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Abstract: Streptomyces albulus is a kind of safety bacteria that is used to produce a natural food
preservative named ε-poly-L-lysine (ε-PL). Environmental autoacidification (the pH declined from 6.8
to approximately 3.0) inevitably occurred in ε-PL biosynthesis by S. albulus. In this study, the dynamic
responses of S. albulus QLU58 and its acid-tolerant mutants to autoacidification were investigated at
the physiological and transcriptional levels. The results showed that cell growth, ε-PL production, cell
respiratory activity, and intracellular pH (pHi) homeostasis were disturbed by autoacidification. In
the initial autoacidification stage (before 24 h), the acid tolerance of S. albulus was effectively improved
by increasing the intracellular ATP and related amino acids contents and the H+-ATPase activity,
regulating the membrane fatty acids composition, and maintaining the pHi at about 7.7. However, as
the autoacidification degree deepened (after 24 h), the metabolic activities decreased and negative
cell growth appeared, which weakened the acid tolerance and caused the pHi to decline to about
6.5. Additionally, the acid-tolerant mutants exhibited better performances during autoacidification,
which was also confirmed by the related genes’ improved transcription levels. These results provide
references for the analysis of progressive environmental modification in ε-PL production.

Keywords: Streptomyces albulus; ε-poly-L-lysine; autoacidification; acid stress; acid tolerance response

1. Introduction

ε-poly-L-lysine (ε-PL) is a homopolymer formed by dehydration and condensation
reactions between the ε-amino and α-carboxyl groups of 25–35 L-lysine monomers under
synthetase catalysis [1]. Due to its good thermal stability, water solubility, safety, and
broad-spectrum antibacterial activity, ε-PL is widely used as a preservative in Japan, South
Korea, the United States, and China [2].

Streptomyces albulus is the main ε-PL producer, and the optimum pH value for its
growth is neutral or alkalescent. However, the autoacidification of the environmental pH
from neutral to about 3.0 occurred in ε-PL production and was caused by S. albulus, in which
ε-PL was only produced when the environmental pH was below 5.0 and accumulated in
large amounts when it was around pH 4.0. Consequently, the acidic environment encoun-
tered in the ε-PL production provided a significant survival challenge for S. albulus [2].
Generally, when surrounded by an acidic environment, the bacteria used combined and
inducible mechanisms to alleviate the acid stress’s negative effects, including alkalizing the
external environment, altering the cell envelope, maintaining pHi homeostasis, protecting
or repairing macromolecules, expressing transcriptional regulators, and producing general
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shock proteins and chaperones [3]. Few researchers have paid attention to the acid stress
encountered in ε-PL production, but we studied the physiological and transcriptional dif-
ferences in S. albulus in different acidic environments [4]. To date, most of the mechanisms
were obtained from studies that concerned bacterial responses to sudden acid stress, with
relatively few studies investigating acid stress in the fermentation process. Much less
studied is the dynamic responses of S. albulus to progressive environmental modification
that is linked to autoacidification [5,6].

In the present study, the physiological and transcriptional changes in S. albulus QLU58
and its acid-tolerant mutants were considered in ε-PL production to explore the dynamic
response mechanism of S. albulus to autoacidification. These results provide new insights
into the acid-tolerance response of S. albulus.

2. Materials and Methods
2.1. Microorganisms and Inoculum Preparation

S. albulus QLU58 is a wild ε-PL-producing strain isolated from soil; its acid-tolerant
mutants S. albulus AAE43 and S. albulus AAE89 were obtained by inducing acidic adaptive
evolution at pH 3.1 and then maintained in our laboratory. M3G medium containing (g/L):
Glucose 50, yeast 5, (NH4)2SO4 10, KH2PO4·2H2O 1.4, MgSO4·7H2O 0.5, K2HPO4·2H2O 0.8,
FeSO4·7H2O 0.03, and ZnSO4·7H2O 0.03 was used as the seed and fermentation medium.
The pH was adjusted to the set values with 1 M NaOH or H2SO4 solution and sterilized
at 121 ◦C for 20 min. Among them, the glucose was sterilized alone. If equipped with
M3G solid medium, 20 g/L of agar was added. The reagents used in this study are all from
the China National Pharmaceutical Group Corporation, China. The mature spores of two
rings were inoculated in a 300 mL conical flask (spore concentration was approximately
2 × 105 per/mL) containing 50 mL of M3G medium (initial pH 6.8) and shaken (200 r/min)
at 30 ◦C for 24 h as seed liquid.

2.2. Screening of the Acid-Tolerant Mutants

The acid-tolerant mutants of S. albulus were screened using acidic adaptive evolution
as described by Wu et al., with slight modification [5]. The seed liquid of S. albulus QLU58
was inoculated into the M3G medium (pH 4.0) with an inoculation amount of 2% and
then cultured at 30 ◦C and 200 r/min for 4 days (pH dropped to around 3.1 after 2 days
of fermentation and then remained unchanged). After that, the culture was transferred to
another fresh M3G medium (pH 4.0) with 2% inoculum. This process was continuously
repeated for 70 days. In different periods of evolution, the cultures were spread on the
M3G solid plate of pH 4.0 to screen the evolutional strains with improved acid tolerance,
and the ε-PL production of these acid-resistant mutants was determined. Finally, the
mutants of S. albulus AAE43 and S. albulus AAE89 with high ε-PL production were obtained.

2.3. Batch Fermentation

The batch fermentation was prepared as previously described [4]. In this study, a 5 L
fermenter (FUG-5L, Guoqiang Biochemical Engineering Equipment Co., Ltd., Shanghai,
China) with a working volume of 3.5 L was used. The initial temperature, pH, aeration,
and agitation were set as 30 ◦C, 6.8, 4 L/min, and 200 r/min. For the inoculum, 300 mL
of seed culture was used. During the fermentation process, the pH and dissolved oxygen
(DO) were, respectively, monitored online using the pH and DO electrodes (K8S-225
and InPro6800, Mettler Toledo, Zurich, Switzerland); the DO was controlled above 30%
saturation, and the pH was uncontrolled.

2.4. Measurement of ε-PL Production and Dry Cell Weights

Ten milliliters of fermentation broth was centrifuged (5000× g, 10 min). The super-
natant was used to determine the ε-PL production according to the method described by
Itzhaki [7], and the precipitate was filtered using pre-weighed filter paper, dried at 105 ◦C
to a constant weight, and then used to measure the dry cell weights (DCW).
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2.5. Measurement of Cellular Respiratory Activity

The respiratory activity of S. albulus was determined using redox dyes according to
the method described by Winding [8]. Using the bacstain-CTC rapid staining kit (Dojindo,
Kumamoto, Japan) to prepare the staining samples. The fluorescence value was determined
using a multifunction enzyme labeling instrument H4 (Synergy NEO2, BioTek, Winooski,
VT, USA) at an excitation wavelength of 488 nm and an emission wavelength of 630 nm.
The measured value of S. albulus QLU58 at 12 h was set as 100%, and the respiratory
activities of the others were relative values.

2.6. Measurement of Intracellular pH

The fermentation broths for different fermentation periods were centrifuged (5000× g,
10 min) and then washed with a 0.1 M phosphate buffer (pH 7.0). The mycelia were broken
using ultrasonic in an ice water bath (power 650 w, break 2 s and stop 2 s, 5 min), and
the suspension of broken mycelia was collected using centrifugation (600× g, 4 min). The
intracellular pH of S. albulus QLU58 and its acid-tolerant mutants were then determined
by adding a 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester
(BCECF AM) reaction according to the method reported by Breeuwer et al. [9].

2.7. Measurement of Intracellular ATP and H+-ATPase

The method for determining the intracellular ATP was based on Cichna et al. [10]
and slightly modified. The fermentation broth’s supernatant was discarded (5000× g,
10 min) and re-suspended in 0.5 M HClO4 (0 ◦C) to prevent cell metabolism. Subsequently,
the bacteria were crushed using ultrasonic in an ice water bath (power 650 w, break 2 s
and stop 2 s, 10 min) and centrifuged at 12,000× g for 20 min. The supernatant was
then determined using HPLC (L-20AT, SHIMADZU, Kyoto, Japan) after passing through
a 0.22 µm filter membrane. The H+-ATPase activity was measured using the method
described in the H+-ATPase assay kit (GENMED, Shanghai, China).

2.8. Intracellular Amino Acid Analyses

Seven hundred and fifty microliters of fermentation broth was centrifuged in a 1.5 mL
centrifuge tube at 10,000× g for 5 min, and the precipitate was centrifuged and washed
3 times with ultrapure water (8000× g, 60 s). The cells were re-suspended with 750 µL of
10% trichloroacetic acid, then the reaction system was bathed at 37 ◦C for 10 min and boiled
for 15 min. The mixture was centrifuged at 12,000× g for 10 min, and the supernatant was
analyzed using HPLC according to the method of Founoulakis et al. [11].

2.9. Analysis of Fatty Acids on Cell Membrane

According to the Sasser method [12], the fermentation broth supernatant was discarded
from the centrifuge (10,000× g, 5 min), and the cells were washed twice with normal saline
(NaCl, 0.9%). After saponification, methylation, extraction, and alkali washing in sequence,
the upper organic phase was used to analyze the fatty acids’ components using GC-MS
(TSQ 8000 Evo, Thermo Fisher Scientific, Waltham, MA, USA).

2.10. Quantitative Reverse Transcriptase-PCR (qRT-PCR) Analysis

The RiboPureTM-Yeast Kit (Life Technologies, Carlsbad, CA, USA) was used to extract
the total RNA. The cDNA was synthesized using the AMV First Strand cDNA synthesis kit
(Sangon Biotech, Shanghai, China). qRT-PCR was carried out on Real-Time PCR Instru-
ments (StepOne plus, Applied Biosystems, Foster City, CA, USA) with a reaction system
of 20 µL: 10 µL SybrGreen qPCR Master Mix (2X), 0.4 µL PCR forward primer (10 µM),
0.4 µL PCR reverse primer (10 µM), 7.2 µL ddH2O, and 2 µL cDNA template. The reaction
conditions were pre-denaturation at 95 ◦C for 3 min and then entering 40 cycles of ampli-
fication steps (melt at 95 ◦C for 5 s, anneal at 60 ◦C for 10 s, and extend at 72 ◦C for 15 s).
The 16S rDNA was used as an endogenous reference gene. The qRT-PCR primers were
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designed using Primer Premier 5.0 (Table S1). All the experiments were repeated for at
least three biological replicates [4].

2.11. Statistical Analysis

To check the reproducibility, the experiments were carried out at least in triplicate. The
data’s statistical significance was determined using SPSS Statistics 20 (IBM, Armonk, NY,
USA) to perform a one-way analysis of variance (ANOVA) followed by Tukey’s honestly
significant difference (HSD) post hoc test (p ≤ 0.05).

3. Results and Discussion
3.1. Changes in the Fermentation Parameters in Batch Fermentations for ε-PL Production
by S. albulus
3.1.1. Kinetic Parameters

As shown in Figure 1, S. albulus QLU58 and its acid-tolerant mutants S. albulus AAE43
and S. albulus AAE89 were cultivated in a 5 L fermenter, and the changes in pH, DCW,
ε-PL production, and residue glucose were studied, respectively. The optimum pH for
growing S. albulus is neutral or alkalescent, but producing and accumulating ε-PL requires
an acidic environment [13]. In the first 12 h of fermentation, the environmental pH slowly
decreased and maintained at a high level, which was suitable for cell growth but not for
ε-PL biosynthesis. Therefore, the DCW rapidly increased without ε-PL production. At
this stage, the glucose was mainly used for growing and reproducing bacteria, so the
consumption was less. From 12 to 24 h, the environmental pH rapidly decreased from
more than 5.5 to about 3.0. Correspondingly, the S. albulus growth became slower, and the
DCW reached the maximum at 24 h. Simultaneously, the ε-PL began to be produced and
continued to accumulate. During this period, the glucose consumption was significantly
increased, which was used for both cell growth and ε-PL production. After 24 h, the
environmental pH remained at about 3.0. The cell death exceeded growth, so the DCW
continuously decreased, while the ε-PL production continued increasing. After 36 h, the
ε-PL production of S. albulus QLU58 and S. albulus AAE43 tended to be stable, while only
S. albulus AAE89 continued to increase. In the late stage of fermentation, the glucose con-
sumption was much slower, which was closely related to the diminished ε-PL production
and cell growth.

Figure 1a shows that the environment autoacidification trends in ε-PL production were
similar among the three strains, while the DCW, ε-PL production, and glucose consumption
of the acid-tolerant mutants were higher than those of the original strain throughout
fermentation (Figure 1b–d). Compared to the original strain QLU58, the maximum DCW
of AAE43 and AAE89 increased by 35% and 68%, the final ε-PL production of AAE43 and
AAE89 increased by 74% and 164%, and the glucose consumption of AAE43 and AAE89
increased by 63% and 76%, respectively. Taken together, the acid-tolerant mutants were
more adapted to the autoacidification of environmental pH and had a stronger ability to
grow and produce ε-PL.

The inhibitory effect of the pH could not be differentiated from that related to the
ε-PL accumulation, as ε-PL biosynthesis is shown to increase at low pH [2]. However,
autoacidification provoked the pHi decrease and inhibited the cell growth and glucose
consumption rates [14]. Therefore, ε-PL production stagnation caused by acid damage in
the later stage of ε-PL fermentation is unavoidable [15]. According to the kinetic parameter
changes, an acid-tolerant response mechanism clearly existed in the cell for acidification
conditions, which caused S. albulus to show positive cell proliferation, ε-PL synthesis, and
glucose metabolism in the early stage of autoacidification. However, after 24 h of fermenta-
tion, the cells showed typical post-acidification phase characteristics, thus indicating that
the cells could not maintain intracellular homeostasis and showed obvious acid response
mechanism weakening. In addition, from the difference between S. albulus QLU58 and its
mutants, the difference between the acid tolerance of cells can affect the degree of damage
but not the nodes when the acid damage occurs.
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Figure 1. Time profiles of pH (a), DCW (b), ε-PL production (c), and residual glucose (d) in batch
fermentations for ε-PL production by the original and evolutional strains. Error bars indicate standard
deviations (n = 3). Statistical significance is denoted by different letters above or below bars at each
time point (p ≤ 0.05).

3.1.2. Specific Rates of Cell Growth and ε-PL Production

To further analyze autoacidification’s effects on cell growth and ε-PL production, the
specific cell growth rate (µx) and the specific ε-PL formation rate (µp) of the three bacteria
were calculated based on the data in Figure 1b,c. As shown in Figure 2a, the µx was affected
by the continuous decrease in environmental pH and showed downward trends. Before
24 h, although the µx of the three strains was decreasing, it still showed positive growth
trends, and the total number of bacteria still increased, which was consistent with the DCW
change trends in Figure 1b. After 24 h, with the environmental pH remaining around
3.0, the µx of the three strains decreased to less than 0, in which the original strain was
significantly lower than that of the mutants, thus indicating that the original strain was
more sensitive to the extremely acidic environment.

The µp curves of the three strains were similar during fermentation; all reached the
highest point around 18 h and then began to decrease (Figure 2b). According to the
results from related research, the optimum pH for ε-PL biosynthesis is about 4.0 [14].
The environmental pH of the three strains was about 3.7 at 18 h (Figure 1a), which was
consistent with previous studies. Notably, the µp of AAE43 and AAE89 was higher than
that of the original strain QLU58 throughout fermentation, thus demonstrating that the
mutants’ ε-PL production capacity was also stronger than that of the original strain.

The µx and the µp changes also demonstrated the regulation effect on cell growth
and ε-PL production caused by acidification. Obviously, for S. albulus QLU58 and its
mutants, their growth was inhibited by environmental autoacidification, and the deeper the
acidification, the stronger the inhibition. This proves that acidification has only a negative
effect on the cell proliferation of S. albulus. This contrasts with the behavior observed in
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cultures where the µx increased before 6 h [2]. The cells’ ε-PL production is also regulated
by the pH. Under acidification conditions, the ability of S. albulus to produce ε-PL was the
strongest when the pH was 4.0, and the µp increased to the highest. This is consistent with
previous reports [14,15]. Since then, the decrease in µp is caused more by the substantial
decrease in biomass, meaning autoacidification’s effect on ε-PL production cannot be
ignored.

Figure 2. Changes in the specific cell growth rate (a) and the specific ε-PL formation rate (b) in batch
fermentations by the original and evolutional strains.

3.1.3. Respiratory Activity

Bacteria release energy through respiration to supply the consumption of life activities.
Stronger cell respiration activity produces more ATP, resulting in vigorous cell growth
and metabolite production [16]. Cells’ increased respiratory activity has been reported to
finally increase validamycin A production in S. hygroscopicus fermentation [17]. Therefore,
analyzing the changes in respiratory activity of cells over time could help to reflect the
changes in physiological activities and production performances of wild and mutant strains
during fermentation. The relative respiratory activity of the three strains continuously
decreased during the entire fermentation process, which indicated that the cell vitality
was progressively inhibited by autoacidification (Figure 3). Compared to the original
strain, the mutants’ respiratory activities were stronger and decreased slower in the same
fermentation time. At 48 h, the relative respiratory activities of AAE43 and AAE89 were
1.58 and 2.15 times higher than that of QLU58. Consequently, the vitalities of the acid-
tolerant mutants were less inhibited during the autoacidification, which was beneficial to
cell growth and ε-PL production.

The changes in the relative respiratory activity can reflect the intracellular energy
metabolism’s strength, which is usually closely related to cell growth and secondary
metabolite production [17]. Cell proliferation, intracellular proton excretion, and ε-PL
synthesis all require energy to be functional [2]. The decline of cell relative respiratory
activity will inevitably have a negative effect. Combined with the above results, we
speculate that, in the case of a lack of energy, cells cause more energy to flow to ε-PL
production and intracellular acid excretion, rather than cell growth. After the pH decreased
to 3.0 (after 24 h), the respiration would provide more ATP for ε-PL synthase function, and
the glucose catabolism energy for biomass synthesis was significantly reduced [16]. This
rerouting of the energy together with the decrease in the energy production resulting from
the catabolic flux dropping was responsible for the decrease in the growth rate until arrest.
This change also exists in acid-tolerant mutants, which proves once again that the acid
tolerance strength does not change the whole cell inhibition trend.
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Figure 3. Changes in relative respiratory activities in batch fermentations by original and evolutional
strains. Error bars indicate standard deviations (n = 3). Statistical significance is denoted by different
letters above or below bars at each time point (p ≤ 0.05).

3.2. Maintenance of Intracellular pH
3.2.1. Intracellular pH

Intracellular pH (pHi) is critical for cells, which can affect nutrient uptake, protein
synthesis, glycolysis, and nucleic acid synthesis [18]. When pHi homeostasis is destroyed,
the cell viability declines, and cell death can occur [19]. Therefore, pHi homeostasis is
considered an important index to measure whether cells maintain a normal physiological
state in an acidic environment [20]. In this part, the pHi of the three strains was measured
in the fermentation (Figure 4). Although the environmental pH decreased from 6.8 to about
3.0 in the first 24 h (Figure 1a), the pHi of the three strains was still maintained at about
7.7. After 24 h, the pHi of the three strains began to decline, and the pHi of QLU58, AAE43,
and AAE89 finally reached 6.14 ± 0.13, 6.55 ± 0.07, and 6.76 ± 0.09 at 48 h, respectively.
Moreover, the mutants’ decline degree was significantly lower than that of the original
strain. The results showed that the acid-resistant mutants have a stronger ability to stabilize
pHi, which is more conducive to survival in an acidic environment.

Figure 4. Changes in the pHi in batch fermentations by the original and evolutional strains. Error
bars indicate standard deviations (n = 3). Statistical significance is denoted by different letters above
or below bars at each time point (p ≤ 0.05).
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Numerous metabolic perturbations concomitant with environmental acidification and
the resulting disturbance to the pHi homeostasis can occur [21]. S. albulus QLU58 and its
mutants have a certain ability to stabilize pHi, which is essential for cell survival under
acid stress [18,20]. The consequences of autoacidification include an acidified pHi followed
by damage to various macromolecules [22]. The stability of pHi causes the intracellular
physiological metabolic activities to be normal, and the decrease in the pHi also indicates
that metabolic disorders have occurred in the cells [23,24]. Therefore, it can be inferred
that, before 24 h, the cells can normally resist environmental autoacidification, but after
that, the acid-resistant response system within the cells begins to gradually collapse. This
is consistent with the previous results.

3.2.2. Intracellular ATP Concentration and H+-ATPase Activity

The intracellular ATP concentration and the H+-ATPase activity of S. albulus are very
important for responding to autoacidification. The proton-translocation H+-ATPase can
pump intracellular protons to extracellular by consuming ATP so that pHi can be regulated
and maintain a steady state in the acidic environment [3]. As shown in Figure 5, the
intracellular ATP contents and H+-ATPase activities of the three strains first increased and
then decreased. During 12–24 h, the cell growth was decelerated by the rapid decline of the
environmental pH (Figure 2a), which led to the reduced intracellular ATP consumption
resulting in its accumulation in the cells [16]. Meanwhile, intracellular H+-ATPase’s activ-
ities were increased. Likewise, the H+-ATPase expression was up-regulated in response
to acid stress caused by Lactococcus lactis MG1363 to maintain the dynamic balance of
pHi [25]. Therefore, the cells maintained higher H+-ATPase activities and intracellular ATP
concentrations so that the intracellular protons could be effectively pumped out of the cells
to maintain the pHi stability. In addition, ATP can not only provide energy for H+-ATPase
to pump H+ but can also participate in ε-PL biosynthesis. When the intracellular ATP
accumulated to a certain threshold, the activity of ε-PL synthase (Pls) was activated [16].
Additionally, many ATP provided sufficient energy for ε-PL production, which was also
consistent with the results of Figure 2b. After 24 h, the cell growth stopped due to the
sustaining acid stress (about pH 3.0) (Figure 2a), and the ATP production was greatly
diminished. Meanwhile, more ATP was used to combat the pHi crisis and ε-PL production
proceeding, so the intracellular ATP pool was rapidly consumed. Similarly, the H+-ATPase
activity of the three strains also began to decrease after 24 h, which was because of the
energy supply lacking [26].

Figure 5. Changes in intracellular ATP concentration (a) and H+-ATPase activity (b) in batch fer-
mentations by the original and evolutional strains. Error bars indicate standard deviations (n = 3).
Statistical significance is denoted by different letters above or below bars at each time point (p≤ 0.05).
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The ATP contents and H+-ATPase activities of the acid-tolerant mutants were observed
to be higher than those of the original strain in the same fermentation period. Additionally,
the change trends of the ATP contents and H+-ATPase activities of the three strains were
also consistent with those of the pHi in Figure 4. In conclusion, the results showed that in-
tracellular ATP concentrations and H+-ATPase activities are very important for maintaining
the pHi.

In addition, the change processes of the intracellular ATP concentration and H+-ATPase
activity of S. albulus QLU58 and its mutants are consistent, which indicates that the acid-
tolerant mutant has the same acid-tolerant response in this respect, and that improving the
acid tolerance will only reduce the damage caused by acid stress but not change the result
of the damage.

3.2.3. Intracellular Amino Acid Content

Intracellular amino acids are an important factor in protecting microbial cells against
acid stress [27]. When microorganisms are surrounded by an acid environment, they can
simultaneously consume intracellular H+ through amino acid metabolism and produce
NH3 [15]. In previous studies, arginine, glutamate, lysine, aspartate, and alanine have
been frequently mentioned to play positive roles in treating acidic environments [4,28], and
variations in the contents of the five amino acids can partly reflect the response process of
cells to the acidic environment.

Arginine is an alkaline amino acid that can be converted to ATP and NH3 by the
arginine deaminase (ADI) system [23,29]. ATP could be used to pump out the intracellular
proton, and NH3 could combine H+ to generate NH4

+. In addition, some studies have
shown that alkaline lysine can consume intracellular H+ by the action of lysine decar-
boxylase [30]. Therefore, the accumulation of intracellular arginine and lysine contents
under acid stress was beneficial for stabilizing the pHi [30,31]. As shown in Figure 6a,b,
the arginine and lysine contents of the three strains increased before 24 h and then began
to decrease. This showed that the strains accumulate intracellular arginine and lysine to
combat the decline in environmental pH at the initial stage of fermentation. After 24 h, cell
growth ceased (Figure 2a), and the rate of intracellular arginine and lysine production was
slower than that of the consumption, so the arginine and lysine contents began to decrease.
The changes in pHi also proved that the intracellular arginine and lysine contents were
closely related to autoacidification’s resistance in S. albulus (Figure 4).

Figure 6c shows that the intracellular glutamate contents of the three stains increased
to the maximum at 18 h and then were rapidly consumed because of the aggravation
caused by the acid stress. When faced with acid stress, extracellular glutamate is trans-
ported into the intracellular cytoplasm, and converted to γ-aminobutyrate (GABA) and
CO2 by glutamate decarboxylase (GAD), which is accompanied by intracellular proton
consumption. Consequently, the intracellular acidification slows down [24,32]. Moreover,
less acidic GABA is released extracellularly by the antiporters, which can contribute to
environmental alkalinization [33]. The GAD system has been found to play an important
role in pHi homeostasis in many different bacteria [3,30].

As shown in Figure 6d,e, intracellular aspartate and alanine were gradually consumed
during autoacidification. Aspartate can be converted to arginine accompanied by the
formation of NH3 [22,23,34]. Moreover, aspartate can form alanine by consuming intra-
cellular H+ [18]. Alanine has been reported to resist adverse environmental factors by
participating in synthesizing peptidoglycan and phosphoteichoic acid on the bacterial cell
wall [35]. Likewise, Boyd et al., found that the loss of alanine leads to an increase in the
acid sensitivity of Streptococcus [36]. Therefore, the consumption of intracellular aspartate
and alanine can help cells to cope with extracellular acid stress.
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Figure 6. Changes in arginine (a), lysine (b), glutamate (c), aspartate (d), and alanine (e) in batch
fermentations by the original and evolutional strains. Error bars indicate standard deviations (n = 3).
Statistical significance is denoted by different letters above or below bars at each time point (p≤ 0.05).

Compared with the original strain QLU58, the mutants AAE43 and AAE89 had
higher contents of the five amino acids. In addition, lysine, glutamate, and aspartate were
precursors for the biosynthesis of ε-PL [37,38]. The acid tolerance and ε-PL production of
the acid-tolerant mutants are indicated to be better than those of the original strain.

Regulating intracellular amino acid synthesis and metabolism is a proven important
means for bacteria to resist acid stress, as it can effectively aid their survival in acidic
environments [25,30,32]. Previous studies on the resistance of S. albulus to acid stress
through intracellular amino acid levels mainly focused on the analysis of amino acid
production under a certain pH but did not explore amino acid content changes in the whole
process [4]. From our analysis of the changes in the above five amino acids, the synthesis
and metabolism level changes in intracellular acid-resistant amino acids were consistent
with the changes in the pHi, which indicated that these amino acids were obviously
regulated by the pHi. Furthermore, the content of amino acids in acid-tolerant mutants
is higher, which also indicates that these amino acids play a certain role in resistance to
autoacidification.

3.3. Changes in Cell Membrane Fatty Acids

The cell membrane is an essential defensive barrier against various environmental
stresses [39]. The unsaturated and saturated fatty acid ratio (U/S ratio) and the chain
length of membrane fatty acids, which affect the cell membrane’s fluidity and stability,
were regulated to improve survival in acidic environments [40]. To explore the dynamic
responses of the cell membrane during autoacidification, the alteration of the fatty acid
composition was studied (Table S2).
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The U/S ratio of the cell membrane gradually increased with the environment’s
acidification (Figure 7a). An increased proportion of unsaturated fatty acids can improve the
cell membrane’s fluidity, which is beneficial for combating acid stress [21,41–44]. A previous
study showed that higher content of unsaturated fatty acids can enhance phospholipids’
elasticity and facilitate substances transport [45]. Long-chain fatty acids more easily span
the membrane bilayer and form hydrophobic interactions with other lipids and proteins,
thus resulting in the cell membrane having a more compact and stable structure [46]. Short-
chain fatty acids can increase the cell membrane’s fluidity, which is beneficial for substance
transport and energy metabolism [47]. However, the shorter chain length of fatty acids
would reduce the cell membrane’s stability, meaning cell death would occur more easily in
an extreme environment [4]. As shown in Figure 7b, the mean chain length of fatty acid
increased from 12 to 18 h and then continuously decreased. It is indicated that the mean
chain length of the fatty acids increased in the primary stage of autoacidification to enhance
the cell membrane’s stability. As the degree of acid stress deepened in the late stage of
autoacidification (after 18 h), the mean chain length of the fatty acids decreased to enhance
the cell membrane’s fluidity and facilitate proton transport. However, the decrease in the
fatty acid chain length would reduce the cell membrane’s stability, meaning cell death
would occur more easily at this stage (Figure 2a).

Figure 7. Changes in the cell membrane unsaturated and saturated fatty acid ratio (a) and mean
chain length (b) in batch fermentations by the original and evolutional strains. Error bars indicate
standard deviations (n = 3). Statistical significance is denoted by different letters above or below bars
at each time point (p ≤ 0.05).

Regulating the membrane fatty acid composition and chain length is an important
adaptation mechanism for bacterial pathogens to survive under environmental stresses
such as acid adaptation, ethanol shock, and osmotic stress [6,40,44]. From the above results,
the acid-resistant response mechanism of cell membranes is shown to be up-regulated, and
the decrease in the pHi to not significantly inhibit this mechanism. In addition, previous
studies on cell membrane fatty acids’ chain lengths are limited to the fatty acid chain
length’s final change [4,46]. However, we found that the cell membrane function is different
under different pHi states, so the fatty acid chain length varies with the pHi. Furthermore,
in the same fermentation period, the U/S ratio and mean chain length of the mutants
were always higher than those of the original strain. This indicated that the mutants’ cell
membranes were better able to withstand acid stress.
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3.4. Comparisons of the Transcriptional Level of Key Genes between Original and Mutational
Strains during Autoacidification

To further disclose the transcription differences in genes related to acid resistance
and ε-PL production, the qRT-PCR analysis of four genes (atpB, gadA, arcA, and pls) were
compared between the original strain QLU58 and the acid-tolerant mutant AAE89 at 48 h.

The atpB, gadA, arcA, and pls encode the subunit B of F1F0 ATP synthase, glutamate
decarboxylase, arginine deaminase, and Pls, respectively. As shown in Figure 8, as com-
pared with QLU58, the transcription levels of atpB, gadA, arcA, and pls in AAE89 were
up-regulated by 4.64 ± 1.01, 2.65 ± 0.79, 5.29 ± 1.24, and 7.86 ± 0.37 folds, respectively.
The up-regulation of the gene transcription levels indicated that the ATP generation, GAD,
ADI, and ε-PL synthesis pathways in the mutants were remarkably strengthened, which
was in accordance with the physiological performance.

Figure 8. Comparisons of quantitative RT-PCR of four genes (atpB, gadA, arcA, and pls) in batch
fermentations by S. albulus AAE89 and S. albulus QLU58 at 48 h. Error bars indicate standard
deviations (n = 3). Statistical significance is denoted by * (p ≤ 0.05).

4. Conclusions

Based on the above results, the dynamic responses of S. albulus QLU58 and its acid-
tolerant mutants to autoacidification were preliminarily proposed. In the process of au-
toacidification, the metabolic activities of the strains were inhibited step by step. In the
initial stage of autoacidification (before 24 h), the strains employed a series of stress re-
sponses to resist this negative effect. The cell membrane’s stability was enhanced, thus
maintaining its normal physiological function. The pHi maintained homeostasis and main-
tained the normal physiological activities of S. albulus. In the post-autoacidification stage
(after 24 h), the acid stress was severe (environmental pH ~3.0). The cell membrane’s fluid-
ity was further enhanced to retain its function. Instead, the cell membrane’s stability was
reduced. Concomitantly, the intracellular ATP and amino acids were rapidly consumed to
alleviate the pHi crisis. Nevertheless, it was becoming increasingly difficult for cells to resist
acid stress, the pHi began to decrease, and the cell death surpassed the growth. In addition,
the acid-tolerant mutants exhibited better performances during autoacidification, which
also confirmed that pHi maintenance and changes in the membrane fatty acid composition
were effective approaches for S. albulus to combat acid stress. Analyzing the dynamic
responses of S. albulus to acid stress in relation to original and acid-tolerant strains is novel
and may provide new strategies to enhance ε-PL production.
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