzyme needed to
release 1 µmol of reducing sugar per minute.

Glucose was determined using the biological sensor S-1 (Shenzhen Sieman Technology
Co., Ltd., Shenzhen, China).

All results are presented as the mean of triplicates and replications, and are from three
independent experiments with standard deviation significance set as p < 0.05.

3. Results and Discussion
3.1. Effect of Different Inducers on the Synthesis of Cellulase from T. reesei Rut C30, PB3 and PB4

T. reesei, as an industrial fermentation strain of cellulase, has a low level of β-glucosidase
(BGL) expression. Hence, BGL must be supplemented through commercial enzymes or
through genetic engineering to overcome the lack of BGL [32]. In our previous research,
aabgl1 encoding β-glucosidase 1 from A. aculeatus with high specific activity was used as the
target gene to achieve higher BGL activity in T. reesei Rut C30, forming a series of genetically
engineered T. reesei strains. Of these, four gene copies in T. reesei PB3 were integrated into
the genome, enhancing the BGL activity by 73 times. Recombinant T. reesei PB4 integrated
three copies, resulting in lower BGL activity than that of T. reesei PB3. However, we found
that the cellulase activity of T. reesei PB3 and PB4 was significantly reduced when MGD
was used as an inducer [16]. It was speculated that the sophorose in MGD was degraded
into glucose, thus losing its inducing ability, so that the cellulase and BGL were evaluated
using T. reesei Rut C30 and the two recombinant T. reesei with different inducers (MGD,
lactose or cellulose) (Figure 1).

The BGL activities of both T. reesei PB3 and PB4 were significantly improved, regardless
of the inducer (Figure 1A). Compared to T. reesei Rut C30, the BGL activity of T. reesei PB3
under the induction of MGD, lactose and cellulose was improved by 14.88, 7.45 and
7.73 times, respectively, and the BGL activity of T. reesei PB4 was enhanced by 10.96, 5.68
and 6.77 times, respectively.

Improving the BGL level relieves the inhibitory effects of cellobiose on cellobiohy-
drolase and endoglucanase, thereby significantly improving the cellulase activity [33]. In
the present study, cellulase activity was improved under induction by cellulose or lactose,
but was weakened when MGD was used as an inducer (Figure 1B). Under induction by
cellulose or lactose, the cellulase activity of PB3 relative to that of T. reesei Rut C30 increased
by 17.86% and 22.86%, respectively, and the cellulase activity of T. reesei PB4 relative to that
of T. reesei Rut C30 increased by 15.71% and 3.7%, respectively. Unexpectedly, the cellulase
activity of T. reesei PB3 and T. reesei PB4 relative to T. reesei Rut C30 under induction by
MGD decreased by 26.36% and 32.73%, respectively.
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Figure 1. The cellulase and β-glucosidase production of recombinant Trichoderma reesei PB-3, PB-4
with aabgl1 overexpressed and the parent strain Rut C30. The transformants T. reesei PB-3 and PB-4
had four and three gene copies, respectively. (A) The β-glucosidase activities and (B) the cellulase
activities of T. reesei Rut C30, PB-3 and PB-4 cultured with 10 g/L MGD, lactose or cellulose. For each
experiment, three individual replicates were performed. The cellulase and β-glucosidase activity
were expressed in filter paper units (FPU) and cellobiase units (CBU), respectively.

Sophorose is the strongest inducer for cellulase production by T. reesei known thus
far, but BGL degrades sophorose into glucose, which makes it lose its inducing ability and
ultimately leads to a decrease in the expression levels of the cellulase gene. With cellulose
as the inducer, cellobiohydrolase and endoglucanase synergistically degrade cellulose into
cellobiose, which can enter cells. The inducing ability of cellobiose is 2000 times lower
than that of sophorose, but BGL has the ability to catalyze cellobiose into sophorose by
a transglycosidation reaction to efficiently induce cellulase production [19]. Thus, when
cellulose is used as an inducer, the transglycosylation activity of BGL is needed. The
induction process of lactose is similar to that of cellulose [18]. Hence, when cellulose or
lactose is used as an inducer, the transglycosylation activity of BGL is indispensable for
maintaining its inducing ability. When MGD is used, the transglycosylation activity of BGL
is not needed, rather, its hydrolytic activity degrades sophorose into glucose and loses its
inducibility. Moreover, the sophorose as an inducer was needed at a very low concentration,
and extra sophorose tended to be hydrolysed into glucose by β-glucosidase, which is used
as a carbon source [14].

Thus, we propose an innovative method of cellulase production. Namely, inhibition
of the BGL of T. reesei deprives the sophorose metabolizing ability of T. reesei, which
allows BGL-deficient cellulase to be continually produced with MGD as the inducer. This
process would not affect the use of cellulase because the cellulase produced by T. reesei
sufficiently supplements BGL during practical cellulase applications. Moreover, during
BGL supplementation, the background activity of BGL can be ignored, indicating that the
innovative method of cellulase production does not affect the quality of cellulase. This idea
is similar to the prokaryotic expression system using isopropyl-β-D-thiogalactopyranoside
(IPTG), which cannot be metabolized to replace lactose as the inducer, resulting in the
persistent induction of the gene expression without the addition of continual flow inducers;
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therefore, this new method demonstrates potential in stimulating cellulase production and
a promising system of T. reesei protein expression.

3.2. Development and Validation of β-Glucosidase Inhibitors

To rapidly validate the feasibility of the above-mentioned method for producing cel-
lulase, we tried BGL inhibitor and added this inhibitor to test whether MGD improves
the induction of cellulase production by T. reesei. Although there is no commercial β-
glucosidase (BGL) inhibitor, α-glucosidase inhibitors are commonly used to decrease oral
blood sugar to treat type II diabetes. Commercially available drugs include miglitol, acar-
bose and voglibose. We preliminarily tested the inhibitory effects of these three compounds
on BGL and found that miglitol had the best inhibitory effects on BGL.

A miglitol concentration gradient (0–5 mg/mL) was used with cellobiose as the
substrate, and the inhibition rates on BGL were detected under the optimal enzyme reaction
conditions. Miglitol inhibited extracellular BGL activity with an IC50 value of 2.93 µg/mL
(Figure 2A). Furthermore, a quick screening method was employed to identify the BGL
activity of fermentation broth from T. reesei Rut C30 using MGD as an inducer at 24, 36, 48,
60 or 72 h. Aesculin solutions that turned black indicated the presence of BGL. We found
that the enzyme solution detected by the aesculin solution turned black in the miglitol-free
medium, however, it did not turn black when miglitol was supplemented (Figure 2B). The
color changes were consistent with those in the negative control, suggesting that miglitol
efficiently suppresses the β-glucosidase activity of T. reesei.

Figure 2. Developing and validating the inhibitory effect of miglitol on β-glucosidase. (A) Inhibition
of β-glucosidase activity by miglitol at different concentrations. The figures also show the corre-
sponding IC50 values and correlation r2 values; (B) Effect of miglitol on the β-glucosidase activity
of T. reesei Rut C30 using 10 g/L MGD as a carbon source and sampled at 24, 36, 48, 60 or 72 h. A
quick detection system containing aesculin was employed in 96-well plates with no miglitol or water
added as a negative control.
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3.3. Molecular Mechanism by which Miglitol Inhibits β-Glucosidase

To analyze the molecular mechanism by which miglitol inhibits BGL, we molecularly
docked miglitol to two BGLs (Bgl1 and Bgl2) previously reported in T. reesei and set
the substrates (cellobiose and sophorose) as control tests. Bgl1 and Bgl2 are the most
important extracellular and intracellular BGLs in T. reesei, respectively. Figure 3A shows
the associations of miglitol with the two BGLs. Figure 3B,C illustrate the docking between
the substrates (sophorose and cellobiose) and the two BGLs. The results showed that the
binding sites between miglitol and the two BGLs are located at the active sites and are
competitive inhibitors.

Figure 3. Binding modes of three substrates with Bgl1 and Bgl2. The interactions between miglitol (A);
sophorose (B); and cellobiose (C) with the associated residues at the active site of β-glucosidase.
3D surface representation of the ligand-binding pocket (ligands displayed in stick mode) is in the
middle of the figure. The black labels and yellow lines show the residue names and hydrogen
bonds, respectively.

Molecular docking experiments showed that miglitol binds with several key active
residues (aspartic acid, glutamate, arginine and tyrosine) in the active site of BGL to
form hydrogen bonds. The binding sites between miglitol and BGL were magnified,
showing that miglitol binds with seven key amino acid residues of Bgl1 and four key
amino acid residues of Bgl2. Notably, the main interactive affinity is attributed to the
presence of hydroxyl groups, and it is the key to anchoring the substrate to the site catalytic
pocket [34,35]. The formation of more types and larger quantities of hydrogen bonds
indicates that the ligand- and protein-binding ability is stronger. Molecular docking
experiments indicated that the quantity of bonds in Bgl1 was greater than that in Bgl2,
suggesting that the affinity of miglitol and Bgl1 was stronger with more stable docking
and a higher matching degree. Overall, miglitol matched well with the two types of BGLs,
indicating that miglitol is an efficient BGL inhibitor and an excellent experimental material
with intracellular functionality.

249



Fermentation 2022, 8, 232

Based on the molecular docking experiments, we predicted that miglitol is a potential
BGL competitive inhibitor. The substrates (cellobiose and sophorose) of the two BGLs were
docked with Bgl1 and Bgl2, and the active site between the different ligands and proteins
were the same (Table 1).

Table 1. Verification of the docking results for miglitol with β-glucosidase using the binding energy
as the metric.

Protein Ligand Binding Energy/(Kcal/mol)

Bgl1
Miglitol −6.341

Sophorose −5.680
Cellobiose −5.868

Bgl2
Miglitol −7.511

Sophorose −7.586
Cellobiose −6.396

The docking results showed that the binding energy values of Bgl1 or Bgl2 with
miglitol were less than −6 kcal/mol, which indicated that the binding force between the
two BGLs and miglitol was stronger. In addition, the binding energy of miglitol was
significantly higher than those of the two substrates, suggesting that the miglitol and
Bgl1 affinity is the strongest. For Bgl2, the scores of miglitol were similar to those of
sophorose, and they were both better than those of cellobiose, indicating that the affinity
between cellobiose and Bgl2 is the lowest. Hence, the binding energy of miglitol with both
BGLs was higher than that with the two substrates (cellobiose and sophorose). The above
analyses indicated that the miglitol and BGL interactive force is strong enough to inhibit
BGL. With the coexistence of miglitol, sophorose and cellobiose, the affinity of miglitol
for Bgl1 or Bgl2 was stronger and competitively inhibited enzyme and substrate binding,
further inhibiting the activity of BGL and the decomposition of sophorose. As a result, the
intracellular sophorose concentration, which continually induces cellulase gene expression,
was maintained.

3.4. Effects of Miglitol on the Growth and Induction of T. reesei

To validate whether T. reesei uses miglitol as the carbon source, we conducted plate
growth experiments using MGD or miglitol as the sole carbon source, with the other
medium components and culture conditions being completely consistent (Figure 4). The
strains grew well in MGD (Figure 4A), however, when miglitol was used as the sole carbon
source, the strains did not grow (Figure 4B), indicating that T. reesei cannot metabolize
miglitol as the carbon source. To further validate whether miglitol acts as an inducer of
cellulase synthesis, 1 g/L miglitol was added to the fermentation medium, with 10 g/L
glucose as a carbon source. In the absence of the inducer, a small amount of cellulase was
detected with an activity of 0.085 IU/mL, and the cellulase activity was then further reduced
to 0.024 IU/mL when miglitol was added to the fermentation medium (Figure 4C). The
reason was that miglitol could not induce T. reesei to generate cellulase, but instead inhibited
β-glucosidase and thereby inactivated cellulase. The results suggested that miglitol cannot
be used by T. reesei as a carbon source or as an inducer of cellulase synthesis.

To further verify whether miglitol affects the growth of strains, we added different
concentrations of miglitol to solid plates with MGD as the carbon source. At the same
culture time, the concentration of miglitol, even up to 2 g/L, did not significantly affect
the growth diameter of the strains (Figure 4D). Although the above results suggested
that miglitol does not affect the growth of T. reesei or the induced synthesis of cellulase, it
significantly inhibits the activity of BGL. Moreover, the activity of BGL produced by T. reesei
was low. The results of the half maximal inhibitory concentration (IC50) showed that trace
miglitol inactivated BGL. However, to severely inactivate BGL, we added 1 g/L miglitol in
subsequent experiments to validate that the intracellular β-disaccharide concentration of
T. reesei can be stabilized, which continually induces the synthesis of cellulase.
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Figure 4. Effects of miglitol on the growth and induction of T. reesei. Colony morphology of T. reesei
on plates containing (A) 10 g/L MGD or (B) 10 g/L miglitol as the sole carbon source; (C) Effect of
adding miglitol versus no miglitol on the cellulase activity of T. reesei Rut C30 with 10 g/L glucose as
the carbon source at 48 h; (D) Time-course of the colony morphology of T. reesei grown using 10 g/L
MGD as a carbon source on different concentrations of miglitol. The mycelium growth was measured
at 12 h intervals.

3.5. β-Glucosidase Suppression Promotes MGD to Persistently Induce Cellulase Synthesis in T. reesei

Figure 5 illustrates the production of cellulase and BGL by T. reesei cultured in fer-
mentation medium with MGD, lactose or cellulose as the sole inducer. The activity of
BGL in the presence of miglitol was effectively inhibited regardless of the inducer, which
was consistent with the results above (Figure 5A–C). We then analyzed whether inducer
degradation can be prevented so that the cellulase synthesis by T. reesei can be continually
stimulated after the suppression of BGL.

Figure 5D shows cellulase production induced by MGD with the addition of miglitol.
Interestingly, cellulase activity was persistently enhanced. In the absence of miglitol, the
cellulase activity was maximized to 1.54 IU/mL at 48 h, then decreased after 60 h and
increased sometime thereafter, which was due to the extracellular release of intracellular
cellulase after cell death. In contrast, the cellulase activity after miglitol addition reached
1.8 IU/mL at 48 h, but further increased afterwards. The maximum cellulase activity
achieved 3.22 IU/mL at 84 h, which was 2.09 times (p < 0.01) higher than that without
the addition of miglitol. This result suggested that the addition of miglitol inactivated
BGL, which prevented the degradation of the inducers in MGD (e.g., sophorose), allowing
continual induction of cellulase synthesis in T. reesei. This is equivalent to endowing
T. reesei with a phenotype that cannot metabolize sophorose but does not lose its ability to
synthesize sophorose-induced cellulase. The above result provides a new clue for cellulase
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production in T. reesei. In the future, genetically engineered T. reesei can be developed to
avoid the use of miglitol or other similar inhibitors. Moreover, the BGL activity of T. reesei
is extremely low, and extra supplementation is needed during the hydrolysis of straw
biomass. Hence, this method of cellulase production does not affect the enzyme quality.

Figure 5. For cellulase and β-glucosidase activity after the addition of miglitol, time-course profiles
of β-glucosidase (A–C) and cellulase activity (D–F) for T. reesei Rut C30 taking 10 g/L MGD (A,D);
10 g/L lactose (B,E); or 10 g/L cellulose (C,F) as the carbon source with/without miglitol. Bars denote
the standard deviations for three independent experiments.

However, the results of cellulase production with lactose or cellulose as the inducer
were opposite to the result with MGD (Figure 5D–F). Although BGL activity was also
inhibited after the addition of miglitol (Figure 5B,C), the cellulase activity was not further
enhanced (Figure 5E,F), which was consistent with the results obtained without the addition
of miglitol, and the enzymatic activity was even reduced. The cellulase activity was
not significantly decreased after the addition of miglitol compared to the lactose control
(Figure 5E); however, the activity was significantly weakened by 26% in the presence
of miglitol when cellulose was used as an inducer (Figure 5F). These results indicated
that BGL is indispensable when cellulose or lactose act as an inducer. Reportedly, the
transglycosylation activity of BGL is critical for the inducibility of lactose or cellulose [18,19].
The reason is that a strong cellulase inducer, sophorose, can be produced in T. reesei, which
was directly demonstrated by our previous findings. MGD contains a certain amount of
sophorose and does not require the transglycosylation activity of BGL, which can induce
T. reesei to persistently synthesize cellulase after BGL inhibition.

Overall, the cellulase activity reached its highest level at 48 h and started to decrease
after 60 h without miglitol addition, indicating that the carbon source and inducer in
the medium were already metabolized by T. reesei, leading to the retarded growth of the
strain. To further explore whether the activities of cellobiohydrolase and xylanase were also
enhanced after the addition of miglitol, we measured the activities of these two enzymes
at the two tested time points (Figure 6A,B). The results showed that the changing trends
were consistent with that of cellulase activity, as the two enzymatic activities without the
addition of miglitol started to decrease after 60 h. After the addition of miglitol, however,
the activities of cellobiohydrolase and xylanase at 60 h were 1.36 and 1.80 times higher
than the corresponding results without miglitol, respectively (p < 0.01), indicating that
the enzyme would be more efficient for hydrolyzing lignocellulosic biomass pretreated
by alkali, in which the hemicelluloses and xylan remain hydrolyzed together with the
cellulose component [36]. This comparison further validates that the inducing activity of
MGD can be maintained after BGL inhibition by miglitol. The experimental results to test
whether the addition of miglitol affects the biomass of the strain at the two tested time

252



Fermentation 2022, 8, 232

points (Figure 6C) were consistent with those shown in Figure 4D. Namely, the addition
of miglitol did not affect the growth or metabolism of the strain and did not significantly
change the biomass at either time point. Moreover, SDS-PAGE showed that the extracellular
protein concentrations of T. reesei were significantly improved after the addition of miglitol
(Figure 6D), further verifying the actions of miglitol.

Figure 6. Effect of miglitol on lignocellulase production of T. reesei Rut C30 with 10 g/L MGD as the
carbon source at 48 h and 60 h ((A) Cellobiohydrolase; (B) Xylanase; (C) Biomass); (D) SDS-PAGE
analysis of supernatant. Values are the mean ± SD of the results from three independent experiments.
Asterisks indicate a significant difference (* p < 0.05, *** p < 0.01, Student’s t-test).

Figure 7A–C illustrates the expression of two major cellulase genes (cbh1 and bgl1)
and the most important transcription activator (xyr1), which were tested to explore the
molecular mechanism by which MGD induces cellulase production in T. reesei after the
addition of miglitol. The results showed that the three genes were all expressed under
induction by MGD. When miglitol was not added, the expression levels of the three genes
all peaked after 36 h, but significantly decreased after 48 h and nearly approached 0, which
indicated that the inducer was fully metabolized after 48 h of culture. These results were
consistent with the cellulase activity results shown in Figure 5. The genetic transcription
level of cellulase was maximized at 36 h, hence, cellulase activity maximized at 48 h. After
the addition of miglitol, the gene expression of cbh1, bgl1 and xyr1 can still be started after
48 or 60 h, further indicating that the inducer exists in the medium and can induce cellulase
synthesis after the suppression of BGL. Notably, miglitol only inhibited the enzymatic
activity but did not affect the gene expression of BGL (Figure 7B).

Recently, to improve the efficiency of lignocellulose hydrolysis by cellulase, the over-
expression of BGL in T. reesei has been extensively used [21–25]. However, the present
study showed that BGL is important for the inducing role of cellulose or lactose because its
transglycosylation activity must be utilized to produce the strongest inducer of T. reesei,
sophorose, to maximally induce cellulase production. However, MGD contains a certain
amount of sophorose and thus does not require the transglycosylation activity of BGL,
conversely, its hydrolyzing ability degrades sophorose into glucose, thereby completely in-
hibiting the inducing activity of sophorose. Hence, this sophorose containing inducer must
be continually supplemented in a fed-batch manner. In the present study, the long-term
inducing ability of MGD was maintained after the inhibition of BGL, and the dosage of the
inducer was decreased. In addition, although BGL is pivotal in the degradation of cellulose
components into glucose, researchers have suggested that the BGL secreted by T. reesei is
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largely insufficient, indicating that the efficient hydrolysis of cellulose components can be
achieved only when enough BGL is formulated. Hence, the present new method does not
largely reduce the quality of cellulase of T. reesei and is helpful for overcoming the problem
of the inducer needing to be supplemented through feeding, faced in high titer cellulase
production by fed-batch fermentation in the future.

Figure 7. Effect of miglitol on the transcription of genes encoding cellulase ((A) cbh1; (B) bgl1); and
transcription factor ((C) xyr1) at 36 h, 48 h and 60 h of T. reesei Rut C30 with 10 g/L MGD as the
carbon source at 36 h, 48 h and 60 h. Values are the mean ± SD of the results from three independent
experiments. One-way ANOVA was performed to reveal significant (p < 0.05) differences between
the mean values, which are indicated by different letters.

4. Conclusions

The present study confirmed that miglitol competitively inhibits β-glucosidase, with
an IC50 of 2.93 µg/mL. Adding miglitol into a sophorose-containing culture medium signifi-
cantly weakened β-glucosidase activity to levels near 0, which prevented the degradation of
sophorose, thereby allowing it to continually induce the production of cellulase by T. reesei.
However, the addition of miglitol is ineffective when the inducer is lactose or cellulose,
indicating that the transglycosylation activity of BGL is crucial for the activities of these
two inducers. Our findings indicated that this alternative strategy was developed to induce
the synthesis of cellulase and provides a promising system for T. reesei protein expression.
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Abstract: Acrylamide, a II A carcinogen, widely exists in fried and baked foods. L-asparaginase can
inhibit acrylamide formation in foods, and enzymatic stability is the key to its application. In this
study, the Escherichia coli L-asparaginase (ECA) stable variant, D60W/L211R/L310R, was obtained
with molecular dynamics (MD) simulation, saturation mutation, and combinatorial mutation, the half-
life of which increased to 110 min from 60 min at 50 ◦C. Furthermore, the working temperature
(maintaining the activity above 80%) of mutation expanded from 31 ◦C–43 ◦C to 35 ◦C–55 ◦C,
and the relative activity of mutation increased to 82% from 65% at a pH range of 6–10. On treating
60 U/mL and 100 U/g flour L-asparaginase stable mutant (D60W/L211R/L310R) under uncontrolled
temperature and pH, the acrylamide content of potato chips and bread was reduced by 66.9% and
51.7%, which was 27% and 49.9% higher than that of the wild type, respectively. These results
demonstrated that the mutation could be of great potential to reduce food acrylamide formation in
practical applications.

Keywords: L-asparaginase; stability; mutation; acrylamide; food safety

1. Introduction

Potatoes and flour, two of the most important staple foods, are rich in carbohydrates.
However, while these high-carbohydrate foods are processed at high temperatures (above
120 ◦C), a large amount of acrylamide is formed due to the Maillard reaction between
reducing sugars and amino acids [1]. The acrylamide content in microwaved snacks and
French fries, respectively, reached 20,336 µg/kg and 10,712 µg/kg [2,3], which far exceeded
the limit of acrylamide in daily drinking water set by the World Health Organization by
0.5 µg/L, triggering international health alerts.

Some strategies such as raw material selection, processing optimization, addition of
plant extracts, and enzymatic treatment were researched to reduce the acrylamide content in
food [4–7]. Among these, L-asparaginase (EC 3.5.1.1), which was found to effectively inhibit
the acrylamide formation in food by removing the acrylamide precursor (L-asparagine)
without changing the food senses [8–11], has attracted extensive attention. On a laboratory
scale, different sources of L-asparaginase have been used to inhibit acrylamide formation
under restricted reaction conditions [2,12–14]. Wang et al. (2021) pretreated French fries
with 10 U/mL Palaeococcus ferrophilus L-asparaginase at 85 ◦C for 10 min to reduce the
acrylamide content by 80% [2]. Farahat et al. (2020) reduced acrylamide in French fries by
82% using 20 U/mL Cobetia amphilecti L-asparaginase at 40 ◦C for 30 min [15]. Ran et al.
(2017) used Paenibacillus barengoltzii L-asparaginase to pretreat French fries and mooncake
at 45 ◦C for 20 and 60 min, and found that the acrylamide content was lowered by 86% and
52%, respectively [13]. Commercial L-asparaginase (10 U/mL; Acrylaway® L-asparaginase)
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was used to pretreat French fries at 75 ◦C for 10 min to reduce the acrylamide content
by 60% [16].

Many investigations have been conducted to inhibit acrylamide formation in food
with L-asparaginase on a laboratory scale, but few have been performed on an industrial
scale [9]. Operational temperature, pH, and time are the crucial parameters for the success-
ful application of L-asparaginase on an industrial scale. Hence, L-asparaginase, with better
stability, wider action temperature, and pH, has more industrial application potential.
In this study, the key residues of E. coli L-asparaginase (ECA) were identified by molecular
dynamics (MD) simulation. Then, the stability of ECA was improved through saturation
and compound mutations, and its application temperature and pH were expanded. Finally,
we evaluated its application effect in inhibiting acrylamide formation in potato chips and
bread under restricted and non-restricted reaction conditions.

2. Materials and Methods
2.1. Strains, Plasmids, and Chemicals

E. coli BL21 was used as the host strain for gene cloning and expression. The shuttle ex-
pression plasmid pET-28a was used for expression and mutagenesis studies. All strains and
plasmids were preserved in our laboratory. The restriction enzymes, PrimeSTAR® HS DNA
Polymerase and T4 DNA ligase, were purchased from TaKaRa Bio Co. (Dalian, China),
and the Mini Plasmid Rapid Isolation Kit and Mini DNA Rapid Purification Kit were
obtained from Sangon Biotech Co., Ltd. (Shanghai, China). A HisTrapTM HP column was
purchased from GE Healthcare, Inc. (Little Chalfont, Buckinghamshire, UK). All other
high-grade chemicals were commercially sourced.

2.2. Construction of Recombinant Strains

The plasmid pET-28a-ansE harboring the ECA gene, obtained from our lab stock [17],
was used as the template for cloning mutation genes. With overlap extension PCR, site-
saturation mutagenesis was introduced using corresponding primers (Table S1). Using pET-
28a-D60W (constructing with site-saturation mutagenesis and harboring the ECA asparagi-
nase mutation D60W gene) as the template, a combinatorial mutant D60W/L211R/L310R
gene was constructed by two rounds of PCR using primer pairs F4 and R4 and F5 and R5.
All mutations were linked to linearized pET-28a and transferred into E. coli BL21 for gene
cloning expression. All recombinant plasmids were sequenced by Sangon Biotech Co., Ltd.
(Shanghai, China).

2.3. Expression, Purification, and Activity Assay

The expression of ECA and its mutations in E.coli BL21 were performed as described by
Zhang [18]. Recombinant E. coli BL21 were cultured at 37 ◦C to OD = 1.0 (approximately 3 h)
and were induced with 1 mM IPTG, after which time the culture was incubated for 10 h at
16 ◦C. The cell paste was suspended in Tris-HCl buffer (pH 8.0) and disrupted on ice by
sonication to obtain the intracellular proteins (crude enzyme).

The purification and property determination of all proteins were carried out as
described in our previous study [17,19]. Ni2+-affinity chromatography and an AKTA
purifier system (GE Healthcare, Danderyd, Sweden) were used to purify the crude en-
zyme. The crude enzyme was loaded onto a 1-mL HisTrapTM HP column with Binding
Buffer (0.02 M Tris-HCl buffer and 0.5 M NaCl, pH 7.4) with a 0.5 mL/min loading rate.
L-asparaginase was eluted at 1 mL/min with a linear gradient of imidazole concentrations
ranging from 0 to 0.5 M. Then, the purified enzyme was dialyzed with Tris-HCl buffer
(0.05 M, pH 7.0) to remove imidazole and recycled for SDS-PAGE analysis. The enzyme
with only a single SDS-PAGE target band was the purified enzyme at the end of the process.

The activity of ECA II and its mutations were assayed as described by Li [17,20]. The re-
action mixture (1 mL) containing L-asparagine (25 mM) and Tris-HCl (50 mM, pH 8.0) was
preheated at optimum temperature. Then, 100 µL of enzyme solution was added and re-
acted with the substrate for 10 min. One hundred µL of 15% trichloroacetic acid (TCA) was
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used to stop the reaction. The reaction mixture was centrifuged at 20,000× g, mixed gently
with 200 µL of the clear supernatant, 4.8 mL of deionized water and 200 µL of Nessler’s
reagent, and the amount of ammonia released was measured. All measurements were
performed spectrophotometrically at 450 nm. TCA and enzyme solution were successively
added to the reaction mixture and were used as a blank during the spectrophotometric
enzyme activity assays. One unit of L-asparaginase activity was defined as the amount of
enzyme required to release 1 µmol of ammonia per minute under assay conditions.

2.4. Determination of Optimum Temperature, Optimum pH, and Thermal Stability

The optimum temperature of L-asparaginase was examined using 50 mM Tris-HCl
buffer (pH 7.5) with temperatures ranging from 20 to 60 ◦C. The optimum pH was
measured by assaying the enzyme activity at various pH values (0.05 M acetate buffer,
pH 4.0–6.0; 0.05 M phosphate buffer, pH 6.0–7.0; 0.05 M Tris-HCl buffer, pH 7.0–9.0;
and 0.05 M glycine-NaOH buffer, pH 9.0–10.0) at optimum temperature. The thermal
stability of L-asparaginase was determined by incubating the enzyme in Tris-HCl buffer
(50 mM, pH 7.0) for 15–120 min at 50 ◦C. After incubation, the protein was refolded on ice
for 15 min, and the residual enzyme activity was measured at optimum temperature and pH.

2.5. Structure Modeling and MD Simulation

The ECA crystal conformation (PDB ID: 6PAB) as a template [21] and ECA mutation
model were acquired by homology modeling using SWISS-MODEL (http://swissmodel.
expasy.org/, accessed on 20 March 2022). The molecular structures of all proteins were
analyzed using the Program PyMOL [22].

MD simulations were conducted using GROMACS software in a similar manner as in
our previous study, to analyze the stability of protein structures [17]. The protein model
was immersed in a dodecahedron box, and the distance between any protein atom and the
edge of the box was set at >1.2 nm. Following the addition of Na+ (0.15 M) to balance the
negative charges, the system was minimized using the steepest descent method. After MD
simulations of ECA conducted at 310 K and 323 K reference temperatures for 30 ns, the root
mean square fluctuation (RMSF) values of residues were calculated.

2.6. Application of ECA in French Fries and Bread

The treatment of potatoes was modified based on the study of Farahat et al. [15].
Potatoes (Fovorita, pH 7.3) and bread flour (pH 6.4) were purchased from the local su-
permarket in Shihezi, Xinjiang Province. The potatoes were peeled and cut into strips
(0.5 × 0.5 × 10 cm3), and then the strips were immersed in distilled water for 2 min to
remove the starch from the surface. To investigate the effect of enzyme on the acrylamide
formation in French fries under different conditions, the raw fries were submerged in an
enzyme solution (50 mM, pH 7.5 Tris-HCl buffer or tap water, with enzyme concentrations
of 10, 20, 40, 60, and 80 U/mL) at 37 ◦C, 45 ◦C, and uncontrolled temperature for 20 min
each, while the control group was submerged in a similar solution (50 mM, pH 7.5 Tris-HCl
buffer or tap water) without the enzyme for 20 min. All samples were fried at 160 ◦C for
10 min in an electric fryer. After frying, the fries were cooled on a paper at an ambient
temperature, and then the acrylamide was extracted for analysis.

The bread dough was prepared using flour (300 g), yeast (3 g), and an enzyme solution
(200 g, 50 mM, pH 7.5 Tris-HCl buffer or tap water, with enzyme concentrations of 40, 60,
80, 100, and 120 U/g flour enzyme, and without enzyme as the control group). The dough
was kneaded and allowed to rest for 60 min at different temperatures (37 ◦C, 45 ◦C,
or room temperature). Finally, the bread dough was baked in an oven at 180 ◦C for 20 min.
The bread was cooled at an ambient temperature, and then the acrylamide was extracted
for analysis.
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2.7. Assay of Concentration Assay

The acrylamide in French fries and bread was extracted by the method described
by Wang et al. [2]. One gram of the crushed sample (French fries or bread) was accu-
rately weighed in a 50-mL centrifuge tube, vortexed with 10 mL of hexane for 1 min and
centrifuged at 10,000 g for 5 min at 4 ◦C, and the hexane layer was removed. The aforemen-
tioned operation was repeated thrice to get rid of the long-chain fatty acids from the sample.
Thereafter, 10 mL of methanol, 500 µL of Carrez I (3.6 g potassium ferricyanide/100 mL
ultrapure water), and 500 µL of Carrez II (7.2 g zinc sulfate/100 mL ultrapure water) were
added to the centrifuge tube and shaken at 30 ◦C for 30 min. The homogenates were
centrifuged at 10,000 g for 30 min at 4 ◦C, and the supernatant was filtered through 0.22-µm
Millipore filters. The extracted samples were detected by high-performance liquid chro-
matography (HPLC) using a C18 chromatographic column (Atlantis TM, 150 × 2.1 mm2)
and a UV detector. The HPLC operating conditions included a mobile phase of 70% (v/v)
methanol, UV wavelength set at 210 nm, injection volume of 20 µL, and a column tem-
perature of 30 ◦C. Different concentrations of acrylamide (50–4000 g/L) were used as the
reference for HPLC detection.

3. Results and Discussion
3.1. Identification of ECA Stability Key Domains

In our previous study, ECA was expressed by E. coli BL21, with a half-life of 6.2 h and
1 h at 37 ◦C and 50 ◦C, respectively [17]. The half-life of the enzyme was shortened by 5.2 h
when the temperature increased by only 13 ◦C, which attracted our attention. MD software
imparted significant guidance in analyzing enzyme’s structural characteristics and rational
design [23–26]. The GROMACS software effectively calculated the RMSF of protein amino
acids at a simulated temperature and then showed the flexibility of the residue domain
at different temperatures [27–30]. To find out why ECA was unstable at higher tempera-
tures at a protein structure level, the RMSF of ECA residues were calculated at 37 ◦C and
50 ◦C based on the ECA crystal conformation (PDB ID: 6PAB) [21]. The RMSF of domains
G57-T80, P202-K213, and N298-T311 increased by 1.01 nm, 1.00 nm, and 1.08 nm, respec-
tively, which was much higher than the average RMSF increase of 0.60 nm (Supplementary
Data and Figure 1A), indicating that these regions fluctuated greatly at higher temperatures.
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The subunit of L-asparaginase is composed of a large N-terminal and a small C-terminal,
and the dimer assembly of the N- and C-terminals “head-to-tail” constitutes the basic
functional unit [31–33]. As found in the ECA model (Figure 1B), at the interface of
L-asparaginase subunit N- and C-terminals, domains G57-T80 and N298-T311 were,
respectively, located as α-helix, and P202-K213 located as the link loop connecting the
N- and C-terminals. These interface function domains (G57-T80, P202-K213, and N298-
T311) fluctuated at 50 ◦C, which might be the reason for the sharp shortening of the protein’s
half-life at 50 ◦C than that at 37 ◦C, and were the key domains of thermal stability [29,34].

3.2. Identification of Stability Key Residues and Construction of Stability Mutation

To determine the unstable key residues in the three domains, these domains’ residues
(except for alanine) were computationally substituted with alanine (alanine scanning;
if the original residue was alanine, it was replaced with glycine) at 50 ◦C [35]. As shown in
the results (Supplementary Data and Figure 1C), the RMSF of the mutations D60A, L211A,
and L310A showed a maximum rise in the domains G57-T80, P202-K213, and N298-T311,
respectively. The results showed that D60, L211, and L310 might be the key residues for the
ECA stability.

Saturation mutations were carried out to further verify the effect of these residues
(D60, L211, and L310) on the ECA stability and improve the stability (Table 1). The thermal
stability of mutations D60W, L211R, and L310R were improved, the half-life of the combi-
natorial mutant (D60W/L211R/L310R) was extended from 60 to 110 min at 50 ◦C, while
other enzyme characteristics showed no significant changes (Table 1).

Table 1. The enzyme characteristics of ECAII and its mutations.

Enzyme Optimum
Temperature (◦C) T(1/2, 50 ◦C) (Min) Optimum pH Km (µM) Specific

Activity (U/mg)

ECA II 37 60 ± 5 7.5 18 ± 5 235 ± 21
D60W 40 85 ± 5 7.0 15 ± 6 245 ± 31
L211R 42 95 ± 5 7.5 24 ± 8 290 ± 33
L310R 40 80 ± 5 8.0 14 ± 6 217 ± 20

D60W/L211R/L310R 45 110 ± 10 7.5 26 ± 6 281 ± 29
D60A 35 40 ± 5 7.0 28 271 ± 29
D60I 37 50 ± 5 7.0 41 301 ± 41
D60V 37 60 ± 5 7.0 56 223 ± 21
D60F 40 75 ± 5 7.0 32 189 ± 31
D60M 37 60 ± 5 7.5 15 233 ± 33
D60Q 40 75 ± 5 7.5 66 199 ± 24
D60T 37 55 ± 5 7.0 90 211 ± 17
D60N 37 45 ± 5 7.0 55 273 ± 19
D60Y 40 70 ± 5 7.5 24 248 ± 24
D60E 37 60 ± 5 7.0 33 221 ± 44
L211G 35 40 ± 5 7.5 77 281 ± 37
L211A 35 45 ± 5 7.5 63 277 ± 21
L211I 37 55 ± 5 7.5 69 249 ± 11
L211V 37 45 ± 5 7.5 93 211 ± 18
L211P 40 75 ± 5 7.0 45 198 ± 55
L211F 40 65 ± 5 7.5 51 255 ± 23
L211W 37 65 ± 5 7.0 101 294 ± 36
L211S 40 60 ± 5 7.0 67 211 ± 19
L211T 37 45 ± 5 7.5 32 234 ± 12
L211N 37 55 ± 5 8.0 55 189 ± 11
L211D 40 65 ± 5 8.0 41 243 ± 28
L211E 40 70 ± 5 7.5 27 257 ± 31
L211K 40 70 ± 5 7.5 91 231 ± 37
L310A 37 45 7.5 33 221 ± 41
L310I 37 55 7.5 48 232 ± 21
L310P 40 70 7.5 19 203 ± 19
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Table 1. Cont.

Enzyme Optimum
Temperature (◦C) T(1/2, 50 ◦C) (Min) Optimum pH Km (µM) Specific

Activity (U/mg)

L310F 40 75 8.0 36 199 ± 23
L310M 37 60 8.0 52 198 ± 41
L310W 40 65 8.0 20 188 ± 28
L310Q 37 50 7.5 13 236 ± 23
L310T 37 55 7.5 54 210 ± 31
L310C 37 50 7.5 33 179 ± 51
L310N 37 55 7.5 64 198 ± 31
L310Y 40 65 7.5 88 204 ± 42
L310K 37 60 7.5 91 218 ± 16
L310H 37 65 7.5 31 221 ± 12

To fully understand how the residue mutations D60W, L211R, and L310R affected the
thermostability, the combinatorial mutant (D60W/L211R/L310R) was modeled using the
crystal structure of ECA (PDB ID: 6PAB). As shown in Figure 2A, the 60th, 211th, and 310th
residues were located in the key domains G57-T80, P202-K213, and N298-T311, respectively.
After the 60th residue Asp was mutated into Trp, an additional hydrogen bond was formed
with the 249th residue Leu on the adjacent subunit. Compared with L211, L211R formed
additional hydrogen with Asp63 and Gln307 on G57-T80 and N298-T311, respectively.
After the 310th residue, Leu mutated into Arg. Although the connection with the 307th
residue was lost, an additional hydrogen bond was formed with the 306th residue Leu and
237th residue Asp. Meanwhile, the RMSF of site-mutations (D60W, L211R, and L310R) and
combinatorial mutant (D60W/L211R/L310R) were calculated at 50 ◦C (Supplementary
Data and Figure 2B). The RMSF of site-mutations D60, L211R, and L310R decreased by
0.15 nm, 0.20 nm, and 0.21 nm and the RMSF of their respective regions (G57-T80, P202-
K213, and N298-T311) were, respectively, reduced by 0.19 nm, 0.32 nm, and 0.27 nm
compared with the wild type. Furthermore, compared with the wild type, the RMSF of the
combinatorial mutant (D60W/L211R/L310R) decreased by 0.21 nm, and its RMSF of G57-
T80, P202-K213, and N298-T311 decreased by 0.28 nm, 0.26 nm, and 0.25 nm, respectively.
These results suggested that all the three residue mutations formed more hydrogen bonds
with nearby residues after mutation, which made the connection between the N- and
C-terminals of ECA and the connection between the subunits more inseparable, and in turn
made the protein structure more difficult to be destroyed. Hence, the thermostability of the
combinatorial mutant was improved.

Considering that the extensive application without controlling the treatment temper-
ature and pH was more favorable, we measured the relative activity in the temperature
range of 10 ◦C–70 ◦C and pH range of 6–10 before and after mutation (Figure 3). Compared
with the wild type, the working temperature (the temperature of relative activity > 80%)
range of D60W/L211R/L310F was expanded from 31 ◦C–43 ◦C to 35 ◦C–55 ◦C. Meanwhile,
at a pH range of 6–10, the relative activity of D60W/L211R/L310F remained above 82%,
while that of the wild type was only 65%. The mutant D60W/L211R/L310F had more
hydrogen bonds in the key domains and better stability [36–39], so it could remain stable
under adverse conditions (such as high temperature or highly acidic alkaline conditions),
which also indirectly widened its working conditions.
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3.3. Effect of the Enzyme on Acrylamide Formation in French Fries and Bread under
Controlled Conditions

Potatoes and flour are two staple foods used to produce fried potatoes and bakery
products. In Europe, fried potatoes and bakery products contribute 50% and 20% of
humanity’s ingestion of acrylamide, respectively [9,11,40,41]. Hence, the degradation
of acrylamide content in fried potatoes and bakery products can effectively reduce the
daily intake of acrylamide, which is of great significance to a healthy diet. In this study,
we investigated the mitigation effect of L-asparaginase on acrylamide formation in common
fried potatoes (French fries) and bakery products (bread).

Without enzyme treatment, the acrylamide content in French fries reached 3223 µg/kg.
With different concentrations (10, 20, 40, 60, and 80 U/mL) of ECA and its mutant
D60W/L211R/L310F, potatoes were, respectively, treated at pH 7.5 and optimum temper-
atures (ECA 37 ◦C and D60W/L211R/L310F 45 ◦C) for 20 min. The mitigation effect on
acrylamide formation of French fries is shown in Figure 4A. After treating potatoes with
60 U/mL ECA and its mutant, the acrylamide content in potato chips decreased by 75.5%
and 84.1%, respectively; also, the acrylamide content did not further decrease significantly
when the enzyme amount was increased to 80 U/mL. For the sake of the production cost,
60 U/mL L-asparaginase was used for the subsequent research.
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Figure 4. Effect of ECA and its mutation D60W/L211R/L310F on acrylamide formation in French
fries and bread. (A,B) Effect of different concentrations of the enzyme on acrylamide formation in
French fries (A) and bread (B) under optimum conditions. (C) Effect of the enzyme on acrylamide
formation in French fries and bread under uncontrolled conditions.

To complete the enzyme treatment of the flour, Tris-HCl (50 mM, pH 7.5) containing
different concentrations (40, 60, 80, 100, and 120 U/g) of L-asparaginase were used for
kneading the dough, and the optimum temperatures (ECA 37 ◦C and D60W/L211R/L310F
45 ◦C) of the dough and fermentation were maintained in an incubator. The mitigation
effect on acrylamide formation of bread is shown in Figure 4B. Without enzyme treatment,
the acrylamide content in the bread reached 931 µg/kg. After treatment with 100 U/g flour
ECA and D60W/L211R/L310F, the acrylamide content in the bread decreased by 54.5%
and 65.1%, respectively, while the acrylamide content did not further decrease significantly
when the enzyme concentration was increased. Hence, in the subsequent research, 100 U/g
flour L-asparaginase was used to inhibit acrylamide formation in bread.

Furthermore, compared with the same dose of ECA, the acrylamide content of potato
chips and bread treated with D60W/L211R/L310F was further reduced, showing a better
application effect, which might be due to the better stability of the mutant and reduced
loss of enzyme activity in the pretreatment time. In addition, when the amount of enzyme
reached a certain level (60 U/mL in potatoes and 100 U/g in flour), further increasing
the enzyme concentration did not reduce the acrylamide content significantly in food
(Figure 4A,B). It might be because L-asparagine, which can be contacted with enzymes,
was already degraded. Thus, increasing the enzyme amount hardly increased the reaction
between enzyme and L-asparagine further and hence did not reduce the subsequent
formation of acrylamide. For reducing the formation of acrylamide in food using the
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enzyme in the future, the treatment effect may be strengthened by increasing the contact
between the enzyme and food raw materials.

3.4. Effect of the Enzyme on Acrylamide Formation in French Fries and Bread under
Uncontrolled Conditions

In practical application, it is difficult to strictly control the reaction temperature and
pH as in the laboratory; extensive experiments are more consistent with reality. Therefore,
we studied the treatment of potatoes and flour with the enzyme in tap water without
controlling the reaction temperature and pH to verify its effect on the degradation of
acrylamide in potato chips and bread.

In raw materials, the pH of tap water, potatoes, and flour was 6.5, 7.3, and 6.4,
respectively. Potatoes and flour were treated with 60 U/mL and 100 U/g flour, respectively,
and the residual acrylamide content of French fries and bread was measured (Figure 4C).
Compared with the treatment under constant-temperature and constant-pH conditions
(Figure 4A,B), the effect of enzyme treatment decreased due to the lack of the optimal
conditions. The acrylamide in French fries and bread treated with D60W/L211R/L310F
decreased by 69.9% and 51.7%, respectively, which was 27% and 49.9% higher than that of
the wild type. Due to the lack of a buffer solution and temperature control, the temperature
and pH of the treatment were not constant, while the working temperature and pH of
the mutant were wider and more stable, meeting the application requirements, so the
mutation had a better application effect than that of the wild type and exhibited a great
application potential.

4. Conclusions

Through MD simulation and mutation of E. coli L-asparagine, we obtained a mutant
with wider application temperature and pH and better stability, verifying the effect of
acrylamide control in French fries and bread. Without controlled treatment temperature
and pH, the mutant could reduce the acrylamide content in French fries and bread by
69.9% and 51.7%, respectively, with 60 U/mL and 100 U/g flour enzyme, and showed the
potential to reduce food acrylamide formation in practical applications.
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Abstract: This research explores the effects of fermented Myriophyllum aquaticum (F) and Lactobacillus
plantarum BW2013 (G) as new feed additives on the gut microbiota composition and metabolic profile
of mice. Crude protein (p = 0.045), lipid (p = 0.000), and ash (p = 0.006) contents in Myriophyllum
aquaticum (N) were improved, whereas raw fiber (p = 0.031) content was decreased after solid-
state fermentation by G. Mice were fed with no additive control (CK), 10%N (N), 10%N + G (NG),
10%F (F), and 10%F + G (FG). High-throughput sequencing results showed that, compared with
the CK group, Parabacteroides goldsteinii was increased in treatment groups and that Lactobacillus
delbrueckii, Bacteroides vulgatus, and Bacteroides coprocola were increased in the F and FG groups.
Bacteroides vulgatus and Bacteroides coprocola were increased in the F group compared with the N
group. Metabolomic results showed that vitamin A, myricetin, gallic acid, and luteolin were increased
in the F group compared with the N group. Reduction in LPG 18:1 concentration in the N and F
groups could be attenuated or even abolished by supplementation with G. Furthermore, 9-oxo-ODA
was upregulated in the FG group compared with the F group. Collectively, N, F, and G have beneficial
effects on gut microbiota and metabolic profile in mice, especially intake of FG.

Keywords: Myriophyllum aquaticum; Lactobacillus plantarum; solid-state fermentation; gut
microbiota; metabolomics

1. Introduction

Myriophyllum aquaticum is a heterophyllic amphibious aquatic plant species commonly
found in streams, canals, and freshwater lakes [1]. M. aquaticum has strong reproductive
ability and can be cultivated in most natural water bodies, particularly those enriched with
nutrients commonly found in wastewater from pigs [2]. It has been shown that M. aquaticum
can be used to treat wastewaters high in NH4+-N by absorbing nutrients [3]. However,
M. aquaticum has a prominent population advantage when it is suitable for water habitat
conditions, which is manifested in efficient reproduction. It can pose a threat to native
aquatic species diversity and fauna composition by passing from non-invaded to invaded
habitats [4]. Administration of this species can be quite expensive, and M. aquaticum can
produce new plants by reproducing in its own waste [5]. Fortunately, M. aquaticum contains
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a high content of crude protein and crude fiber and is rich in essential amino acids and
minerals [3]. Therefore, it can be used as an animal feed material or filler, which can not
only effectively relieve the shortage of feed resources but also reduce its threat to native
aquatic biodiversity.

Probiotics are active microorganisms that provide a benefit to their host by changing
the composition of a certain part of gut microbiota [6]. Liu et al. reported that supplemen-
tation of Lactobacillus plantarum Y44 may have potential for alleviating lipid metabolism
disorders and intestinal inflammation in association with modulating gut microbiota [7].
Furthermore, the nutritional quality of feed fermentation can be improved by using pro-
biotics such as Lactobacillus [8,9]. L. plantarum is frequently used in the food and feed
industries as an inoculant, which positively influences different quality parameters, such as
pH value, organic acid, dry matter, and protein content in feed [10,11]. In addition, research
has shown that food and animal feed fermented by probiotics have beneficial effects on
the body, including stabilizing intestinal barrier function [12] as well as maintaining gut
microbial balance [13]. Zhong et al. reported that probiotic-fermented blueberry juice may
have anti-obesity and anti-hyperglycemia benefits by modulating the gut microbiota [14].
Intakes of kimchi fermented by L. plantarum PNU was shown to regulate metabolic parame-
ters and colon health [15]. Therefore, fermentation by L. plantarum is not only a sustainable
method for preserving food and feed but also a biotechnology that is increasingly used for
improving the nutritional content of food and feed. Currently, M. aquaticum, a nutrient-rich
plant with significant biomass, is used as an animal feed crude material [16]. However,
low-cost roughage cannot be entirely utilized by animals [17], and the palatable flavours
and potential health-promoting properties of plant-based fermented food and feed are
increasing in popularity [18]. In this study, the L. plantarum BW2013 strain, extracted from
fermented Chinese cabbage, was used as a starter culture for M. aquaticum solid-state
fermentation in this study.

Analysing metabolites in a biological system is possible using metabolomics, a new
method that delivers detailed quantitative profiles of metabolites [19]. Additionally, high-
throughput sequencing can be used to determine changes in microbial community compo-
sition within the intestines. The application of these two methods can effectively evaluate
the impact of feed on animal intestines. A study showed the effects of polysaccharides from
fermented Momordica charantia L. with Lactobacillus plantarum NCU116 on gut microbiota
and fecal metabolic profile in obese rats using the above two methods [20]. Being a novel
candidate feed, the effects of fermented M. aquaticum and L. plantarum on the gut microbiota
and metabolites of mice have not been fully elucidated. In this study, we determined the
effect of M. aquaticum and L. plantarum BW2013, as a dietary supplement, on the distribution
of gut microbiota and metabolites of mice.

2. Materials and Methods
2.1. Bacterial Cultures

The strain L. plantarum BW2013 (CGMCC NO.9462) used for solid-state fermentation
was isolated from fermented Chinese cabbage. The strains were grown under anaerobic
conditions in de Man–Rogosa–Sharpe (MRS, Beijing Land Bridge Technology Co., LTD.,
China) medium at 37 ◦C. The bacteria were incubated and grown to the maximum con-
centration in shaking flasks. For L. plantarum BW2013 strain cultures, a centrifuge with
8000× g was used for 15 min, followed by two phosphate-buffered saline (PBS) washings,
and a suspension of 1 × 108 CFU/mL in PBS.

2.2. Solid-State Fermentation and Conditions Optimization

The M. aquaticum used in this study was supplied by the Institute of Subtropical
Agriculture, Chinese Academy of Sciences. The washed M. aquaticum was dried to adjust its
moisture content to 65%, and then cut into 1.0 ± 0.5 cm sections. The count of L. plantarum
BW2013 inoculated in samples was about 1.0 × 108 CFU per g. The samples were then
mixed with 6% (w/w) sucrose and anaerobically incubated at 30 ◦C and 35 ◦C. The pH
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value, dry matter, raw protein, and organic acid (lactic acid, acetic acid, propionic acid, and
butyric acid) contents were measured in samples from 0–10 days (0 d, 1 d, 3 d, 5 d, 7 d,
and 10 d). The contents of protein, raw fat, crude fiber, ash, phosphorus, and calcium were
determined after the fresh M. aquaticum and fermented production were dried.

The pH value was determined using a pH meter (Sanxin, Shanghai, China). The
dry matter was determined by oven drying at 105 ◦C for 16 h. The organic acids were
determined in a L-3000 HPLC (RIGOL Co., LTD., Beijing, China) with an Shodex RSpak
KC-811 column (8.0 mmI.D.× 300 mm) and a UV detector, using 210 nm as the determining
wavelength. Separation was conducted using a gradient elution with two mobile phases
at a flow rate of 1.0 mL/min at 50 ◦C. Samples were injected at a volume of 5.0 µL after
filtration. Mobile phase A was 3 mM HClO4 and mobile phase B was methanol. Ammonia
nitrogen (NH3-N) was determined by an indophenol blue method using a continuous flow
chemistry analyzer [21].

After digestion with concentrated sulfuric acid, the total protein content of M. aquaticum
was determined by the Kjeldahl procedure [22]. The Soxhlet extraction was used for raw
fat extraction from samples [23]. Crude fiber is the loss on ignition of the dried residue
remaining after digestion of the sample with 1.25% H2SO4 and 1.25% NaOH solutions
under specific conditions [24]. The dried M. aquaticum were mineralized at 550 ± 25 ◦C for
about 30 min and then weighed to determine the ash content. The phosphorus content of
the ash was determined using molybdenum blue spectrophotometry [25]. To determine
the calcium content, the ash was dissolved in HCl (50%) plus HNO3 (50%), filtered, and
filled to volume (25 mL) with distilled water. Extracts were analysed by atomic absorp-
tion spectroscopy using an Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES) [26].

2.3. Animal Experiment

Male ICR mice (4-week-old) were purchased from the Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). All mice were kept in a specific pathogen-
free (SPF) facility in the National Health Food Function Testing Center of Beijing Union
University and were allowed free access to food and water under a 12 h light cycle. After a
7-day adaptation period, sixty ICR mice were randomly assigned to 5 groups (12 for each
group): the CK group (normal control group), the N group (10% M. aquaticum), the NG
group (10% M. aquaticum + 2 × 109 CFU/mL/d L. plantarum BW2013), the F group (10%
M. aquaticum fermentation products), and the FG group (10% M. aquaticum fermentation
products + 2 × 109 CFU/mL/d L. plantarum BW2013). M. aquaticum and its fermentation
products were added to the normal mouse feed at 10% addition. Mice in the FG and
NG groups were intragastrically administered the same L. plantarum BW2013 during the
whole experimental period. The weights of mice were recorded every week. All groups
were treated for 5 weeks, and blood was collected from the eyeballs before slaughter.
Centrifugation at 3000× g for 15 min collected a serum sample for measurement of alkaline
phosphatase (ALP), aspartate aminotransferase (AST), creatinine (CRE), urea (UREA),
cholesterol (CHO), and blood glucose (GLU) using an automatic biochemical analyzer
(ACA, Hitachi Co., Ltd., Tokyo, Japan).

2.4. 16S rDNA Sequencing

The fecal DNA was extracted using the CTAB/SDS method. Concentration and
integrity of extracted DNA were measured using agarose gel electrophoresis. Analysis
of the data and sequences was performed by Beijing Novogene (Beijing, China). The
16S rRNA genes of distinct regions (16S V4) were amplified with specific primers 515F
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′).
The purified amplicons were pooled in equidensity ratios. Using the TruSeq® DNA PCR-
Free Sample Preparation Kit (Illumina, San Diego, CA, USA), sequencing libraries were
prepared and index codes were added. Quality assessment of the library was conducted
using a Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and an
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Agilent Bioanalyzer 2100 system. Paired-end sequencing of the library was performed on
the Illumina NovaSeq platform.

Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/ (accessed on
19 January 2020)) was used to analyze sequences [27]. OTUs (Operational Taxonomic Units)
cluster with 97% identity. The taxonomy of representative sequences was determined based
on bacterial SILVA data sets [28]. QIIME (Version 1.7.0) and R software (Version 2.15.3)
were used to calculate the alpha diversities (the indicators ACE and Shannon represent
richness and diversity of intestinal bacterial, respectively). Based on weighted UniFrac
distance metrics analysis, non-metric multi-dimensional scaling (NMDS) was performed
to distinguish the individuals of the five groups. Weighted UniFrac were calculated by
QIIME software (Version 1.9.1). Non-metric multi-dimensional scaling (NMDS) analysis
was performed by the vegan package in R software (Version 2.15.3). Permutation tests were
completed at each classification level (Phylum, Class, Order, Family, Genus, Species) using
the R software (Version 1.9.1) to test differences in the gut microbiota of the mice and to
obtain the p-value.

2.5. Metabolomics

One-hundred milligrams of liquid nitrogen-ground samples were placed in an Eppen-
dorf tube. The homogenate was resuspended with 500 µL of prechilled 80% methanol and
0.1% formic acid by vortexing and shaking. The samples were incubated in an ice bath
for 5 min and then were centrifuged at 15,000× g at a temperature of 4 ◦C for 5 min. The
amount of supernatant was diluted with LC–MS grade water to a methanol concentration
of 53%. Afterwards, the samples were transferred to a new Eppendorf tube and centrifuged
for 10 min at 15,000× g, 4 ◦C. The supernatant was collected and injected into LC–MS for
analysis. LC–MS/MS analyses were performed using a Vanquish UHPLC system (Thermo
Fisher Scientific, Waltham, MA, USA) coupled with an Orbitrap Q Exactive series mass
spectrometer (Thermo Fisher Scientific). A 16 min linear gradient flow rate of 0.2 mL/min
was used to inject samples into a Hyperil Gold column (100 × 2.1 mm, 1.9 µm). Eluents
A (0.1% FA in water) and B (methanol) were used for the positive polarity mode. Eluent
A (5 mM ammonium acetate, pH 9.0) and eluent B (methanol) were used for the negative
polarity mode. Solvent gradient: 2% B, 1.5 min; 2–100% B, 14.0 min; 100% B, 14.1 min;
100%–2% B, 14.1 min; 2% B, 17 min. The Q Exactive series mass spectrometer operated with
3.2 kV spray voltage, 320 ◦C capillary temperature, 35 arb sheath gas flow rate, and 10 arb
aux gas flow rate. Analysis of the data followed the same approach as Cao et al. [29]. The
metabolites with VIP > 1 and a p-value < 0.05 and fold change (FC) ≥ 1.5 or FC ≤ 0.6 were
differentially expressed.

2.6. KEGG Pathways

KEGG database was used to study the functions of these metabolites and metabolic
pathways. When the p-value of a metabolic pathway was less than 0.05, the metabolic
pathway was considered to enrich differential metabolites with statistical significance.

2.7. Statistical Analysis

Statistical analyses were performed using SPSS software (Version 26). The results for
the analysis of variance (ANOVA) were considered significant with p < 0.05.

3. Results and Discussion
3.1. Analysis of Solid-State Fermentation of M. aquaticum

The fermentation and nutritional quality of M. aquaticum were analysed. After fer-
mentation, the stem and leaf structure of the fermented M. aquaticum in each group was
complete; the colour was yellow-green, there was no mildew, no stickiness, a good texture,
and an obvious sour fragrance. The three most essential indices of fermentation quality
evaluation are pH, lactic acid content, and the ratio of ammonia nitrogen/total nitrogen
(NH3-N/N) [10]. The changes in pH value, dry matter, crude protein, organic acid content,
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and NH3-N/N over the fermentation period are shown in Table 1. On the fifth day at
30 ◦C, the pH value (4.11) was lowest, so sustained fermentation by bacteria was achieved.
As soon as the pH value exceeded 5.0, fermentation was considered to have failed [10].
The concentration of organic acid increased during fermentation. It can be concluded that
the bacterium grew well on M. aquaticum and decreased the pH by secreting these types
of organic acids in M. aquaticum. Protein from the fermentation substrate is converted
into NH3-N by microorganisms, thus the value of NH3-N reflects the amount of protein
decomposition during fermentation. Generally, a high-quality fermented feed should have
a ratio of ammonia nitrogen (NH3-N) to total nitrogen (N) of less than 7 [10]. The contents
of dry matter and crude protein were directly related to the nutritional quality of the
fermented feed. Fermented feeds that had high dry matter and crude protein contents had
better nutritional quality. As a result of the increased dry matter and crude protein, fewer
nutrients were lost during fermentation. The higher dry matter contents were observed
on the first day at 35 ◦C and the fifth day at 30 ◦C. The highest crude protein contents
were observed on the fifth and seventh days at 30 ◦C. Complicated assessments involving
multiple indices and different donations were generally processed by a weighted mean.
The assessment score was calculated by the weighted mean [30]. Based on the highest score,
the optimal fermentation conditions were as follows: fermentation at 30 ◦C for 5 days.

Table 1. Fermentation quality of M. aquaticum.

Fermentation
Conditions pH Lactic Acid

(µg/mL)
Acetic Acid

(µg/mL)

Propionic
Acid

(µg/mL)

Dry Matter
(g/30 g)

Crude
Protein (%)

NH3-N/N
(%) Score

0 d
30 ◦C 5.56 ± 0.04 a 0.11 ± 0.01 b 43.7 ± 2.78 e 1.84 ± 0.12 b 8.44 ± 0.15 ab 21.6 ± 0.38 ab 3.30 ± 0.17 c 00.0
35 ◦C 5.56 ± 0.04 a 0.11 ± 0.01 b 43.7 ± 2.78 e 1.84 ± 0.12 b 8.44 ± 0.15 ab 21.6 ± 0.38 ab 3.30 ± 0.17 c 00.0

1 d
30 ◦C 5.05 ± 0.02 b 0.42 ± 0.05 b 61.5 ± 9.70 cde 2.06 ± 0.17 ab 8.53 ± 0.12 ab 21.8 ± 0.51 ab 4.56 ± 0.32 bc 40.0
35 ◦C 5.08 ± 0.03 b 0.42 ± 0.01 b 51.9 ± 2.06 de 2.20 ± 0.31 ab 9.71 ± 0.94 a 22.2 ± 0.90 ab 4.68 ± 0.56 bc 53.0

3 d
30 ◦C 4.34 ± 0.03 d 1.09 ±0.35 a 85.4 ± 23.7 bcd 2.53 ± 0.87 ab 8.26 ± 0.49 b 21.0 ± 0.40 ab 5.38 ± 0.12 ab 56.9
35 ◦C 4.26 ± 0.03 d 1.13 ± 0.10 a 92.0 ± 17.4 bc 2.31 ± 0.13 ab 8.48 ± 0.34 ab 21.8 ± 0.90 ab 5.69 ± 0.61 ab 59.1

5 d
30 ◦C 4.11 ± 0.03 e 1.11 ± 0.10 a 110 ± 16.8 ab 2.37 ± 0.16 ab 9.18 ± 0.52 ab 22.3 ± 0.40 a 5.60 ± 0.37 ab 76.4
35 ◦C 4.22 ± 0.03 d 1.16 ± 0.10 a 94.8 ± 6.20 bc 2.44 ± 0.47 ab 8.40 ± 0.25 ab 20.0 ± 0.75 b 6.70 ± 0.33 a 55.3

7 d
30 ◦C 4.43 ± 0.03 c 1.24 ± 0.10 a 114 ± 17.1 ab 2.57 ± 0.35 ab 8.70 ± 0.33 ab 22.3 ± 0.78 a 5.53 ± 1.41 ab 73.0
35 ◦C 4.42 ± 0.04 c 1.22 ± 0.10 a 117 ± 12.2 ab 2.98 ± 0.48 a 8.44 ± 0.34 ab 21.3 ± 0.97 ab 6.96 ± 0.52 a 60.3

10 d
30 ◦C 4.45 ± 0.03 c 1.08 ± 0.04 a 135 ± 14.0 a 2.82 ± 0.30 ab 8.73 ± 0.78 ab 21.5 ± 0.42 ab 6.90 ± 0.07 a 60.4
35 ◦C 4.46 ± 0.03 c 1.24 ± 0.04 a 134 ± 12.0 a 2.52 ± 0.23 ab 8.99 ± 0.60 ab 21.2 ± 1.22 ab 6.91 ± 1.14 a 62.3

a–e Means with different superscripts within the same row differ based on Tukey’s test (p < 0.05).

This study detected the major constituents and the mineral element (phosphorus and
calcium) contents of M. aquaticum (fermented and non-fermented) (Table 2). A significantly
higher proportion of crude proteins (p = 0.045), lipids (p = 0.000), and ash (p = 0.006) were
found in fermented M. aquaticum than in non-fermented M. aquaticum. The raw fiber
(p = 0.031) content dropped after fermentation from 13.20% to 11.20% (w/w). There is a
possibility that fiber serves as a nutrient source for microbes. Raw fiber is associated with
digestibility and feed intake, and reduction in raw fiber content could promote the feed
intake of animals [11]. These results indicated that fermentation appears to have the ability
to alter the nutritional composition of M. aquaticum.

3.2. Effects of Dietary Intervention on Serum Markers, Body Weight (BW), and Intestinal Length

Alkaline phosphatase (ALP) and aspartate aminotransferase (AST) were analysed to
check for possible effects of the diets and/or probiotic supplementation on liver function.
Meanwhile, creatinine (CRE) and urea (UREA) are related to kidney function. No significant
differences were detected in the levels of AST, ALP, UREA, CRE, and cholesterol (CHO)
among all groups. However, blood glucose (GLU) was significantly reduced in the NG
and F groups compared with the CK group (Figure 1). BW of all experimental mice can
give an overview of their overall health and provide a rough description of their physical
condition. During the first 4 weeks of the study, all mice continued to gain weight. In
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the fifth week, BW was increased markedly in the F group compared with the N group
(Figure 2a). The intestinal length of the mice was analysed to check for possible effects of
the dietary interventions on the digestion and absorption capacity of the intestines. The
results showed that the small intestine length of the mice increased slightly in the NG and
FG groups compared with the CK group (Figure 2b). Therefore, it is possible to replace part
of the mice feed with M. aquaticum and its fermentation products.

Table 2. Nutritional components of M. aquaticum and its fermentation products.

Analysis
NFM FM

Trends p-Value
Values Shown Per 100 g

Crude protein 18.1 ± 1.20 g 20.5 ± 0.80 g ↑ 13.3% 0.045 *
Lipids 3.00 ± 0.14 g 4.60 ± 0.22 g ↑ 53.3% 0.000 **

Ash 12.4 ± 0.90 g 15.9 ± 0.72 g ↑ 28.2% 0.006 **
Raw Fiber 13.2 ± 0.80% 11.2 ± 0.70% ↓ 15.2% 0.031 *

Phosphorus 653 ± 6.00 mg 657 ± 4.00 mg ↑ <0.01% 0.391
Calcium 2.07 ± 0.03 g 2.09 ± 0.04 g ↑ <0.01% 0.510

* Indicates statistical significance at p < 0.05. ** Indicates statistical significance at p < 0.01.
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3.3. Effects of Dietary Intervention on Gut Microbiota in Mice

High-throughput sequencing analysis was performed to investigate the effect of
M. aquaticum and L. plantarum BW2013 supplementation on gut microbiota composition
in mice. α-diversity was measured using two metrics: the ACE index (Figure 2c) and
the Shannon index (Figure 2d), which reflect community richness and species diversity,
respectively, did not significantly change among the five groups. A beta diversity analysis
of the gut microbiota discovered no significant changes among the five groups at OTU
levels (Figure 2e). The NMDS plot of beta diversity showed clear separation of the CK and
FG groups of mice based on their fecal microbiota (Figure 2f). Furthermore, the potential
differences in the groups at week 5 were investigated through a MetaStat analysis. At
the phylum level (Figure 3a–c), the relative abundance of Bacteroidetes was significantly
increased in the NG, F, and FG groups (p = 0.023 for the NG group, p = 0.006 for the F
group, and p = 0.011 for the FG group), whereas the relative abundance of Firmicutes was
significantly decreased in the F and FG groups (p = 0.008 for the F group and p = 0.026 for
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the FG group) compared with the CK group. Meanwhile, Proteobacteria was significantly
reduced in the FG group compared with the CK and F groups (p = 0.001 for the CK group
and p = 0.035 for the F group). At the genus level (Figure 3d,e), the relative abundance
of Faecalibacterium was significantly increased in the NG and F groups (p = 0.023 for the
NG group and p = 0.006 for the F group) compared with the CK group, while the relative
abundance of Parabacteroides was significantly increased in the FG group relative to the
CK group. The relative abundance of Faecalibacterium was significantly increased in the
NG and F groups compared with the N group (p < 0.001 for the NG group and p = 0.09
for the F group). However, the relative abundance of Faecalibacterium was reduced in
the FG group compared with the F group (p = 0.023). At the species level (Figure 3f–i),
the relative abundance of Parabacteroides goldsteinii was significantly increased in the N,
NG, F, and FG groups when compared with the CK group (p = 0.015 for the N group,
p = 0.002 for the NG group, p = 0.032 for the F group, and p < 0.001 for the FG group). The
relative abundance of Lactobacillus delbrueckii was significantly increased in the F and FG
groups when compared with the CK group (p = 0.044 for the F group and p = 0.006 for
the FG group). The relative abundance of Bacteroides vulgatus and Bacteroides coprocola was
significantly increased in the F (p = 0.004 for B. vulgatus and p = 0.020 for B. coprocola) and
FG (p = 0.021 for B. vulgatus and p = 0.031 for B. coprocola) groups when compared with the
CK group. In addition, compared with the N group, the relative abundances of B. vulgatus
(p = 0.015) and B. coprocola (p = 0.020) were significantly increased in the F group.
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Figure 2. Changes in weight (a) and intestinal length (b) in the mice. Alpha diversity index of
gut microbiota in mice: (c) ACE index; (d) Shannon index. Changes in global gut microbiota after
intervention in each group: (e) Beta diversity on weighted UniFrac. (f) NMDS score plot based on
Bray–Curtis distance at the operational taxonomic unit (OTU) level. Stress < 2 means that NMDS can
accurately reflect the degree of difference between groups.
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The composition of gut microbiota in mice was improved after the treatment with
M. aquaticum and L. plantarum BW2013 for 5 weeks. Firmicutes and Bacteroidetes were two
dominant bacterial phyla which represented more than 90% of the total gut microbiome.
Proteobacteria is a group of bacteria causing chronic colitis that are reported to have a low
relative abundance in healthy individuals [31]. Faecalibacterium is a functionally important
genus containing anti-inflammatory bacteria [32]. Bacteroides, Parabacteroides, and Faecal-
ibacterium were the main genera responsible for donor engraftment in studies on fecal
microbiota transplantation for Clostridium difficile infection [33]. P. goldsteinii is a novel
probiotic bacterium with the potential to treat obesity as well as metabolic syndrome [34].
Probiotic L. delbrueckii could efficiently hydrolyze casein and modulate the intestinal im-
mune system [35,36]. Moreover, treatment with live B. vulgatus and B. dorei may help
prevent coronary artery disease by preventing microbial lipopolysaccharide synthesis [37].
It is believed that diet has an important impact on gut microbiota. Our results showed that
different kinds and amounts of components in feed may affect gut microbiota differently.
There have been multiple studies exploring the effects of different carbohydrate sources,
especially fiber, on gut microbiota [38]. A higher abundance of Bacteroidetes and a lower
abundance of Firmicutes were associated with a positive effect of fiber derived from apple
in intestinal microbiota in obese rats [39]. Compared with the CK group, the relative
abundances of Bacteroidetes, Faecalibacterium, L. delbrueckii, B. vulgatus, and B.coprocola in the
F group increased, whereas a reduction in the relative abundance of Firmicutes was found
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in this study. In addition, P. goldsteinii was significantly increased in the N and F groups
compared with the CK group. These results may be due to M. aquaticum and its fermented
production, which contains a higher fiber content. Similarly, intake of kimchi increased
the abundance of Faecalibacterium [15]. Bacteroides species could break down food to
produce bioactive compounds and energy [40]. B. coprocola produces extracellular enzymes
to help its host break down some polysaccharides in plants, including cellulose and hemi-
cellulose [41]. We found that the relative abundances of Faecalibacterium, B. vulgatus, and
B. coprocola were increased in the F group compared with the N group. Thus, L. plantarum
BW2013 fermentation may help M. aquaticum in regulating the gut environment. A higher
abundance of Faecalibacterium was associated with a strengthening of epithelial defense
functions among piglets supplemented with L. plantarum ZLP001 [42]. The NG group had
a higher level of Faecalibacterium than the N group. In contrast, the relative abundance of
Faecalibacterium was higher in the F group compared to the FG group. Thus, the synergy
effects of M. aquaticum and L. plantarum BW2013 should be explored. In contrast to the CK
group, the relative abundances of Bacteroidetes, Faecalibacterium, P. goldsteinii, L. delbrueckii,
B. vulgatus, and B. coprocola were increased, while the relative abundance of Firmicutes was
decreased in the NG group. Meanwhile, the relative abundances of Bacteroidetes, Parabac-
teroides, P. goldsteinii, L. delbrueckii, B. vulgatus, and B. coprocola were increased, whereas
the relative abundances of Firmicutes and Proteobacteria were decreased in the FG group. It
is worth noting that the relative abundance of P. goldsteinii was increased in all treatment
groups compared with the CK group. These results indicated that M. aquaticum, as a feed
additive, has beneficial effects on gut microbiota in mice, especially intakes of fermented
M. aquaticum and L. plantarum BW2013.

3.4. Effects of Dietary Intervention on Fecal Metabolites in Mice

Fecal samples were analyzed with untargeted metabolomics to further explore the
effects of M. aquaticum and L. plantarum on the intestinal metabolic profile of mice. The PCA
score plots showed a clear separation among the CK, N, NG, F, and FG groups (Figure 4).
The supervised PLS-DA analysis showed differences in fecal metabolic characteristics
between each of the two comparison groups (Figure 5). These results suggested that M.
aquaticum and L. plantarum BW2013 intervention significantly affected the fecal metabolic
profile in mice. Individual metabolite analysis identified nine significantly changed fecal
metabolites: L-aspartate, L-threonine, vitamin A, myricetin, gallic acid, luteolin, lysophos-
phatidylglycerol 18:1 (LPG (18:1)), and 9-oxo-10,12-octadecadienoic acid (9-oxo-ODA)
(Table 3). L-aspartic acid, L-threonine, vitamin A, myricetin, gallic acid, and luteolin were
significantly upregulated in all treatment groups compared with the CK group. The F group
showed significantly higher levels of vitamin A, myricetin, gallic acid, and luteolin than
the N group. LPG (18:1) was downregulated in the N and F groups. However, LPG (18:1)
was significantly upregulated in the NG group compared with the N group. Additionally,
LPG (18:1) was significantly upregulated in the FG group compared with the F group.
Furthermore, 9-oxo-ODA was upregulated in the FG group compared with the F group.
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Table 3. Fold changes (FCs) in differential metabolites in mice after five weeks of feeding.

No. Metabolites
Group N-CK Group NG-CK Group F-CK Group FG-CK Group F-N Group NG-N Group FG-F

FC Sig. FC Sig. FC Sig. FC Sig. FC Sig. FC Sig. FC Sig.

1 L-Aspartate 2.01 0.04 2.10 0.04 2.06 0.04 2.09 0.03 1.02 ns 1.04 ns 1.02 ns
2 L-Threonine 2.45 0.01 1.96 0.03 2.28 0.02 2.74 0.01 0.93 ns 0.80 ns 0.83 ns
3 Vitamin A 3.50 <0.01 4.53 <0.01 86.4 <0.01 10.35 <0.01 24.7 0.03 1.30 ns 8.35 ns
4 Myricetin 3.43 0.01 6.39 <0.01 73.2 <0.01 97.5 <0.01 21.3 <0.01 1.86 ns 0.75 ns
5 Gallic acid 3.23 <0.01 5.56 <0.01 16.7 <0.01 9.09 <0.01 5.16 0.03 1.72 ns 0.54 ns
6 Luteolin 4.21 <0.01 5.03 <0.01 9.49 <0.01 8.70 <0.01 2.26 0.03 1.19 ns 1.09 ns
7 LPG 18:1 0.31 0.02 0.52 ns 0.18 <0.01 0.81 ns 0.60 ns 1.70 0.02 4.46 <0.01
8 9-oxo-ODA 1.01 ns 0.70 ns 0.72 ns 1.12 ns 0.71 ns 0.69 ns 1.56 0.049

ns: no significance.

L-aspartic acid and L-threonine metabolites are converted from ingested dietary
protein and endogenous protein by intestinal microbes [43]. L-aspartic acid is one major
fuel in the intestine that yields ATP for enterocytes, protecting the intestinal barrier from
lipopolysaccharide damage [44]. An increased level of threonine could also lead to an
increase in mucin synthesis, which strengthens the interaction between microbiota and
the metabolome on the surface of the small intestine for more efficient gut function and
immune development [45]. Vitamin A is converted from dietary proteinoid carotenoids,
which may play a role in regulating gut microbiota composition, relieving inflammation
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and enhancing the intestinal epithelial barrier in necrotizing enterocolitis [46]. Myricetin,
gallic acid, and luteolin belong to the polyphenol famliy, and are bioactive compounds
found in fruits and vegetables. Myricetin exhibits therapeutic effects against many diseases,
including cancers of different types, inflammatory diseases, atherosclerosis, thrombosis,
cerebral ischemia, diabetes, Alzheimer’s disease, and pathogenic bacterial infections [47].
The beneficial effects of gallic acid can be observed in cardiovascular protection, immune
regulation, and gastrointestinal protection [48]. Luteolin is a flavonoid found in plants and
may improve intestinal dysbiosis by inhibiting α-glucosidase. Luteolin has shown anti-
cancer activity in cancer cell lines and in vivo models [49,50]. Notably, relative quantities of
vitamin A, myricetin, gallic acid, and luteolin were upregulated in the F group compared
with the N group. It is possible that the more favorable results found in the F group of our
study might be due to the fermented M. aquaticum. Furthermore, LPG 18:1 was upregulated
in the NG group compared with the N group. Similar results were found in the FG group
compared with the F group. LPG, a lysophospholipid, was found to be important in some
physiological processes [51]. Ye et al. reported that reduction in LPG in oleate-treated
macrophages could be attenuated or even abolished by WY-14643 and/or pioglitazone
treatment (two drugs used to treat metabolic diseases) [52]. In this study, LPG (18:1) was
significantly downregulated in the N and F groups compared with the CK group. However,
LPG (18:1) was upregulated in the NG group compared with the N group and in the FG
group compared with the F group. It is suggested that reduction in LPG concentration
in the N and F groups could be attenuated or even abolished by supplementation with
L. plantarum BW2013. In addition, 9-oxo-ODA was upregulated in the FG group compared
with the F group. As a PPARα agonist, 9-oxo-ODA could promote fatty acid oxidation to
consequently inhibit triglyceride accumulation [53]. Therefore, four dietary interventions
may have potential for intestinal protection as well as anti-inflammatory and anti-cancer
benefits. Intakes of fermented M. aquaticum may be more efficient than M. aquaticum with
respect to anti-inflammatory, anti-cancer, and intestinal protection by regulating vitamin
A, myricetin, gallic acid, and luteolin favorably. Intakes of M. aquaticum and L. plantarum
BW2013 may be more efficient than M. aquaticum in metabolic balance by regulating LPG
(18:1). Similarly, intakes of fermented M. aquaticum and L. plantarum BW2013 may be more
efficient than fermented M. aquaticum in metabolic balance by regulating LPG (18:1). In
addition, intakes of fermented M. aquaticum and L. plantarum BW2013 may be more efficient
than fermented M. aquaticum in anti-obesity by regulating 9-oxo-ODA.

3.5. The Correlation of Gut Microbiota and Fecal Metabolites

Biochemical metabolic pathways involved in differential metabolites can be identified
using KEGG pathway enrichment analysis. The top five enriched pathways were identified
by KEGG pathway analysis between each group pairing. The N, NG, F, and FG groups
displayed significantly higher enrichment of one, one, three, and four pathways, respec-
tively, compared to the CK group (Figure 6). Pathway enrichment analysis showed that
the pathway “Histidine metabolism” was enriched with statistical significance in the N
group (p < 0.05); “Histidine metabolism” was enriched with statistical significance in the
NG group (p < 0.05); “Porphyrin and chlorophyll metabolism”, “Aminobenzoate degrada-
tion”, and “Monobactam biosynthesis” were enriched with statistical significance in the
F group (p < 0.05); “Taurine and hypotaurine metabolism”, “Porphyrin and chlorophyll
metabolism”, “Glycine, serine, and threonine metabolism”, and “Histidine metabolism”
were enriched with statistical significance in the FG group (p < 0.05) compared with the CK
group. Moreover, “Biosynthesis of unsaturated fatty acids” was significantly enriched in
the F group compared with the N group (p < 0.05). “Nitrotoluene degradation”, “Sulfur
relay system”, “Degradation of aromatic compounds”, and “Tyrosine metabolism” were
significantly enriched in the NG group compared with the N group (p < 0.05). “Arginine
and proline metabolism” was significantly enriched in the FG group compared with the F
group (p < 0.05) (Figure 7).
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The correlation between gut microbiota and fecal metabolites is helpful in explaining
the close relationship between gut microbiota and hosts. Spearman correlation analysis
(Figure 8) showed that the change in P. goldsteinii was positively associated with changes
in vitamin A (r = 0.60, p = 0.038), myricetin (r = 0.59, p = 0.043), gallic acid (r = 0.58,
p = 0.046), and luteolin (r = 0.70, p = 0.012) contents in the N group compared with the
CK group. The change in P. goldsteinii was positively associated with change in myricetin
(r = 0.83, p < 0.001), gallic acid (r = 0.85, p < 0.001), and luteolin (r = 0.59, p = 0.045) in
the NG group compared with the CK group. The change in P. goldsteinii was positively
associated with change in vitamin A (r = 0.84, p < 0.001); the change in L. delbrueckii was
positively associated with change in vitamin A (r = 0.74, p = 0.006), myricetin (r = 0.58,
p = 0.048), gallic acid (r = 0.83, p < 0.001), and luteolin (r = 0.81, p = 0.001); and the change
in B. vulgatus was positively associated with change in vitamin A (r = 0.66, p = 0.021) and
luteolin (r = 0.83, p < 0.001) in the F group compared with the CK group. The change in
P. goldsteinii was positively associated with change in L-threonine (r = 0.70, p = 0.011),
vitamin A (r = 0.86, p < 0.001), myricetin (r = 0.72, p = 0.008), gallic acid (r = 0.76, p = 0.004),
and luteolin (r = 0.72, p = 0.008); the change in L. delbrueckii was positively associated with
the change in L-aspartate (r = 0.71, p = 0.010) and vitamin A (r = 0.62, p = 0.032); and the
change in B. vulgatus was positively associated with change in vitamin A (r = 0.60, p = 0.039)
in the FG group compared with the CK group.
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According to the current situation with regard to basic metabolism, intestinal mi-
crobiota were able to enhance nutrient uptake in the four treatment groups, in contrast
with the CK group. However, different treatments would cause different results. “Histi-
dine metabolism” and “Glycine, serine, and threonine metabolism” belong to amino acid
metabolism. As a result of increased amino acid metabolism, the capacity for protein diges-
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tion and absorption was enhanced, greatly contributing to basic growth metabolism [54].
Our results showed that, compared with the CK group, F increased gallic acid significantly.
Gallic acid showed a positive correlation with L. delbrueckii and was involved in aminoben-
zoate degradation. Therefore, F might regulate aminobenzoate degradation by mediating
L. delbrueckii. Compared with the CK group, L-threonine and L-aspartate were significantly
increased in the FG group. L-threonine was positively associated with P. goldsteinii and
involved in “Porphyrin and chlorophyll metabolism” and “Glycine, serine, and threonine
metabolism”. L-aspartate was positively associated with L. delbrueckii and involved in “His-
tidine metabolism” and “Glycine, serine, and threonine metabolism”. Therefore, FG might
regulate “Porphyrin and chlorophyll metabolism” and “Glycine, serine, and threonine
metabolism” by mediating P. goldsteinii as well as regulating “Histidine metabolism” and
“Glycine, serine, and threonine metabolism” by mediating L. delbrueckii.

4. Conclusions

In conclusion, the quality of M. aquaticum as a feed additive was improved by
L. plantarum BW2013 solid-state fermentation. High-throughput sequencing and metabolomic
results showed that M. aquaticum and L. plantarum BW2013, as new feed additives, could
promote the intestinal health of mice by modulating microbiota composition and regulating
fecal metabolic profiles. Intakes of fermented M. aquaticum and L. plantarum BW2013, espe-
cially, may have potential for intestinal protection as well as anti-inflammatory, anti-obesity,
and anti-cancer benefits by increasing populations of beneficial microorganisms (Parabac-
teroides, P. goldsteinii, L. delbrueckii, B.vulgatus, and B.coprocola) and decreasing populations
of harmful microorganisms (Proteobacteria). Meanwhile, FG might regulate “Porphyrin and
chlorophyll metabolism” and “Glycine, serine, and threonine metabolism” by mediating
P. goldsteinii as well as regulating “Histidine metabolism” and “Glycine, serine, and thre-
onine metabolism” by mediating L. delbrueckii. Moreover, the correlation analysis of gut
microbiota and metabolites showed that P. goldsteinii has a positive correlation with L-
threonine, vitamin A, myricetin, gallic acid, and luteolin; L. delbrueckii has a positive
correlation with L-aspartate and vitamin A; and B. vulgatus has a positive correlation with
vitamin A. This study could be used as a reference for future developments of beneficial
feed additives for animals. Future work may include safety assessments of M. aquaticum
for humans.
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Abstract: Partially digested gluten fragments from grains including wheat, rye, spelt and barley
are responsible for triggering an inflammatory response in the intestinal tract of Celiac Disease
(CD) and Non-Celiac Gluten Sensitive (NCGS) individuals. Fermentation is an effective method
to metabolize gluten, with enzymes from bacterial or fungal species being released to help in this
process. However, the levels of gluten in commercially available enzymes, including those involved
in gluten fermentation, are unknown. In this study we investigated gluten levels in commercially
available dietary enzymes combined with assessing their effect on inflammatory response in human
cell culture assays. Using antibodies that recognize different gluten epitopes (G12, R5, 2D4, MloBS
and Skerritt), we employed ELISA and immunoblotting methodologies to determine gluten content in
crude gluten, crude gliadin, pepsin-trypsin digested gluten and a selection of commercially available
enzymes. We further investigated the effect of these compounds on inflammatory response in
immortalized immune and intestinal human cell lines, as well as in peripheral blood mononuclear
cells (PBMCs) from coeliac individuals. All tested supplemental enzyme products reported a gluten
concentration that was equivalent to or below 20 parts per million (ppm) as compared with an
intact wheat reference standard and a pepsin-trypsin digested standard. Similarly, the inflammatory
response to IL-8 and TNF-α inflammatory cytokines in mammalian cell lines and PBMCs from
coeliac individuals to the commercial enzymes was not significantly different to 20 ppm of crude
gluten, crude gliadin or pepsin-trypsin digested gluten. This combined approach provides insight
into the extent of gluten breakdown in the fermentation process and the safety of these products to
gluten-sensitive individuals.

Keywords: gluten; fermentation; supplemental enzymes; IL-8; TNF-α; ELISA; immunoblotting

1. Introduction

Various food products including breads, cereals, beer, pasta, sauces and beverages
as well as cosmetic and skincare products utilize gluten-containing grains in their manu-
facturing processes [1]. For some of these products, gluten can be reduced using wheat
starch or wheat that has had the gluten washed out with water. For others, the gluten either
cannot be removed, or, like those derived from fermentation, the wheat is used as substrate
and broken down by microorganisms to form the final product [1]. During fermentation,
enzymes from bacterial or fungal species are released to help in this process, and it has
been suggested that fermentation and enzymatic hydrolysis hold the most potential to
create novel hypo-/nonallergenic wheat products [1]. Bacterial species have a broad ca-
pacity to catabolize different carbohydrates, proteins and lipids as sources of energy. Their
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ability to break down these source substrates is mediated by enzymes whose expression
is under tight regulation by promoter sequences in its genome that are activated by the
presence of the source substate and its degradation products [2]. Ironically, removing the
target substrate (gluten) from the fermentation process dramatically reduces the yield of
enzymes required for the catabolism of the substrate (gluten), as the promoter regions
of the genome that are responsible for the enzyme production are not activated in the
bacteria [3,4]. Furthermore, many more supplemental enzymes including lipases, cellu-
lases, proteases, peptidases and enzymes involved in carbohydrate degradation similarly
have promoter regions that are responsive to wheat to stimulate their production. These
enzymes have demonstrated health benefits in a number of important disciplines across
the lifespan including digestion [5–8], cardiovascular health [9,10], exercise [11] and food
intolerances [12–16]. The ability to use wheat as a starting substrate in the fermentation
process but to have minimal gluten content is paramount for making efficacious products
that can be used by a wide variety of consumers.

Celiac disease (CD) is a chronic autoimmune disorder characterized by fatigue, nausea
and a range of gastrointestinal discomfort and complications initiated by exposure to
dietary gluten. While CD affects 1 in 141 people in the United States [17,18], non-coeliac
gluten sensitivity (NCGS) is thought to be much more prevalent, varying between 1–13% of
the population [19]. Gluten is a mixture of complex proteins called gliadins and glutenins,
rich in prolines and glutamines that are difficult to digest by intestinal enzymes [20]. This
leads to a partial digestion of gluten proteins, generating immunogenic peptides that trig-
ger an inflammatory response in the intestinal tract of CD and NCGS individuals. This
recurring immune response to partially digested gluten fragments causes weakening of the
integrity of the intestinal lining and shrinking of intestinal villi, causing difficulties in nutri-
ent absorption and allowing gluten fragments to penetrate further into the body [21–24],
leading to the associated symptoms. Currently, the only effective treatment for the alle-
viation of the gastointestinal symptoms in CD and NCGS is a strict, gluten-free diet [19]
whereby the absence of immunogenic gluten-derived peptides allows for the healing of the
intestinal barrier [25,26] and the resolution of symptoms.

The FDA defines the term ‘gluten-free’ as products that are not made with any gluten-
containing grains or that have been refined to remove the gluten. To meet this criteria,
refined products must be tested to show they contain less than 20 ppm of gluten. However,
the recent ruling on gluten-free labeling of fermented foods by the FDA states that, since no
appropriate test currently exists to quantify gluten in hydrolyzed matrices, they may not
be labeled as gluten-free. This decision was based on the difficulty of quantifying levels
of gluten-derived immunogenic peptides at the end point of the fermentation process,
highlighting the importance of developing better or complementary methods to accurately
quantitate gluten peptides and their immunogenic properties in these products [27]. A
potential, unintended effect of this ruling from the FDA is the elimination of the gluten-free
labeling of supplemental enzymes, including those taken by gluten-sensitive individuals in
order to reduce gluten content from food and reduce symptoms [15,28,29].

Current competitive ELISA quantification of fermented gluten needs to be adapted
to accurately identify the range of gluten peptides produced during the fermentation
of gluten, as it varies across different grains, fermentation organisms and fermentation
processes [30]. Moreover, it has yet to be shown that these specific peptides from these
fermentation processes can elicit an immune response below 20 ppm as specified by the
FDA guidance. These differences in gluten peptide compositions cause a lack of correlation
with the calibration methods used in competitive ELISA, leading to inaccurate quantitation
and subsequent immunogenicity measurements [31]. Additionally, some small peptides
may not interact with the individual antibody used in the competitive ELISA, remaining
undetected and potentially causing the same physiological effects for a gluten-sensitive
individual. Therefore, multiple antibody testing techniques and a complementary detection
method based on cell culture response to digested gluten should be used to determine the
effects of such molecules. In this study, the gluten concentration in supplemental enzymes
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preferentially synthesized during gluten fermentation was assessed using multiplex ELISA
and immunoblots using antibodies targeting multiple epitopes to assess gluten digestion.
A reference pepsin-trypsin hydrolyzed gluten was assessed alongside the supplemental
enzymes using these methodologies to determine gluten content and peptide profile.
Finally, the potential immune response elicited by pepsin-trypsin hydrolyzed gluten and
supplemental enzymes was investigated in immortalized immune and intestinal human cell
lines, as well as in peripheral blood mononuclear cells (PBMCs) from coeliac individuals
and compared with crude gliadin or crude gluten at a concentration of 20 ppm. This
study adapts a proactive approach to addressing the outlined concerns of the limitations of
quantifying gluten-derived products as they pertain to supplemental enzymes by utilizing
a multiplex ELISA approach first published by Panda et al., 2017, combined with human
cell culture models to assess immunopathogenic response [32].

2. Materials and Methods
2.1. Materials

All materials, unless otherwise stated, were purchased from Sigma-Aldrich (Atlanta,
GA, USA and Arklow, Wicklow, Ireland). All buffers and solutions were prepared with
Milli-Q water (resistivity 18.2 MΩ, Merck Millipore, Saint-Quentin-Fallavier, France).

2.2. Preparation of Samples for Multiplex and Immunoblotting

To prepare samples for ELISA and Immunoblotting, stock solutions of 100 mg/mL
were prepared in 60% ethanol to solubilize gliadins and boiled for 20 min to remove residual
enzyme activity. Samples were cooled to room temperature in an ice bath and centrifuged
for 10 min at 5000 rpm before being further diluted for analysis.

2.3. Hydrolysis of Gluten Using Pepsin and Trypsin Complex

Gluten hydrolysis using the sequential catalyzation of pepsin and trypsin was con-
ducted based on the method of Rio et al. 2021 [33]. The pepsin and trypsin complexes were
provided by Deerland Enzymes and Probiotics and used in the enzyme-to-substrate ratio,
1:20 (w/w), during the hydrolysis procedure. To acidify the gluten, powdered gluten from
wheat was added to 0.1 M sodium phosphate buffer (pH 2.0) to a final concentration of
20 mg/mL and was incubated at 37 ◦C on a rotating rocker at 150 rpm for 30 min. Pepsin
(10,000 FCC Units/mg) was added into the acidified gluten suspension (10 mg/mL), and
the mixture was incubated at 37 ◦C on a rotating rocker at 150 rpm for 3 h. An equal volume
of 0.1 M sodium phosphate buffer (pH 8.0) was added to pepsin-gluten mixture, and the
pH was increased to 8.0 using 50% NaOH. The trypsin complex (2500 USP Units/mg) was
then added at 0.5 mg/mL. The mixture was incubated at 37 ◦C on a rotating rocker at
80 rpm overnight and boiled for 30 min to denature both enzymes. A sample was taken
during each step, diluted to a 5% or 10% concentration (v/v) in 60% ethanol (to a final
concentration of gluten at 0.5 or 1 mg/mL) and boiled for 10 min for the further analysis in
ELISA and immunoblot.

In parallel, the PT-digested gluten was prepared for cell culture work based on the
above preparation with minor variation. After the sample was diluted to 10% concentration
(v/v) in 60% ethanol, the precipitation and concentration of PT-digested gluten was con-
ducted using acetone based on the protocol of Thermo Scientific (See Appendix A): 4 parts
cold acetone (−20 ◦C) were added to 1 part sample, vortexed and incubated at −20 ◦C
overnight. The samples were then centrifuged at 3000 rpm for 30 min, the supernatant was
discarded and the acetone was evaporated for one hour at room temperature to leave a
PT-digested gluten pellet.

2.4. Multiplex Competitive ELISA

The antibodies and dilutions used for multiplex ELISA and immunoblotting are found
below in Table 1.
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Table 1. HRP-conjugated antibodies from commercial ELISA kits in this study.

Antibody ELISA Kits Manufacturer
Dilution

ELISA Immunoblot

Gtox-G12 G12 Gluten Tox ELISA Competitive G12 Biomedal Diagnostics to 30 ng/mL * to 200 ng/mL

A-G12 G12 AgraQuant Gluten G12 Romer Labs 1 to 3 1 to 1

R5Sand R5 RIDASCREEN Gliadin R-BioPharm, AG 1 to 35 1 to 5

R5Comp R5 RIDASCREEN Gliadin Competitive R-BioPharm, AG 1 to 100 1 to 15

V10-R5 R5 Veratox for Gliadin R5 (Cat # 8510) Neogen Corp. 1 to 15 1 to 10

V80-GL USDA Veratox for Gliadin (Cat # 8480) Neogen Corp. 1 to 10 1 to 3

MI-GL MIoBS Wheat/Gluten (Gliadin) MIoBS Morinaga Institution of
Biological Sciences Inc 1 to 3 1 to 1

AllSK Skerritt AllerTek Gluten ELISA Technologies Inc. 1 to 15 1 to 10

2D4 2D4 Microbiologique Gluten Sandwich Pi BioScientific Inc. 1 to 10 1 to 1

* The Gtox-G12 antibody was provided at a known concentration in mg/mL and diluted to 30 ng/mL for analyses
in the ELISA and 200 ng/mL for the immunoblots. For the other antibodies, the optimized dilution factor is
provided, similar to work performed in Panda et al., 2017 [32].

The multiplex competitive ELISA for gluten detection were performed based on a
competitive ELISA protocol [32].

Microtiter plate wells were coated with either 10 µg/mL or 20 µg/mL gluten antigen.
The ELISAs coated with 10 µg/mL antigen were used for Gtox-G12, A-G12, R5Comp,
V10-R5, V80-GL, MI-GL or ALLSK, while the ELISAs with 20 µg/mL gluten antigen
were for R5Sand or 2D4. To prepare the antigen, a solution of 1 mg/mL wheat gluten
was prepared in phosphate buffer (PBS) containing 0.1% Tween®20, rotated overnight
at room temperature and then diluted in 1× coating buffer (pH 9.6, Appendix A) to a
final concentration of 10 or 20 µg/mL. The coated plates were incubated overnight at
room temperature in the dark. The plates were washed three times with wash buffer (PBS
containing 0.05% Tween®20) and then wells were blocked with 150 µL/well with blocking
buffer (PBS containing 1% bovine serum albumin) at 37 ◦C for one hour. The plates were
washed an additional four times with the wash buffer after blocking.

A gluten standard (1 mg/mL) from wheat standard was prepared following the same
preparation listed above and then diluted in UD buffer (105 mM sodium phosphate, 75 mM
NaCl, 2% BSA, 0.05% Tween 20, pH 7.4) to generate serial 1:3 dilutions starting at 10 mg/L
(10, 3.33, 1.11, 0.37, 0.12, 0.041 and 0 ppm) for ELISA standards [6]. Antibodies were
diluted using PBS buffer, as indicated in Table 1. A total of 110 µL of diluted antibody-HRP
conjugates and 110 µL of either gluten standards or samples were mixed at 37 ◦C for
one hour at 50 rpm on a rotating rocker. Then, 100 µL of each mixture was transferred
to the coated wells in duplicate and incubated at 37 ◦C for one hour with 50 rpm on a
shaker. After washing the plate four times with the wash buffer, 100 µL of the 3,3′,5,5′-
tetramethylbenzidine (TMB) substrate was added in each well and incubated at RT for
30 min in the dark. The reaction was stopped by the addition of 50 µL of 0.2 M sulfuric
acid to each well followed by the measurement of absorbance at 450 nm using a microplate
reader (Bio-Rad model 680). The ELISA performance and measurements were conducted
in triplicate with duplicated samples for each trial.

2.5. Immunoblot Using Automated Capillary Electrophoretic-Based Immunoassays

Immunoblotting was performed using the Wes™ (WS-2450), capillary electrophoretic
immunoassay with 12–230 kDa pre-filled plates, capillary cartridges and reagents from
ProteinSimple (San Jose, CA, USA). The procedure and preparation of reagents including
sample buffer for diluents, 5× fluorescent master mix, biotinylated ladder and luminol-S
in peroxide were based on the protocol of Wes™ and Nelson 2017 [34].
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Two sets of standards were prepared by serial dilution of the extracted 1 mg/mL
wheat gluten with the provided 0.1× sample buffer, generating 50, 25, 20, 5 and 0 and
10, 3.33, 1.11, 0.37, 0.12 and 0 mg/L to measure high or low gluten concentration in a
sample. All test samples were diluted to a final concentration of 1:200 with 0.1× sample
buffer. Additionally, 5× fluorescent master mix was added to each standard or sample and
incubated at 75 ◦C for 10 min. The combinations were briefly vortexed and centrifuged
after cooling down on an ice bath [34]. The HRP-conjugated antibodies were diluted
with antibody diluent 2, as detailed in Table 1. All prepared reagents, serial standards,
diluted samples and antibodies were dispensed into the assay plate into the corresponding
well with the volume, as stated in the protocol [34]. The capillary cartridges and assay
plates were inserted, and after approximately 3-h running in Wes™, the peak values of
samples and standards were analyzed by Compass for SW (ver. 6.0) (see Appendix A).
For both ELISA and immune assays, the standard curves were constructed, and the gluten
concentration in samples was calculated using the four-parameter logistic curve of the
online tool available at ATTBioquest (Sunnyvale, CA, USA) (see Appendix A).

2.6. Preparation of Gluten and Gliadin and PT-Digested Gluten for Cell Culture

Water-soluble fractions of crude gluten and gliadin were prepared by the salt-induced
disaggregation method [35], with some modifications. Briefly, 2 g of gluten and gliadin
(Sigma, Ronkonkoma, NY, USA) were suspended in 50 mL 2% NaCl solution and stirred
using a magnetic stirrer for 5 min at 250 rpm. The liquid was discarded, and washing
rounds in 50 mL 2% NaCl solution were repeated four more times. Residual salt was
removed by one round of washing with 50 mL 0.2% NaCl followed by one round of
washing with 50 mL dH2O (exposure time was reduced to 30 s). Ten milliliters of serum-
free media (either MEM or RPMI) were added to the washed gluten and gliadin and stirred
with a magnetic stirrer for four hours. The resulted suspensions were transferred to falcon
tubes and centrifuged for 5 min at 6000× g. The supernatants were filter-sterilized using
syringe-mounted filters with a 0.45 µm pore diameter (Thermo-Fisher, Dublin, Ireland).
Total protein concentration was determined by a Bicinchoninic Acid Protein Assay Kit
(Sigma), with serum-free MEM or RPMI media used as blank samples. Fetal bovine serum,
glutamine, non-essential amino and antibiotics (as below for cell culture experiments)
were added to gluten and gliadin dissolved in MEM or RPMI to obtain full culture media,
containing 1 mg/mL of wheat storage proteins. The PT-Gluten was prepared as described
earlier. Prior to use, the PT-digested gluten was prepared by suspending in serum-free
culture media (either MEM for Caco-2 work or RPMI for THP-1 cells) to either 20 ppm
(20 mg/L) or 500 ppm (500 mg/L).

2.7. Preparation of Supplemental Enzymes for Cell Culture

Freeze-dried samples of supplemental enzymes were weighed in 15 mL falcon tubes,
prediluted in serum free RPMI medium to a concentration of 10,000 ppm (10 g/L) and boiled
for 10 min at 100 ◦C to inactivate the enzymes. After that, the tubes were placed on ice for
20 min. Sediment formed during manipulations was removed by centrifugation (6000 rpm,
10 min). Enzymes preparations were immediately taken for THP-1 cells treatment and
adjusted to 20 ppm (20 mg/L) prior to cell work, as described below.

2.8. Cell Culture

The human colorectal adenocarcinoma cell line Caco-2 and the human monocytic cell
line THP-1 were obtained from the DSMZ-German Collection of Microorganisms and Cell
Cultures. All Caco-2 cell line work was performed by Shannon ABC (Munster Technological
University). Cells were propagated using the standard technique in a 5% CO2 atmosphere
at 37 ◦C. Caco-2 were cultured in Minimum Essential Medium Eagle supplemented with
10% Fetal Bovine Serum, 2 mM glutamine, 1% non-essential amino acids, 100 U/mL peni-
cillin and 100 µg/mL streptomycin (MEM and FBS—Sigma, additives—Lonza, Manchester,
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UK). THP-1 cells were grown in RPMI 1640 media supplemented with 2 mM L-glutamine,
10% Fetal Bovine Serum, 100 U/mL penicillin and 100 µg/mL streptomycin (full media).

2.9. Treatment Scheme

Prior to experiment, 5 × 105 THP-1 cells were transferred into 1.5 mL Eppendorf
tubes and centrifuged at 150× g for 15 min. The culture medium was discarded, and the
cells were resuspended in full media containing 20 ppm and 500 ppm of gluten, gliadin
and PT-digested gluten and 20 ppm supplemental enzyme preparations. Four hours
after stimulation, the cells were harvested by centrifugation (8000× g for 5 min), lysed by
adding 300 µL of Lysis buffer (Monarch Total RNA Miniprep Kit, New England Biolabs,
NEB) and stored at −80 ◦C for further PCR analysis. In a parallel experiment, culture
supernatants were collected 18 h after stimulation and stored at −80 ◦C until further
analysis for protein concentrations.

Caco-2 cells were cultured on 48-well plates (Corning) at a density of 3× 104 cells/well.
Prior to experiment, the cells were washed once with DPBS and subjected to 20 ppm and
500 ppm of gluten, gliadin and PT-digested gluten treatment. Four hours after stimulation,
cell supernatants were removed and 300 µL of Lysis buffer (Monarch Total RNA Miniprep
Kit, New England Biolabs, NEB) was added to the cells, which were then stored at −80 ◦C
for further PCR analysis. In a parallel experiment, 18 h post-treatment, supernatants were
collected and stored at −80 ◦C for subsequent protein determination.

2.10. PBMCs Culture Conditions and Treatment

Peripheral blood mononuclear cells (PBMCs) from the peripheral blood of a healthy
donor and a celiac disease patient were purchased from AccuCell®, Bethesda, MA, United
States. Upon receipt, the cells were thawed and resuspended in freshly made RPMI
1640 media containing 2 mM L-glutamine, 10% Fetal Bovine Serum, 100 U/mL penicillin,
100 µg/mL streptomycin and 2 µg/mL amphotericin. The cells were cultured for 48 h at a
concentration of 1 × 106 cell/mL.

The exposure experiment has been done in the same manner as the THP-1 treatment
(see above). Briefly, the cells were centrifuged at 150× g for 15 min and culture media was
replaced with media containing 20 ppm and 500 ppm of gluten, gliadin and PT-digested
gluten. Forty-eight hours after treatment, cell suspensions were collected and cell culture
supernatants were obtained by centrifugation and stored at −80 ◦C until analysis for
IL-8 concentration.

2.11. Cell Viability Assays

The cell viability assays were done using the CyQUANT™ XTT Cell Viability kit (Invit-
rogen™, Thermo-Fisher, Dublin, Ireland). Twenty-four hours after applying crude gliadin,
gluten or the PT-digested samples, THP-1 and Caco-2 cells were stained with 0.3 mg/mL
solution of XTT (sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy6-
nitro) benzene sulfonic acid hydrate) for 4 h according to the protocol. Absorbance was
then measured at 450 and 595 nm.

2.12. RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was extracted from cell lysates using the Monarch Total RNA Miniprep Kit
(NEB). Reverse transcription reaction was performed using the Luna script RT Supermix
kit (NEB). Real-time PCR reactions were set up using pre-made FastStart Universal SYBR
Green Master mix and appropriate primer pairs (all primers Table 2 were tested for linearity
and amplification efficiency) at a concentration of 200 nM using generated cDNA as a
template. The reactions were performed using the following program: initial denaturation
95 ◦C 5 min, denaturation 94 ◦C 20 s, annealing 60 ◦C 20 s, extension 72 ◦C 20 s (40 cycles).
The specificity of reaction products was confirmed by melting temperature analysis (from
70 ◦C to 95 ◦C in 0.5 ◦C/15 s increments). The quantification of target transcripts was done
using RPL5 or GAPDH as a normalizing house-keeping gene.
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Table 2. Primer design for PCR targets.

Target Forward Primer Reverse Primer Reference

IL-8 CAGTTTTGCCAAGGAGTGCT CAACCCTCTGCACCCAGTTT [36]
TNF-A GCCAGAGGGCTGATTAGAGA TCTTCTGCCTGCTGCACTT [37]
RPL5 GGTCTCTGTTCCGCAGGATG CAGTTTTACCCTCTCGTCGTCT [38]

GAPDH CTTTGACGCTGGGGCTGGCATT TTGTGCTCTTGCTGGGGCTGGT [39]

2.13. ELISA Cytokine Determination

The concentrations of IL-8 in cell culture supernatants were determined by sand-
wich ELISA: Human IL-8/CXCL8 ELISA Kit (RAB0319, Sigma) according to the manufac-
turer’s instruction.

2.14. Statistical Analysis

All cell culture experiments were performed in two biological replicates and three
technical replicates per experiment. The results are expressed as means ± SD. The values
were compared using two-way ANOVA with Sidak post-hoc test for inflammatory markers
and with one-way ANOVA followed by Dunnett’s post-hoc test for viability assay, and the
differences were considered significant where p < 0.05.

3. Results
3.1. Multiplex ELISA and Immunoblotting of Enzyme Fermentation Products

A multiplex ELISA approach was utilized to measure the amount of fermented gluten
peptides in the concentrated form of supplemental enzymes in a similar manner to previous
publications [32]. All tested supplemental enzyme products reported a gluten concentration
that was equivalent to or below 20 ppm (20 mg/L) as compared with an intact wheat
reference standard—except for the bacterial protease (Table 3), which we previously showed
can interfere with competitive ELISA assays [40]. The wheat input, fermentation broth
and final concentrated enzyme products showed a pronounced reduction throughout
the fermentation process when tested with the various antibodies from the commercially
available gluten detection kits. The composite standard curves (from 0.04 ppm to 10 ppm)
can be found in Supplementary Figure S2.

In order to determine if there were any false positives and to create additional data sets
for the quantitation of gluten in supplemental enzyme products, a multiplex immunoblot-
ting approach was used (Table 4). Intact gluten standards were again used for calibration,
and the banding pattern was used to determine the maximum size in which peaks should be
included for quantitation, as some off-target and non-specific banding did occur at higher
molecular weights. Similar to the ELISA method, the immunoblotting clearly demonstrates
that the concentration of gluten-derived peptides in these supplemental enzyme products
is negligible or below 20 ppm, as determined by the pepsin-trypsin digested sample. The
individual immunoblots are shown in Supplementary Figures S3 and S4.

3.2. Effects of Gluten, Gliadin and Digested Gluten Standard on TNF-α and IL-8 Production in
THP-1 and Caco-2 Cells

Prior to determining the effects of samples on inflammatory response, the viability
of cells after exposure to crude gliadin, crude gluten or PT-digested gluten at 20 ppm
(20 mg/L) and 500 ppm (500 mg/L) was assessed using the XTT method (Supplementary
Figure S1). It was determined that cells from all groups were viable compared to media
controls in Caco-2 (F(6, 47) = 1.742, p = 0.1322) and THP-1 (F(6, 35) = 1.574, p = 0.1839)
cell lines.
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To compare the pro-inflammatory potential of crude gliadin, crude gluten and pepsin-
trypsin digested gluten standard, we assessed their effect on IL-8 and TNF-α production in
THP-1 and Caco-2 cell lines (Figure 1). Stimulation with 20 ppm (20 mg/L) of the whole
molecules and the digested gluten standard had no effect on the IL-8 mRNA level in either
THP-1 or Caco-2 cells (Figure 1A,B). Challenging these mammalian cells with 500 ppm
(500 mg/L) increased IL-8 gene expression in gluten and PT-digested gluten groups in
Caco-2 and THP-1 cells and in the crude gliadin group in THP-1 cells. This increase in
IL-8 mRNA expression was exacerbated in both Caco-2 and THP-1 cells in the PT-digested
gluten group. [Dose F(1, 66) = 33.27, p ≤ 0.0001; Treatment F(2, 66) = 3.322, p = 0.0422;
Interaction F(2, 66) = 2.830, p = 0.0662 for Caco-2] [Dose F(1, 66) = 132.2, p ≤ 0.0001;
Treatment F(2, 66) = 42.62, p ≤ 0.0001; Interaction F(2, 66) = 16.53, p ≤ 0.0001 for THP-1].
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as compared with the control in Caco-2 (F(3, 42) = 1.753, p = 0.171) or THP-1 cells (F(3, 44) 
= 3.56, p = 0.0715). In Caco-2 cells, there was no significant increase in IL-8 secretion in 
response to 500 ppm of crude gliadin or crude gluten; however, the increase in protein 
production was still apparent in the PT-digested gluten group. In THP-1 cells, 500 ppm 
increased IL-8 levels in in all treatment groups. The IL-8 increase was most prominent in 
the PT-digested gluten group. [Dose F(1, 66) = 47.58, p ≤ 0.0001; Treatment F(2, 66) = 28.77, 
p ≤ 0.0001; Interaction F(2, 66) = 27.06, p ≤ 0.0001 for Caco-2] and [Dose F(1, 66) = 511.3, p ≤ 

Figure 1. Differential effects of 20 ppm (20 mg/L) and 500 ppm (500 mg/L) of crude gliadin (Gli),
crude gluten (Glu) or PT digested gluten (PT-Glu) on IL-8 gene expression (A,B), IL-8 protein secretion
(C,D) and TNF-α gene expression (E,F) in Caco-2 and THP-1 cells, respectively. The dashed line
represents effects of control media only for IL-8 protein expression. * represents significant difference
as compared with the 20 ppm comparator group, p < 0.05. # represents significant difference as
compared with other 500 ppm treatment groups, p < 0.05.
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Similarly, 20 ppm of crude gliadin, crude gluten and PT-digested gluten standard did
not significantly increase IL-8 protein levels in cell culture supernatants (Figure 1C,D) as
compared with the control in Caco-2 (F(3, 42) = 1.753, p = 0.171) or THP-1 cells (F(3, 44) = 3.56,
p = 0.0715). In Caco-2 cells, there was no significant increase in IL-8 secretion in response
to 500 ppm of crude gliadin or crude gluten; however, the increase in protein production
was still apparent in the PT-digested gluten group. In THP-1 cells, 500 ppm increased IL-8
levels in in all treatment groups. The IL-8 increase was most prominent in the PT-digested
gluten group. [Dose F(1, 66) = 47.58, p ≤ 0.0001; Treatment F(2, 66) = 28.77, p ≤ 0.0001;
Interaction F(2, 66) = 27.06, p ≤ 0.0001 for Caco-2] and [Dose F(1, 66) = 511.3, p ≤ 0.0001;
Treatment F(2, 66) = 106.4, p ≤ 0.0001; Interaction F(2, 66) = 95.27, p ≤ 0.0001 for THP-1].

There was no significant difference between the PT-digested gluten and crude gliadin
or gluten in TNF-α gene expression in either Caco-2 or THP-1 cells at 20 ppm concentration
(Figure 1E,F). At 500 ppm, there was no significant increase in TNF-α gene expression
in Caco-2 or THP-1 cells in response to either crude gliadin or crude gluten. However,
PT-digested gluten significantly increased TNF-α gene expression in both Caco-2 and
THP-1 cells. [Dose F(1, 59) = 13.59, p = 0.0005; Treatment F(2, 59) = 9.480, p = 0.0003;
Interaction F(2, 59) = 7.340, p = 0.0014 for Caco-2] and [Dose F(1, 66) = 15.95, p = 0.0002;
Treatment F(2, 66) = 13.00, p ≤ 0.0001; Interaction F(2, 66) = 10.03, p = 0.0002 for THP-1].

3.3. Effects of Gluten, Gliadin, Digested Gluten Standard and Supplemental Enzymes on IL-8
Production in THP-1 Cells

Given that a stronger effect was observed in THP-1 cells, in IL-8 response, we further
examined the effect of commercially available enzyme supplements on immune response
with a focus on IL-8 protein expression in this cell line (Figure 2). At 500 ppm (500 mg/L),
the crude gliadin, gluten and the pepsin-trypsin digested gluten evoked a significant
increase in IL-8 response in these THP-1 cells (F(16, 85) = 4.541, p < 0.0001), as determined
by one-way ANOVA followed by Dunnet’s post-hoc test. There was no significant increase
in IL-8 response with the administration of the commercially available enzyme supplements.
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3.4. Effects of Gluten, Gliadin and Digested Gluten Standard on IL-8 Protein Production in 
Human Peripheral Blood Mononuclear Cells (PBMCs) 

PBMCs from human healthy and coeliac individuals were assessed for their response 
to crude gluten, gliadin and pepsin-trypsin digested gluten at 20 ppm (20 mg/L) and 500 
ppm (500 mg/L) (Figure 3). PBMCs were chosen, as they include lymphocytes (i.e., T cells, 
B cells and NK cells), monocytes and dendritic cells and so represent a collective immune 
response to sensitizing agents. In both healthy (F(1, 30) = 515.5, p < 0.0001) and coeliac (F(1, 
30) = 455.3, p < 0.0001) PBMCs, 500 ppm of the respective treatments significantly 

Figure 2. 500 ppm of crude gliadin, gluten and pepsin-trypsin digested gluten evoked an increase
in IL-8 protein expression in THP-1 cells. There was no significant effect of commercially available
enzyme supplements on IL-8 levels. * represents significant difference as compared with the 20 ppm
comparator group, p < 0.05.
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3.4. Effects of Gluten, Gliadin and Digested Gluten Standard on IL-8 Protein Production in
Human Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs from human healthy and coeliac individuals were assessed for their response
to crude gluten, gliadin and pepsin-trypsin digested gluten at 20 ppm (20 mg/L) and
500 ppm (500 mg/L) (Figure 3). PBMCs were chosen, as they include lymphocytes (i.e.,
T cells, B cells and NK cells), monocytes and dendritic cells and so represent a collective
immune response to sensitizing agents. In both healthy (F(1, 30) = 515.5, p < 0.0001) and
coeliac (F(1, 30) = 455.3, p < 0.0001) PBMCs, 500 ppm of the respective treatments signifi-
cantly increased IL-8 levels. In both the PBMCs from healthy individuals (F(2, 30) = 11.75,
p = 0.0002) and from coeliac individuals (F(2, 30) = 84.22, p < 0.0001), the pepsin-trypsin
digestion significantly decreased the inflammatory response as compared with the crude
gluten or gliadin, and in healthy PBMCs, the response to crude gluten was lower than to
crude gliadin.
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Figure 3. 500 ppm of crude gliadin, gluten and pepsin-trypsin digested gluten evoked an increase in
IL-8 protein expression in PBMCs from both healthy and coeliac donors. Digestion by pepsin and
trypsin significantly decreased IL-8 protein levels in both healthy and coeliac PBMCs. * represents sig-
nificant difference as compared with the 20 ppm comparator group, p < 0.05; + represents significant
difference as compared with all other groups, p < 0.05.

4. Discussion

Herein, we clearly demonstrate that the tested commercially available supplemental
enzymes that are derived from wheat digestion do not have detectable levels of gliadin-,
deamidated gliadin- and glutenin-derived epitopes from gluten proteins or peptides. Al-
though intact gluten may be absent in the enzyme samples, the presence of small or large
gluten-derived peptides equivalent to more than 20 ppm intact gluten that are not identi-
fiable with these various epitopes may still be present in these samples. In these studies,
we utilized wheat gluten, the same source as for the commercially available enzyme sup-
plements, and while intact gluten may not be the perfect calibrant for competitive ELISAs
for fermented goods, it demonstrates that the epitopes are in the proper range for analysis.
We further demonstrate that neither the pepsin-trypsin digested gluten standard nor the
supplemental enzymes elicit an inflammatory response in immortalized immune and in-
testinal human cell lines, as well as in peripheral blood mononuclear cells (PBMCs) from
coeliac individuals at the threshold concentration of 20 ppm, as compared with both crude
gluten and gliadin. This complementary approach provides strong rationale for the idea
that the fermentation process effectively removes gluten and immunogenic peptides and
lends credence to the acceptance of a gluten-free declaration specifically for hydrolyzed
gluten products, including supplemental enzymes, derived from fermentation processes.

Historically, several qualitative and quantitative analytical methods are available for
the detection of gluten in foods and fermented products including ELISAs, Western blotting,
Mass spectrometry, DNA-based methodology and aptamer-based assays—all of which have

296



Fermentation 2022, 8, 203

their limitations [41]. Sandwich and competitive ELISAs are the most used methodologies
with monoclonal antibodies such as Skerritt, USDA, 2D4, R5 and G12, as well as polyclonal
antibodies such as MloBS. The polycloncal antibody (MloBS) yielded the highest results on
average for the commercial products (excluding the bacterial protease false-positive) and
thus may be the most conservative estimation for residual gluten concentration in fermented
dietary enzymes for use in safety determination. By combining these methodologies with
physiologically relevant bioassays, a more comprehensive assessment of gluten detection
and potential immunopathogenesis was determined.

Cytokines are important mediators of inflammation and contribute to the pathogen-
esis of many inflammatory diseases associated with the gut. Numerous studies have
demonstrated a role for IL-8 and TNF-α as markers for innate immune activation by gluten
products in vitro [42–51] and in human studies [52–62]. The ELISA and immunoblotting
methodologies tested in this study using gluten-specific epitopes suggest that the sup-
plemental enzymes and the PT digested gluten had less than 20 ppm (20 mg/L) gluten
(Tables 2 and 3). To compliment these findings, the digested gluten standard as a reference
standard for the levels of gluten that would be in the supplemental enzyme groups was
tested for the potential to elicit inflammatory response, using IL-8 and TNFα cytokines in
Caco-2 intestinal cells and THP-1 human monocytes. We further assessed the response to
commercially available supplemental enzymes to assess their effect on immune response.
These samples were compared to crude gliadin or crude gluten preparations at the FDA
denominated gluten-free concentration of 20 ppm and at a higher concentration of 500 ppm
to validate the assays. The co-culturing of gliadin, gluten and PT-digested gluten did not
affect cell viability in our cell lines (Supplementary Figure S1). Furthermore, the results
from cell culture assays demonstrate that at 20 ppm concentration, the PT-digested gluten
and the commercially available supplemental enzymes did not trigger any inflammatory
response of IL-8 or TNF-α compared to the media itself or to crude gluten and crude gliadin
(Figures 1 and 2). Therefore, the inflammatory response elicited by the detectable and
non-detectable peptides generated in the PT-digested gluten standard is no different to
crude gliadin or gluten molecules at a concentration of 20 ppm.

At the higher dose of 500 ppm, PT-digested gluten increased the mRNA levels for
TNF-α and IL-8 as compared to the crude gliadin and gluten (Figures 1 and 2). This is in
line with previous evidence in THP-1 cells where digested gliadin increased IL-8 and TNFα
as compared to crude gliadin alone at 200 ppm [42]. In contrast, other studies in the Caco-2
cell line showed that PT-digested gluten did not exacerbate the effects of 1000 ppm crude
gluten [63]. These observations suggest that there may be a threshold concentration of
crude gliadin or gluten past which the effects of peptides from their hydrolyzation do not
elicit further response. However, further dose response studies using crude and digested
gliadin and gluten in these cell lines are required to confirm this observation. Regardless
of this information, this PT-digested gluten and the supplemental enzymes elicit a similar
negligible inflammatory response as 20 ppm crude gluten and crude gliadin.

PBMCs encompass a heterogeneous cell population with varying relative amounts
of lymphocytes (T cells, B cells and NK cells), dendritic cells and monocytes. These
cells are critical components of the innate and adaptive immune system that defends
the body against infection and plays a role in sensitization to certain epitopes. Using
human PBMCs we demonstrate that the hydrolyzation of gluten with pepsin-trypsin digest
decreases the IL-8 protein response as compared with crude gliadin or gluten. During
the fermentation process used in the synthesis of the commercial enzymes, the wheat
undergoes a more extensive hydrolyzation process than that experienced by pepsin-trypsin
digestion alone. Combining the data from the immunoblots and multiplex with the cell-
based assays, and given that supplemental enzymes and fermentation by-products will
be even further hydrolyzed, we did not further analyze the commercial enzymes in this
assay. However, given that the fermentation process further hydrolyzes these commercially
available enzymes and these ‘neat’ enzymes are further diluted before being commercially
distributed, we can be confident that these compounds will have gluten content below 20
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ppm or that any gluten-derived peptides not detectable by these antibody epitopes will not
elicit an inflammatory response and thus can maintain their claim of being ‘gluten-free’.

5. Conclusions

This study demonstrates that, by using these specific antibody epitopes, there is little
or no gluten products in the supplemental enzymes following fermentation. Furthermore,
these samples that may contain non-detected gluten-derived peptides do not elicit an
inflammatory response in immortalized immune and intestinal human cell lines, as well as
in peripheral blood mononuclear cells (PBMCs) from coeliac individuals at the threshold
dose of 20 ppm. This complementary approach using multiplex ELISA, immunoblotting
and cell-based assays provides strong rationale for the acceptance of supplemental enzymes
in a gluten-free declaration. This is of clinical relevance, as many commercially available
enzymes that are marketed for the alleviation of gastric discomfort and the alleviation
of food sensitivities do so through the degradation of proteins and peptides (including
gluten) to reduce sensitivity. Future work investigating the detection of gluten-derived
peptides should consider appropriate reference calibrants for the more accurate detec-
tion and quantification of peptides in combination with cell-based assays to assess the
potential to modulate the inflammatory tone of non-detectable products of starting gluten
source hydrolysis.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/fermentation8050203/s1. Figure S1. Viability of Caco-2
and THP-1 cells. Figure S2. Comparison of Standard Curves of the ELISA Antibodies. Figure S3.
Immunoblots of Supplemental Enzymes. Figure S4. Immunoblots of PT-digested products: Im-
munoblots from Wes using antibodies.
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Wes_manual.book (proteinsimple.com, accessed on 17 August 2021).
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Abstract: Microbial diversity plays a crucial part in the fermentation of Caishiji soybean paste (CSP).
In the current study, the microbiota and volatile flavor compounds (VFCs) in CSP were identified
through Illumina MiSeq sequencing and headspace gas chromatography–mass spectrometry. Five
bacterial (Bacillus, Tetragenococcus, Salinivibrio, Halomonas, and Staphylococcus) and four fungal genera
(Aspergillus, Debaryomyces, Nigrospora, and Curvularia) were revealed as dominant among the entire
microbiome of CSP. More than 70 VFCs, including 8 acids, 15 esters, 8 alcohols, 14 aldehydes,
4 ketones, 5 phenols, and 20 miscellaneous VFCs were detected during the fermentation process.
A total of 12 kinds of VFCs were identified in the odor activity value (OAV) analysis. The results
of the correlation analysis between microbiota and VFCs indicated that Bacillus, Tetragenococcus,
Staphylococcus, and Aspergillus were the main microbiota affecting the flavor of CSP. These results
may serve as a reference for enhancing the quality of CSP.

Keywords: Caishiji soybean paste; volatile flavor compounds; Illumina MiSeq sequencing; correlations

1. Introduction

Soybean paste [1,2], sufu [3–5], soy sauce [6–8], and douchi [9–11] are traditional bean
products consumed in China and other East Asian countries. Among them, in China,
soybean paste products are indispensable condiments with unique flavors and abundant
nutriments [12–14]. Soybean paste can be produced using three fermentation methods:
traditional spontaneous fermentation, low-salt, solid-state fermentation, and high-salt,
diluted-state fermentation. Traditional spontaneous fermentation is the common fermen-
tation method currently adopted by most enterprises. Caishiji soybean paste (CSP) from
Ma’anshan, Anhui Province, has been famous for hundred years. High-quality soybeans,
cinnamon, anise, licorice, sugar, salt, and other additives are used to make traditional
fermented CSP. Volatile flavor compounds (VFCs) determine the unique flavors of soybean
pastes. The nutrition and flavor in the soybean paste determine its quality [15]. Many
studies have performed the flavor analysis in soybean pastes. Jo et al. [16] analyzed the
VFCs of Korean doenjang and found that the VFCs in traditional doenjang were mostly acids,
aldehydes, phenols, pyrazines, and furans, whereas the VFCs in commercial doenjang were
mostly ethyl esters, maltol, and ethanol. Lin et al. [17] investigated the nonvolatile organic
acids and amino acids in Pixian bean paste and concluded that citric acid, glutamic acid,
methionine, and proline were the main flavor compounds in the paste. Zhao et al. [18]
compared the VFCs of Chinese soybean pastes and identified that there were seven kinds
of VFCs in the naturally fermented sample, and these were higher than that in the inoc-
ulated samples. Using a complicated biological chain and non-biological reactions, the
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macromolecular substances, such as protein, starch, and lipids, in soybean paste raw mate-
rials were decomposed to produce multifarious secondary metabolites and tiny molecules,
including organic acids, amino acids, esters, alcohols, ketones, aldehydes, and acids.

The diversity of microorganisms plays a key role in soybean paste fermentation, espe-
cially in flavor formation. An analysis result of microbial proteins in dajiang revealed that the
composition and variety of microbial proteins involved in the processes of protein synthesis,
glycometabolism, and nucleic acid synthesis are different [19]. Hao et al. [20] studied the
content of biogenic amines and the bacterial diversity in the naturally fermented farmhouse
sauce as well as the interactions between biogenic amines and microorganisms during
fermentation. The core microbiota, VFCs, and correlations between them were evaluated,
and the analysis results may be used to improve the quality of doubanjiang [21]. Controlling
the flavor is difficult due to the complexity of the microbial community throughout the
fermenting procedure; thus, more attention should be paid to the correlation between the
microbial community and VFCs [22].

There are few studies on the correlation between microorganisms and the flavor of
soybean paste. Soybean paste types have distinct flavors, depending on the area in which
they are produced and the technologies with which they are produced. In this work, in order
to reveal the unique nutriment, flavors, and microbiota in CSP, the VFCs and microbiota in
CSP at different fermentation stages were identified using headspace gas chromatography–
mass spectrometry (HS-GC-MS) [23] and MiSeq sequencing [24], respectively. Additionally,
the correlations between them were determined through correlation analysis.

2. Materials and Methods
2.1. Sample Preparation

The CSP samples were separated into six independent batches according to their
fermentation stage: the beginning or the first, second, third, sixth, or eighth month of
fermentation (CG0, CG1, CG2, CG3, CG6, and CG8, respectively). The samples were
obtained from Anhui Ma’anshan Caishiji Foods, China. A multipoint sampling method
was utilized (Figure S1), and the samples were kept at 4 ◦C for further analysis.

2.2. Identification of VFCs through HS-GC-MS

The fiber (50/30 µm DVB/CAR/PDMS) (Supelco, Inc., Bellefonte, PA, USA) was
inserted into the headspace of a 20 mL glass vial containing a 2.0 g sample of CSP and
20 µL of 2,4,6-trimethylpyridine; the vial was sealed with a Teflon cover, and the sample
was incubated at 70 ◦C for 60 min [25]. The GC-MS system (HP6890/5975C; Agilent, CA,
USA) was used to analyze the VFCs according to previously reported methods with some
modifications [26]. The initial oven temperature was 40 ◦C, which was retained for 5 min,
raised by 5 ◦C/min to 60 ◦C, retained for 5 min, raised by 2 ◦C/min to 120 ◦C, retained for
5 min, raised by 10 ◦C/min to 250 ◦C, and retained for 3 min. The split ratio was 5:1. The
temperature of the quadrupoles and transfer line was 150 ◦C and 250 ◦C, respectively. The
energy of the electron hit was 70 eV, and the scanning range was 45–450 m/z.

2.3. Qualitative and Quantitative Analysis of VFCs

The retention index (RI) of C7-C40 normal paraffin under the same GC-MS conditions
was used to ascertain the RIs of all the VFCs, and they were compared with relevant
reference values. Each RI was calculated as follows:

RI = 100n + 100× tR − tRn
tRn+1 − tRn

(1)

where n and n + 1 are the numbers of normal paraffin carbon atoms before and after the
addition of the VFCs, respectively. tRn and tRn+1 are n-alkane retention times, and tR is the
retention time of the unknown in the chromatography (min; tRn < tR < tRn+1).
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According to the internal standard content, the VFC content of each sample was
computed as follows:

C =
Ax × C0 ×V

A0 ×m× 1000
(2)

where C is the VFC content (µg/kg), Ax is the peak area of the VFCs (AU·min), C0 is
the mass concentration of the internal standard (0.996 µg/µL), A0 is the peak area of the
internal standard (AU·min), V is the injection amount of internal standard (µL), and m is
the quality of the sample (g).

To evaluate the contribution of the VFCs to the flavor in CSP, the odor activity value
(OAV) was computed as follows:

OAV =
C
T

(3)

where C is the VFC content (µg/kg), and T is the VFC detection threshold (µg/kg).

2.4. DNA Extraction, PCR Amplification, and Illumina MiSeq Sequencing Analysis

DNA extraction, PCR amplification, and Illumina MiSeq sequencing experiments were
conducted on the basis of the previous work [27] with minor modifications (Omega Bio-tek,
Norcross, GA, USA). The V4–V5 regions of bacterial 16S rRNA genes were amplified using
the universal primers, 338 F and 806 R (GeneAmp 9700, Applied Biosystems, Foster City,
CA, USA).

For each reaction, the following were used: a 20 µL mixture containing 4 µL of
5 × FastPfu Buffer, 2 µL of 2.5-mM deoxynucleotide triphosphate, 0.8 µL of forward primer
(5 µM), 0.8 µL of reverse primer (5 µM), 0.4 µL of FastPfu Polymerase, 0.2 µL of bovine
serum albumin, 20 µL of ddH2O, and 10 ng of template DNA. The response conditions were
as follows: initial denaturation 95 ◦C for 3 min; for bacteria, 35 amplification cycles of 95 ◦C
for 15 s; for fungus, 35 amplification cycles of 95 ◦C for 15 s; the last 55 ◦C for 30 s, 72 ◦C
for 45 s, 72 ◦C for 10 min (Majorbio, Shanghai, China). The PCR products were extracted
from 2% agarose gel, and amplicons were quantified using a QuantiFluor-ST fluorometer
(Promega, Beijing, China). After amplification, the PCR products were sequenced on the
Illumina MiSeq platform (Illumina, San Diego, CA, USA).

2.5. Data Analysis

The aligned sequences were clustered into operational taxonomic units (OTUs) at
a 97% similarity threshold using the USERCH sequence analysis tool. The taxonomic
classifications of the OTUs were studied by comparing the sequences with those in the
SILVA and UNITE databases. The Sobs index and Circos data were calculated using
Mothur software. R values were used to determine the Pearson correlation coefficients, and
correlations of microbiota and VFCs were visualized by heat map. All the data are presented
as the averages (±SD) of three repeated tests. The SPSS software package (version 22.0;
SPSS, IBM, Armonk, NY, USA) and the Origin software package (version 7.0; OriginLab,
Northampton, MA, USA) were used for all statistical analyses.

3. Results
3.1. VFC Changes during CSP Fermentation

More than 70 VFCs (including 8 acids, 15 esters, 8 alcohols, 14 aldehydes, 4 ketones,
5 phenols, and 20 miscellaneous VFCs) were detected during the CSP fermentation process
(Table 1). As indicated in the Venn diagram in Figure 1a, 17 of the VFCs were common in
CSP at all stages, and there were also their own unique VFCs in each stage samples (the
quantity and composition of the VFCs are presented in Figures S1 and S2). Among the
VFCs identified, esters, aldehydes, and alcohols were the main VFCs in CSP. All eight acids
were detected in CG1, and there were only octanoic acid and nonanoic acid in CG6 and
CG8. Esters, including amyl acetate, α-pentyl-γ-butyrolactone, ethyl palmitate, and diethyl
phthalate, were the most abundant VFCs throughout the CSP fermentation process, whereas
in the late stages of CSP fermentation, the relative abundance of the alcohols and aldehydes
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was the highest. Furthermore, the analyzed VFC results revealed that aldehydes of which
isovaleraldehyde, 2-methylbutyraldehyde, benzaldehyde, and phenylacetaldehyde were
common in all fermentation stages, and they obviously contributed to the flavor of the
CSP. In summary, all the VFCs identified in the CSP fermentation process exhibited distinct
qualitative and quantitative characteristics, which may lead to diverse flavors of CSP.
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Figure 1. Venn (a) and PCA (b) analysis of characteristic VFCs of Caishiji soybean paste in different
fermentation stages. The samples were coded according to Section 2.

To assess the contribution of characteristic VFCs to the overall flavor of CSP, the OAV
analysis was conducted according to the odor threshold values of the VFCs. The results
revealed that CSP contains 12 kinds of VFCs: one acid, three esters, one alcohol, and seven
aldehydes (OAV ≥ 1, Table 2). Based on the OAV analysis results, the principal compo-
nent analysis (PCA) was used to investigate the contribution rates of the characteristic
VFCs to CSP flavor (Figure 1b). The two-dimension PCA model (F1 and F2) described
77.2% of the total variance, while the first and second principal components (F1 and F2)
explained 57.8% and 19.4%, respectively. Isovaleraldehyde, 2-methylbutyraldehyde, and
3-methylthiopropionaldehyde greatly contributed to the flavor of CSP and were, therefore,
included in the later correlation analysis.

3.2. Dynamics of Microbiota during CSP Fermentation

Illumina MiSeq sequencing was conducted to investigate the microbial diversity dur-
ing the CSP fermentation. The aligned sequences were clustered into OTUs at a 97%
similarity threshold. In total, 16 and 3 species of bacteria and fungi, respectively, were
common to all stages during the CSP fermentation, and the species were most abundant
in CG3 and CG6 (Figure 2 and Figure S3). Regarding the α-diversity indices employed in
this study, the Chao index and the Shannon index were used to quantify microbial richness
and diversity, respectively. The red mark (Figure 2) indicates significant similarities and
differences among the microbiota present at different stages of CSP fermentation. The
samples exhibited higher microbial diversity at later stages of fermentation: bacterial di-
versity increased sharply in the CG3, CG6, and CG8 phases, and fungi diversity increased
sharply in the CG6 and CG8 phases; the increasing trends in the other stages were rela-
tively gently (Figure 2). Consistent with the dynamic changes in microbiota at different
stages of CSP fermentation, the diversity of the bacteria was higher than that of the fungi
(Tables S1 and S2).
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Figure 2. α- diversity analysis of bacterial (a,c,e) and fungi (b,d,f) of Caishiji soybean paste at
different fermentation stages. (0.01 < p ≤ 0.05 marked as *, 0.001 < p ≤ 0.01 marked as **, p ≤ 0.001
marked as ***).

Circos was used to construct a circle graph to visualize the distribution of dominant
species in each sample and among the different samples. The bacterial and fungal genera
with the 20 highest abundances were obtained. Genera with a relative abundance higher
than 4% were classified as dominant. There were five dominant bacterial genera (Bacillus,
Tetragenococcus, Salinivibrio, Halomonas, and Staphylococcus) and four dominant fungal gen-
era (Aspergillus, Debaryomyces, Nigrospora, and Curvularia), which were detected during the
CSP fermentation process (Figure 3b). In CG0, Tetragenococcus (83.72%) and Staphylococcus
(5.48%) were the dominant bacterial genera, and Aspergillus (≥99.9%) was the dominant
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fungal genus. The relative abundances of Tetragenococcus, Staphylococcus, and Aspergillus
in CG1 and CG2 were 29.9–67.34%, 5.32–7.38%, and 99.9%, respectively. Some emerging
bacterial genera, such as Klebsiella (5.47%) and unclassified Bacillus (5.06%), were also
detected in these samples. The dominant bacterial genera in CG3 and CG6 were Bacillus
(24.97–66.79%), Salinivibrio (9.53–39.55%), Halomonas (6.36–10.50%), and Tetragenococcus
(7.24%), while the dominant fungal genera were Aspergillus (≥90.0%) and Debaryomyces
(5.37%). The relative abundance of Bacillus, Salinivibrio, and Aspergillus in CG8 were 88.51%,
9.99%, and 88.58%, respectively. Orenia (9.55%), an emerging bacterial genus, was also
identified in CG8. All the results suggested that the composition and species of microbiome
in CSP were changing during the fermentation process, which may affect the quality and
flavor of CSP.
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The right half circle represents the distribution of the species in different samples at the taxonomic
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and the length represents the distribution of the sample in a species.

3.3. Correlation Analysis of Microbiota and Characteristic VFCs

In this study, R values and Pearson correlation coefficients were calculated to an-
alyze the connections between microbiota and characteristic VFCs in CSP. The bacte-
rial and fungal genera with the 10 highest abundances were included in the correlation
analysis. Redundancy analysis (RDA) was conducted to evaluate the complex relation-
ships among the microbiota, VFCs, and CSP fermentation stages. On the basis of the
PCA results, isovaleraldehyde, 2-methylbutyraldehyde, and 3-methylthiopropionaldehyde
were selected for the RDA. The results revealed that compared with isovaleraldehyde
and 3-methylthiopropionaldehyde, the microorganisms exerted a greater effect on 2-
methylbutyraldehyde in CG3, CG6, and CG8. These three characteristic VFCs were posi-
tively correlated (Figure 4c,d).
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Figure 4. Heat-map (a,b) and RDA (c,d) correlation analysis of microbiota and characteristic VFCs
of Caishiji bean paste in different fermentation stages. (R value was displayed in different colors in
the heat-map. If the p value was less than 0.05, it is marked with *, the legend on the right side was
the color range of different R values. * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001. In RDA, the
red arrow indicates the flavor substance, and the length of the arrow indicates the impact degree of
the flavor substance on the species; the angle between the environmental factors arrows represents
positive and negative correlation (acute angle: positive correlation; obtuse angle: negative correlation;
right angle: no correlation); the distance from the projection point to the origin represents the relative
impact of the flavor substance on the distribution of the sample community).

4. Discussion

VFCs and microbiota strongly affect the flavor of soybean paste. In this study, VFCs
and microbiota in CSP at different fermentation stages (CG0, CG1, CG2, CG3, CG6, CG8)
were detected to identify potential correlations between them. More than 70 types of VFCs,
including 12 types of characteristic VFCs (based on OAV), were detected. Among them,
esters, alcohols, and aldehydes were the most prevalent in the CSP fermentation process.

The contributions of VFCs to CSP flavor depend not only on their concentrations but
also on their odor threshold values [22]. Esters (especially short-chain esters), which are
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formed by a series of esterification reactions, are vital aromatic compounds in fermented
foods, and it can endow fermented foods with sweetness and fruitiness. In the present
study, 15 esters were detected during the CSP fermentation process. Among them, amyl
acetate, α-pentyl-γ-butyrolactone, and ethyl palmitate, which have also been identified
in other fermented soybean products, were common to CSP at differing fermentation
stages. Based on the results of OAV analysis, ethyl butyrate, ethyl caproate, and hexyl
caproate were the esters that most strongly affected the flavor of CSP. Ethyl butyrate, which
produces a beany flavor [28], was detected only in CG3, and ethyl hexanoate and hexyl
caprylate, which produce fruity flavors [28], were detected in CG1 and CG3. Most of the
alcohols, which can endow CSP with pleasantly sweet and floral flavors, were formed in the
later fermentation period. Isoamyl alcohol, 2-methyl-1-butanol, 1-pentanol, 2,3-butanediol,
and 1-nonyl-3-ol were detected in CG6 and CG8. Phenethyl alcohol, which produces
aromatic flavors [29], most strongly affected the flavor of CG3 according to the results of
the OAV analysis. Aldehydes, including monoolefinic aldehyde, dialdehyde, and saturated
aldehyde, which are mainly produced by the lipoxygenase-catalyzed decomposition of
linoleic and linolenic acids, can endow fermented foods with sweet, fruity, nutty, and
caramel flavors [30]. Fourteen aldehydes were detected in CSP, most of which were
formed during the late stages of the fermentation process. The results of the OAV analysis
indicated that seven characteristic aldehydes affected the flavor of CSP. Isovaleraldehyde,
2-methylbutyraldehyde, and benzaldehyde, which produce fruity flavors, stimulating
odors, and cherry like flavors, respectively [29], were detected in each fermentation stage;
3-methylthiopropionaldehyde, which had the highest OAV value, can endow CSP with a
strong roasted-potato flavor [29]. Although the other VFCs had lower thresholds, they may
also endow CSP with strong flavors.

Microbiotas are the main contributors to soybean paste fermentation [31,32]. The
fermentation of soybean paste involves a variety of bacteria and fungi. In addition, soybean
pastes with distinct microbiota exhibit distinct flavors and qualities. In some previous
studies, Bacillus, Aspergillus, Tetragenococcus, Salinivibrio, Halomonas, and Staphylococcus
were the most abundant genera in CSP (Figure 3). During the fermentation process, the
relative abundance of Bacillus increased, while that of Staphylococcus decreased or even
disappeared completely. Tetragenococcus is closely related to the production of biogenic
amines, which directly affect the flavor and safety of soybean paste; therefore, regulation
of Tetragenococcus content is essential [1]. Aspergillus was the predominant fungal genus
in CSP samples; it is found in soy sauce, douchi, and vinegar [33]. Compared with the
other genera identified in this study, Aspergillus exhibits a higher tolerance to dryness. The
analysis of microbial dynamics revealed that bacteria were involved in the decomposition
of materials in the CSP fermentation, whereas most of the fungi were presented in the late
stages of fermentation. The fermentation of soybean paste takes place mostly in anaerobic
and high-humidity environments. Compared with bacteria, fungi may disrupt metabolic
activity under dry and aerobic conditions; thus, fungal communities play a more important
role in fermented bean paste.

The relationships between microbiota and VFCs in traditional fermented foods have
been researched; however, such studies have produced limited relevant data. In the present
study, we analyzed the complex connections between the microbiota and 12 characteristic
VFCs during the CSP fermentation. As indicated in Figure 4, the Pearson’s correlation
coefficients (r) and significance (p) were calculated, and the bacteria and fungi with the
10 highest abundances were obtained. The 2-Methylbutyraldehyde was significantly
positively correlated with Bacillus and Orenia (r > 0.7) but significantly negatively cor-
related with Tetragenococcus and Staphylococcus. Kocuria had a positive correlation with
vanillin, and Halomonas was negatively correlated with isobutyric acid and ethyl butyrate
(Figure 3a). The 2-Methylbutyraldehyde, 3-methylthiopropionaldehyde, nonanaldehyde,
and decyl aldehyde were significantly negatively correlated with Aspergillus, but they were
positively correlated with other fungi, such as Debaryomyces, Nigrospora, Curvularia, and
Penicillium. Vanillin was positively correlated with Aspergillus but negatively correlated
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with Cladosporium, Curvularia, and Cutaneotrichosporon (Figure 3b). Through correlation
analysis, microbiotas were determined to be the main factors affecting the generation of
flavor compounds during the CSP fermentation. For example, Bacillus and Orenia may
produce undesirable flavor compounds during CSP fermentation, whereas Aspergillus,
Etragenococcus, and Staphylococcus may produce flavor-enhancing compounds. Through
detection and analysis, the connections between microbiota and characteristic VFCs were
determined. In follow-up studies, these correlations should be verified in application and
potentially used to further advancements in “omics” technologies.

5. Conclusions

MiSeq sequencing technology is widely used, and correlation analysis of microbiota
and VFCs has attracted considerable attention. In the present study, the complex influ-
ences of microbiota on the formation of VFCs during CSP fermentation were analyzed.
The results indicated that Bacillus, Tetragenococcus, Staphylococcus, and Aspergillus were
the main microbiota affecting the flavor of CSP. Although correlation studies involving
many fermented foods have been conducted, the results of such studies still lack practical
applicability. Therefore, follow-up research should focus on such practical applications to
improve the sensory features of fermented soybean paste, and the pastes with consistent
flavor profiles may be produced.
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bacteria of Caishiji soybean paste in different fermentation stages, Table S2: Alpha diversity in-
dex of fungi of Caishiji soybean paste in different fermentation stages, Figure S1: Multi-point
sampling (a) and numbers of different VFCs (b) of Caishiji soybean paste in different fermentation
stages, Figure S2: Contents of main volatile components of Caishiji soybean paste in different fermen-
tation stages (a: alcohols, b: esters, c: aldehydes, d: miscellaneous), Figure S3: Simpson curves of the
bacteria (a) and fungi (b) of Caishiji soybean paste in different fermentation stages.
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Abstract: A large amount of foam is generated in the production of microbial oil and exopolysaccha-
ride (EPS) by Sporidiobolus pararoseus JD-2, which causes low efficiency in fermentation. In this study,
we aimed to reduce the negative effects of foams on the co-production of oil and EPS by controlling
the formation of foams in broth. As we have found, the formation of foams is positively associated
with cell growth state, air entrapment, and properties of broth. The efficient foam-control method of
adding 0.03% (v/v) of the emulsified polyoxyethylene polyoxypropylene pentaerythritol ether (PPE)
and feeding corn steep liquor (CSL) at 8–24 h with speed of 0.02 L/h considerably improved the
fermentation performance of S. pararoseus JD-2, and significantly increased the oil and EPS concentra-
tions by 8.7% and 12.9%, respectively. The biomass, oil, and EPS concentrations were further increased
using a foam backflow device combined with adding 0.03% (v/v) of the emulsified PPE and feeding
CSL at 8–24 h, which reached to 62.3 ± 1.8 g/L, 31.2 ± 0.8 g/L, and 10.9 ± 0.4 g/L, respectively. The
effective strategy for controlling the formation of foams in fermentation broth reported here could be
used as a technical reference for producing frothing products in fed-batch fermentation.

Keywords: Sporidiobolus pararoseus; foam control; corn steep liquor feeding; microbial oil;
exopolysaccharide

1. Introduction

Microbial oil, a type of biodiesel, can be obtained from renewable raw materials, by
oleaginous microorganisms, with many advantages, e.g., short production time and low
pollution of the environment [1–3]. However, high production cost limits the broader
application of microbial oils [4]. In order to decrease the production cost of microbial oil,
many strategies have been applied: (1) genetic modification of the biosynthetic pathway
of microbial oil in oleaginous microorganism [5,6]; (2) use of the cheaper raw materials as
feedstock [7,8]; (3) optimization of the medium components and culture methods [9–11];
(4) mixed culture of oleaginous yeast and oleaginous microalgae [12,13]; (5) co-production
of microbial oil and high value-added products, e.g., exopolysaccharide (EPS) [14]. In 2010,
we obtained an oleaginous yeast (i.e., Sporidiobolus pararoseus JD-02, CCTCC M2010326),
which could be used to co-produce microbial oil, carotenoid, and EPS [4,15,16]. Carotenoid
and EPS, as high value-added products, have been widely used in the food industry, phar-
maceutical industry, and chemical industry [17,18]. In previous studies, we tried to increase
the production of microbial oil, carotenoid, and EPS by optimization of media components
and culture conditions [4,15,16], and by limitation of ammonia-nitrogen supply [11]. Al-
though these methods were used to increase the production of these value-added products
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with a satisfactory result, large amounts of foams led to an increase in the escape of fermen-
tation broth and a decrease in the utilization rate of equipment. Therefore, how to control
the formation of foams in fermentation broth has become the key problem, which when
solved will be beneficial to increase the utilization rate of feedstock and equipment, as well
as to cut production cost.

Foams are comprised of thousands of bubbles in liquid caused by mechanical or
chemical factors [19]. Foaming is considered a “general nuisance” in industrial fermentation
because the fermentation process provides the essential conditions for foam formation [20].
There are two essential conditions for foam formation and stability: the external force
and the property of solution [21]. Many factors affect the stability and formation of
foams: the air entrapment in solution (e.g., gas flow rate and stirring frequency), the
compositions and viscosity of media (e.g., pH, concentration of proteins and sugars, as
well as presence of surfactant), the growth state of microbial cells (e.g., logarithmic phase,
stable phase, and death phase), and the concentration of metabolites and surface-active
substances (e.g., cresotic acid, rhamnolipid, and saponin) [19,22–24]. The final foam volume
depends on the complex interplay of four processes: bubble formation, bubble–atmosphere
coalescence, bubble breakup into tiny bubbles, and bubble–bubble coalescence to increase
bubble size [21]. A small amount of bubbles helps to increase media oxygen transfer,
but excessive foam leads to a decrease in the utilization rate of equipment and to an
increase in the escape of fermentation broth [19]. In order to relieve the negative effects
of foams, foam control systems are widely used in industrial fermentation. For example,
reasonably adjusting the media components and the culture conditions can be used to
prevent the formation of foams [11,19,25]. The most common strategy is to use antifoaming
equipment or antifoaming agents to crush the pre-existing foams, and thus avoid the
abundant accumulation of foams [26,27]. In addition, Zaky et al. has reported that seawater
can also be used to control the formation of foams in the production of biofuel [28,29].
Although these methods on controlling foams have achieved positive results, foaming
results from complex interactions among the aforementioned factors. Therefore, the best
foam control method is still needed to optimize and achieve the best efficiency of an
industrial fermentation process (i.e., high carbon yield, final titer, and productivity).

The aim of the work presented here was to control the formation of foams in a
medium, and thus promote the co-production of microbial oil and EPS by S. pararoseus
JD-2 in fed-batch fermentation. To do this, the relationships between foams and the key
factors involved in foaming were first discussed. Subsequently, different strategies were
used to control the formation of foams in fed-batch fermentation, including screening of
defoamers, optimization of adding ways of CSL, as well as use of foam backflow devices.
After controlling the formation of foams according to the strategies reported in this study,
S. pararoseus JD-2 produced 31.2 ± 0.8 g/L of oil and 10.9 ± 0.4 g/L of EPS in fed-batch
fermentation. The effective strategy for controlling the formation of foams in fermentation
broth reported here could be used as a technical reference for producing frothing products
in fed-batch fermentation.

2. Materials and Methods
2.1. Strain and Culture Conditions

Strain S. pararoseus JD-2 (CCTCC M2010326) was used as a fermentation strain for co-
producing microbial oil and EPS, which was isolated from bean-based sauce [15]. The YPD
medium (Yeast extract 10 g/L, Peptone 20 g/L, Dextrose 20 g/L) was used for activating
S. pararoseus JD-2. Unless stated otherwise, S. pararoseus JD-2 was cultivated at 28 ◦C and
pH 6.0 for 72 h.

The fed-batch fermentation was performed in a 7-L fermenter (KF-7 l, Korea Fermenter
Co., Inchon, Korea) containing 3 L of the medium with an inoculum size of 10% (v/v), and
the inoculum was obtained from a seed culture grown to logarithmic phase (about 10 h).
The seed medium was prepared according to the description reported by Wang et al. [11].
The initial culture medium used for fermentation consisted of (per liter): 120 g glucose, 20 g
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corn steep liquor (CSL; purchased from Shandong Shouguang Juneng Golden Corn Co.,
Ltd., Shouguang, China), 1.2 g (NH4)2SO4, 1 g K2HPO4, and 0.1 g Na2SO4. The dissolved
oxygen level and temperature were set at 20% and 28 ◦C, respectively. The 800 g/L sterile
glucose solution was used to maintain the glucose concentration at ~15 g/L by adjusting
the feeding rate. Additionally, the medium was adjusted to pH 6.0 with 20% (m/v) NaOH.

2.2. Extraction of Microbial Oil and EPS

A sample was taken from the fermenter and then centrifuged at 10,000 rpm for 20 min
(Sorvall LYNX4000, ThermoFisher Scientific, Waltham, MA, USA). The cell pellets were
used to extract microbial oil and the culture supernatants were used to extract EPS. The
entire processes of extracting oil and EPS were referred to in previous reports [11,16].

2.3. Analyzing the Performance of Defoamer

Analyzing the performance of defoamer was based on the principle of the previous
methods reported by Tamura et al. [30]. Then, 300 mL of fermentation broth was added
into a graduated cylinder (range 1000 mL) and then blew air with a speed of 1 L/min.
The schematic diagram of the foam forming device is presented in Figure 1a. The time it
took foams to reach 700 mL was used to reflect the foaming ability of broth. Subsequently,
300 µL of defoamer with 10 times more dilution was added into the foam forming device,
and the time of foam fading away was used to reflect the defoaming ability of the defoamer.

Fermentation 2022, 8, x FOR PEER REVIEW 4 of 12 
 

 

 123 

Figure 1. The effects of defoamers on defoaming, antifoaming and fermentation performance of S. 124 

pararoseus JD-2. (a) Simple foam forming device. (b) The antifoaming abilities of different defoam-125 

ing:the DSA-5 represents the defoamer for bean products. (c) Effects of different synergistic 126 

methods on PPE defoaming ability (d) Effect of defoamer on S. pararoseus JD-2 fermentation. The 127 

data represent mean values and standard deviations obtained from three independent cultivations. 128 

In order to analyze the antifoaming ability of defoamer, 300 mL of fermentation 129 

broth and 300 μL of defoamer with 10 times more dilution were added into a graduated 130 

cylinder (range 1000 mL) and then blew air with speed of 1 L/min. The time that that 131 

foams reached 400 mL was used to reflect the antifoaming ability of defoamer. In addi-132 

tion, different strategies were used to enhance defoaming ability of defoamer, e.g., 133 

defoamer plus soybean oil with 1:1.5, defoamer plus Tween 80 with 100:1, and mixed 134 

defoamer with 1:1. 135 

2.4. The mode of corn steep liquor (CSL) feeding 136 

Four modes of CSL feeding were performed in fed-batch fermentation by S. para-137 

roseus JD-2 (Table 1). The total CSL in the medium at different modes of CSL feeding was 138 

identical, and the total CSL was added into the fermentation medium at different incu-139 

bation times and with different concentrations and feeding rates. It should be noted that 140 

the initial concentration of CLS in the media is inconsistent at different modes of CLS 141 

feeding, from 5 g/L to 20 g/L. 142 

Table 1. Methods of feeding organic nitrogen source in S. pararoseus fed-batch fermentation. 143 

Mode 
Loading 

volume 

Initial 

defoamer 

Initial CSL 

concentration 

Time of CSL 

feeding 

Speed of CSL 

feeding 1 

Figure 1. The effects of defoamers on defoaming, antifoaming and fermentation performance of
S. pararoseus JD-2. (a) Simple foam forming device. (b) The antifoaming abilities of different de-
foaming:the DSA-5 represents the defoamer for bean products. (c) Effects of different synergistic
methods on PPE defoaming ability (d) Effect of defoamer on S. pararoseus JD-2 fermentation. The
data represent mean values and standard deviations obtained from three independent cultivations.
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In order to analyze the antifoaming ability of defoamer, 300 mL of fermentation broth
and 300 µL of defoamer with 10 times more dilution were added into a graduated cylinder
(range 1000 mL) and then blew air with speed of 1 L/min. The time that that foams reached
400 mL was used to reflect the antifoaming ability of defoamer. In addition, different
strategies were used to enhance defoaming ability of defoamer, e.g., defoamer plus soybean
oil with 1:1.5, defoamer plus Tween 80 with 100:1, and mixed defoamer with 1:1.

2.4. The Mode of Corn Steep Liquor (CSL) Feeding

Four modes of CSL feeding were performed in fed-batch fermentation by S. pararoseus
JD-2 (Table 1). The total CSL in the medium at different modes of CSL feeding was identical,
and the total CSL was added into the fermentation medium at different incubation times
and with different concentrations and feeding rates. It should be noted that the initial
concentration of CLS in the media is inconsistent at different modes of CLS feeding, from
5 g/L to 20 g/L.

Table 1. Methods of feeding organic nitrogen source in S. pararoseus fed-batch fermentation.

Mode Loading Volume
(L)

Initial Defoamer
Concentration

(%)

Initial CSL
Concentration

(g/L)

Time of CSL
Feeding

(h)

Speed of CSL
Feeding 1

(L/h)

I 3.0 0 20 — —
II 2.7 0.1 10 24–36 0.03
III 2.7 0.1 5 8–24 0.02
IV 2.7 0.1 10 8–24 0.02

1 The concentration of CSL used feeding in Mode II, Mode III, and Mode IV is 110 g/L, 155 g/L, and 110 g/L,
respectively.

2.5. Analytical Methods

Then, 200 µL of samples were taken from the shake flasks or fermenter every 4 hours.
These samples were used to measure the biomass using a spectrophotometer at 600 nm
after 25 times more dilution, and to analyze the concentration of microbial oil and EPS.
According to our previous description [11,16], the concentration of microbial oil and EPS
was detected by weight after extraction. The analyses of biomass and concentration of
microbial oil and EPS were performed in triplicate.

2.6. Statistical Analysis

The experiments in this study were independently carried out at least three times, and
data are expressed as mean and standard deviation (±SD). Student’s t test was used to
compare statistical difference among the groups of experiment data.

3. Results and Discussion
3.1. The Relationships between Foams and the Key Factors Involved in Foaming in Fed-Batch
Ferementation by S. pararoseus JD-2

As mentioned earlier, many factors affect the stability and formation of foam, e.g., the
air entrapment in solution, the compositions and viscosity of the media, and the growth
state of microbial cells [19,22–24]. In order to discuss the relationships between foams and
the key factors involved in foaming, the cell growth state, the air entrapment, and the
properties of broth were investigated. The foam formation occurred before 36 h of the whole
fermentation period in fed-batch fermentation, especially before 24 h (Figure 2). As shown
in Figure 2a, S. pararoseus JD-2 was at the early stable growth phase before 36 h, indicating
that cell growth state is positively associated with foam formation. Similar results were
also found in previous studies, in which the foam volume increased with the increase in
cell growth rate [31,32]. Since S. pararoseus JD-2 is an aerobe [15], more oxygen was needed
to maintain the cell growth with high rate. Therefore, the fast agitation speed and the high
ventilatory capacity were needed to meet the oxygen supply at the early stable growth
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phase (Figure 2b). Based on the previous results reported by Conceicao et al. [33], static
submerged cultivation was beneficial to surfactant production because of the decrease in
foam formation. Therefore, air entrapment is also positively associated with foam formation
(Figure 2b). Vardar-Sukan pointed out that the concentration of salts, proteins, and sugars
in media affects foam formation [19], and this may be why foams were observed to have
rapidly formed at a high concentration of protein (Figure 2c). In addition, the foam volume
increased with the increase in EPS concentration and apparent viscosity of broth (Figure 2c).
The results reported by Dai et al. indicated that the high viscosity of pre-hydrolysate causes
the serious foam formation during air-aerated and agitated processes [34]. It should be
noted that foams gradually faded away despite the high apparent viscosity after 40 h
(Figure 2c). This is possibly because of the reduced agitation speed and ventilatory capacity.
This theory is supported by previous results reported by Gong et al. [35], in which reducing
aeration eases foaming at the later stages of fermentation.
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3.2. Optimization of Defoamer to Enhance Defoaming Ability and to Improve Efficiency of
Fermentation Process

As mentioned above, foam formation is positively associated with the cell growth
state, the air entrapment, and the properties of broth (Figure 2). Foam formation seems
inevitable in agitated submerge fermentation, especially for producing biosurfactant,
e.g., rhamnolipids [20,36]. However, excessive foams can do great harm to the normal
fermentation process and to the best fermentation efficiency [19]. Therefore, natural or syn-
thetic defoamers were usually used to prevent the formation of foam and/or to crush the
pre-existing foams [19,20]. In order to obtain the best defoamer used to avoid the abundant
accumulation of foams in fermentation by S. pararoseus JD-2, we investigated the defoaming
and antifoaming abilities of one natural defoamer and three synthetic defoamers. As is
expected, different defoamers showed the different defoaming abilities and antifoaming
abilities (Figure 1b). Among these test defoamers, polyoxyethylene polyoxypropylene
pentaerythritol ether (PPE) showed the greatest defoaming capacity and the longest foam-
inhibiting time, and the natural defoamer (i.e., soybean oil) showed the worst defoaming
abilities and antifoaming abilities (Figure 1b). PPE, as a safe food additive, has been widely
used in industrial fermentation because of the high thermal stability, the chemical stability,
and the best defoaming capacity [37]. It should be noted that the defoaming abilities and an-
tifoaming abilities could be enhanced using three synergistic methods, i.e., carrier addition
method (i.e., PPE plus soybean oil with 1:1.5), emulsifying method (i.e., PPE plus Tween
80 with 100:1), and combination method (PPE plus Polyoxypropylene oxyethylene glycol
ether (GPE) with 1:1) (Figure 1c). As shown in Figure 1c, the emulsified PPE using Tween
80 showed the shortest time of defoaming and the longest time of foam-inhibiting. Emulsi-
fication promotes the substance into the other incompatible substance in liquid [38], and
this may be why the emulsified PPE showed the best defoaming abilities and antifoaming
abilities. Therefore, the emulsified PPE was used as the preferred defoamer for defoaming
and antifoaming during fermentation by S. pararoseus JD-2 in the next study.

Although addition of defoamer can avoid the abundant accumulation of foams, de-
foamer negatively affects dissolved oxygen level in fermentation broth, thus restricting
the fermentation performance of production strains [39]. Furthermore, the addition of
the defoamer will be detrimental to the extraction and purification of target products [40].
These findings are confirmed once again in our results. As can be seen from Figure 1d, the
biomass, microbial oil, and EPS concentrations obviously decreased during the addition of
more than 0.3% (v/v) of the emulsified PPE. The addition of 0.03% (v/v) of the emulsified
PPE in fermentation broth resulted in 51.5 ± 1.7 g/L of biomass, 25.6 ± 1.2 g/L of oil,
and 9.5 ± 0.6 g/L of EPS, which is the best condition for cultivation of S. pararoseus JD-2
(Figure 1d). Thus, 0.03% (v/v) of the emulsified PPE was used to control foam formation in
fed-batch fermentation by S. pararoseus JD-2 in the next study.

3.3. The Effects of the Mode of Corn Steep Liquor Feeding on Fermentation Performance of
S. pararoseus JD-2

The concentration of proteins in media is one of the key factors in foam formation [19].
Corn steep liquors (CSL), one of the most commonly used complex organic nitrogen sources,
are rich in proteins, sugars, inorganic salts, and vitamins [41]. Therefore, we investigated
the effects of CSL on fermentation performance of S. pararoseus JD-2. The effect of the pH
of CSL on foam formation was first investigated. The foaming time increased with the
increase in pH, whereas the time of the disappearance of foams decreased with the increase
in pH (Table 2). As far as we know, protein solubility is closely associated with the pH
in solution [42]. We speculated that the proteins in CSL decreased with the increase in
pH because of the protein deposition, thus limiting the formation of foams. Given the
importance of protein and the optimized pH for cell growth, the best pH in CSL was
set at 6.
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Table 2. The foaming ability and bubble-holding ability of corn steep liquor with different pH.

pH of CSL 1 Time of Foaming (s) 2 Time of Defoaming (s)

4 23 120
5 30 100
6 55 50
7 * 5
8 * 3

1 The concentration of CSL is 20 g/L. 2 “*” represents no foaming.

Next, four modes of CSL feeding were investigated to further improve the fermentation
performance of S. pararoseus JD-2 (Table 1). The modes of CSL feeding significantly affected
the fermentation performance of S. pararoseus JD-2, including escape volume, biomass,
microbial oil, and EPS concentrations (Figure 3). The highest escape volumes (i.e., 1.3 L)
were found during one-time addition of the overall CSL (i.e., Mode I). By contrast, only
0.3 L broth escaped from the fermenter during feeding CSL at 8–24 h with speed of 0.02 L/h
(i.e., Mode IV), which was down by 76.9% as compared with one-time addition (Figure 3a).
In addition, the biomass (i.e., 58.0 ± 1.1 g/L vs. 52.4 ± 1.2 g/L), microbial oil concentration
(i.e., 27.5 ± 1.2 g/L vs. 25.3 ± 1.0 g/L), and EPS concentration (i.e., 10.5 ± 0.8 g/L vs.
9.3 ± 0.7 g/L) in Mode IV were increased by 10.7%, 8.7%, and 12.9% as compared with
in Mode I, respectively (Figure 3b–d). Similar results were also found in Liu’s reports, in
which feeding trypsin resulted in lower formation of foams and higher L-glutamic acid
production [43]. Interestingly, although there were no escape volumes during feeding CSL
at 24–36 h with a speed of 0.03 L/h (i.e., Mode II), the biomass, microbial oil, and EPS
concentrations were obviously inferior to the other three modes (Figure 3b–d). This is
probably due to the nutrient deficiencies for cell growth in the early fermentation stage.

3.4. Using the Foams Backflow Device to Increase the Utility Ratio of Feedstock in Fed-Batch
Fermentation by S. pararoseus JD-2

As mentioned above (Figure 3a), there is still fermented liquid leakage in Mode IV. In
order to increase the utility ratio of feedstock in fed-batch fermentation by S. pararoseus
JD-2, a foam backflow device was used to recycle the foams during fed-batch fermentation
at the condition of feeding CSL at 8–24 h with speed of 0.02 L/h. The schematic diagram of
the foam backflow device is shown in Figure 4a. The excess foams were entered into the
collection bottle of the device and crushed, and then the liquor in the collection bottle was
pumped into the fermenter by a peristaltic pump. As a control, the fermentation progress at
the condition of the one-time addition of the overall CSL combined with the foam backflow
device was also investigated. As can be seen from Table 3, using the foam backflow device
was beneficial to increase biomass, microbial oil, and EPS concentrations. As compared
with only feeding CSL at 8–24 h with speed of 0.02 L/h, the biomass, microbial oil, and EPS
concentrations were increased by 7.4%, 13.5%, and 3.8% at the condition of feeding CSL at
8–24 h with speed of 0.02 L/h combined with foams backflow device, respectively. Our
results are consistent with the previous results [36,44,45]. In addition, Anic et al. pointed
out that application of foam adsorption increased the rhamnolipid yield from glucose
feed [36]. It is worth noting that using the foam backflow device has no significant effect
on the increase in biomass and products yielded during excess foams formation. As can be
seen from Figure 4b, the cell growth was obviously inhibited at the condition of one-time
addition of the overall CSL combined with the foam backflow device. One of the main
reasons may be nutrient deficiencies because of the large amounts of fermented liquid
leakage. Therefore, how to improve the efficiency of foam breakers is also important for
controlling the formation of foams in fed-batch fermentation [45].
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standard deviations obtained from three independent cultivations.
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Table 3. Effect of foam return device on the fermentation of S. pararoseus JD-2.

Feeding Mode Biomass
(g/L)

Microbial Oil
(g/L)

EPS
(g/L)

Mode I plus foam backflow device 52.2 ± 1.6 25.6 ± 0.7 9.1 ± 0.3
Mode IV plus foam backflow device 62.3 ± 1.8 31.2 ± 0.8 10.9 ± 0.4

4. Conclusions

Foaming is considered a “general nuisance” in industrial fermentation because exces-
sive foaming can lead to a decrease in the utilization rate of equipment and to an increase
in the escape of fermentation broth. In this study, we pointed out that foam formation in
fed-batch fermentation by S. pararoseus JD-2 is positively associated with the cell growth
state, the air entrapment, and the properties of broth. We found that different defoamers
and modes of CSL feeding show the different effects on the formation of foams. The addi-
tion of 0.03% (v/v) of the emulsified PPE using Tween 80 in fermentation broth showed the
best defoaming abilities and antifoaming abilities. In addition, feeding CSL at 8–24 h with
speed of 0.02 L/h resulted in only 0.3 L of fermented liquid leakage, and increased biomass,
microbial oil and EPS concentrations. The foam backflow device once again proved ben-
eficial for fed-batch fermentation. Under such efficient foam-control, S. pararoseus JD-2
produced 31.2 ± 0.8 g/L of microbial oil and 10.9 ± 0.4 g/L of EPS, which increased by
23.3% and 17.2%, respectively, in comparison to uncontrolled foaming.
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