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1.  Introduction

Global warming has given rise to a series of consequences, 
including elevated temperatures, alterations in precipitation patterns, 
and fluctuations in solar radiation[1]. Consequently, these changes have 
led to noticeable variations in grape composition. Specifically, there 
has been an increase in sugar content and a decrease in acidity levels[2]. 
Alcoholic fermentation (AF) during winemaking converts the sugar in 
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grape berries into ethanol in wines, and malolactic fermentation (MLF) 
initiated by lactic acid bacteria (LAB) usually follows AF[3]. This 
shift in grape berries has brought about a significant challenge in the 
form of excessive ethanol levels in wine, which poses a substantial 
threat to the growth of LAB during MLF[3]. The extent of cellular 
damage induced by ethanol primarily hinges on the concentration of 
ethanol that permeates the cell membrane[4]. Ethanol’s toxicity as an 
organic solvent to LAB predominantly manifests as the disruption of 
cell membranes. The intrusion of ethanol into these membranes can 
influence the performance of crucial enzymes involved in bacterial 
metabolism by altering membrane structure and compromising 
membrane integrity[5].

In recent years, there has been a surge of interest in the 
development of innovative MLF strains. Recent investigations 
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have shown that Lentilactobacillus hilgardii is one of the novel 
MLF strains adapted to low-acid, high-ethanol environments. 
For example, L. hilgardii FLUB exhibited a higher resistance 
to elevated concentrations of ethanol (18%) and sugar (25%) 
compared to control strains[6]. Meanwhile, L. hilgardii LMG 7934 
also exhibited the broader adaptive capacity than other bacterial 
strains[7]. L. hilgardii Q19 represents an indigenous LAB strain 
that was meticulously isolated and purified from Ningxia wine 
region. This strain had demonstrated remarkable resilience to 
adverse conditions. It was able to tolerate 19% (V/V) ethanol, 
which clearly exceeded the ethanol tolerance of commercial MLF 
starters (around 15% (V/V)). Notably, after MLF by the direct vat 
set starter made from L. hilgardii Q19 also brought wines with a 
richer variety and larger quantities of aromas than the commercial 
control, exhibiting outstanding winemaking characteristics[8]. 
Thus, L. hilgardii Q19 can be regarded as a potential candidate for 
the new generation of MLF starter in high alcohol wine. Based on its 
notable adaptation to high ethanol concentrations, L. hilgardii Q19  
is postulated to possess unique physiological mechanisms for 
mitigating ethanol-induced cellular damage. However, the 
complex mechanism behind the L. hilgardii Q19 ethanol tolerance 
is still unknown. Therefore, clarifying the coping mechanism of  
L. hilgardii Q19 under ethanol stress is crucial to understanding 
the microbial  response mechanisms to adversi ty  and the 
construction of stress-tolerant strains.

In this study, both phenotypic and transcriptome analysis were 
carried out, the key metabolic pathways and corresponding genes 
involved ethanol stress response were mined. Initial validations of 
gene functionalities, shedding light on their potential contributions 
to ethanol tolerance were analyzed. The main metabolic pathways 
screened by transcriptome analysis can provide specific research 
directions for the stress resistance of LAB. We can also improve the 
efficiency of MLF under wine adversity by using genetic engineering 
strains. These works not only comprehensively revealed the molecular 
mechanism of L. hilgardii Q19 response to ethanol stress, but also 
offered an essential insight on enhancing the ethanol tolerance 
capabilities of LAB.

2.  Materials and methods

2.1  Experimental strains and culture conditions

L. hilgardii Q19 cultivation: L. hilgardii Q19, an indigenous 
LAB strain, was isolated from Ningxia, China. This strain 
underwent ethanol stress treatment at concentrations of 15%, 17%, 
and 19% (V/V). The 19% ethanol concentration was selected for 
further experiments due to its high tolerance level. For cultivation,  
L. hilgardii Q19 was inoculated in MRS broth, supplemented with 
20% (V/V) apple juice, and incubated at 37 °C. The viability of the 
bacteria was assessed using standard plate counting. The experiment 
was carried out in triplicate.

Escherichia coli MC1061 for plasmid cloning: E. coli MC1061 
was employed as the cloning host for plasmid construction. Cultures 
of E. coli MC1061 were grown in Luria-Bertani (LB) broth at 37 °C.

Lactococcus lactis NZ9000 cultivation: the standard host strain, 
L. lactis NZ9000, was statically cultured in M17 broth (sourced from 
Qingdao Haibo, China), enriched with 0.5% glucose (GM17), at a 

temperature of 30 °C. Chloramphenicol was added to the medium at a 
concentration of 10 μg/mL.

2.2  Physicochemical index

Physicochemical indices, including H+-ATP, Na+/K+-ATP, Ca2+/
Mg2+-ATPase activity, glutathione content, superoxide (SOD) 
dismutase activity, and intracellular reactive oxygen species (ROS) 
content, along with measurements of cell membrane fluidity and cell 
membrane integrity, were determined and assessed by referring to 
the kit instructions from Solarbio (Beijing, China) and following the 
methodologies outlined[9-10].

2.3  Transcriptome sequencing and data analysis

Total RNA extraction from L. hilgardii Q19 was carried out in 
accordance with the manufacturer’s instructions using the RNA prep 
Pure Total RNA extraction kit (DP430, Tengen, Beijing, China). Two 
distinct groups including, the control group, consisting of L. hilgardii 
Q19 grown under no ethanol stress conditions, and the test group, 
comprising L. hilgardii Q19 cultivated under 19% (V/V) ethanol 
stress conditions were studies. Samples were collected during 
the logarithmic growth phase at 24 h, and bacterial bodies were 
harvested. Each treatment consisted of 3 independent biological 
replicates. Subsequently, the test samples were submitted to 
Novozymes (Beijing, China) for transcriptome sequencing and 
further data analysis.

2.4  Construction of overexpression vectors and functional 
verification of the key genes

2.4.1  Construction of overexpression vector

L. hilgardii Q19 DNA was extracted using the bacterial genomic 
DNA rapid extraction kit (Bacterial Genomic DNA Isolation Kit, 
Generay Biotech Co. Ltd., Shanghai, China). L. hilgardii Q19 DNA 
was used as a template, Primer Premier 5.0 was used to design the 
primers. Full-length target genes were amplified using PCR (Tables 
1 and 2). Gel extraction kit D2500 (Omega Bio-Tek, Guangzhou, 
China) was used to extract and purify the cut bands. The isolated 
genes were then transformed to pNZ8148 plasmid (Miaoling Biology, 
Wuhan, China), cloned into the MC1061 high-efficiency competent 
cells and cultured on ampicillin (50 μg/mL) containing LB medium. 
Three colonies were chosen based on the electrophoresis profile of 
colony PCR products using gene specific pair of primers (Table 3) 
and sequenced by Shanghai Sangon Bio-Tech (Shanghai, China). 

Table 1 
Target gene full-length amplification system.

Reagents Volume (μL)

HiFi TransTaq DNA Polymerase 0.5

HiFi TransTaq DNA Polymerase buffer 5.0

dNTPs 2.0

Forward Primer 0.5

Reverse Primer 0.5

DNA 1.0

ddH2O 15.5
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The single enzyme digestion reaction system (Table 4) was 
introduced into 0.2 mL PCR tubes and thoroughly blended. 
Subsequently, enzyme digestion was executed at 37 °C for a duration 
of 4 h. Following the completion of enzyme digestion, the reaction 
mixtures were subjected to agarose gel electrophoresis. The linearized 
plasmid was then isolated using a gel recovery kit and subsequently 
stored at –20 °C for future use.

Single colonies grown on LB solid plates containing 10 μg/mL 
chloramphenicol were individually collected and dissolved in 
100 μL of sterile water. All isolated single colonies underwent 
colony PCR to initially confirm their status as positive clones. The 
colony PCR system followed the specifications outlined in Table 5,  
and the amplification reaction conditions were referenced from 
Table 2. The positive clone strain harboring the target gene was 
streaked onto chloramphenicol resistance plates containing 25 μg/mL  
chloramphenicol. Single colonies were picked for overnight 
incubation at 37 °C, followed by plasmid extraction and digestion 
with the pstI restriction endonuclease for 30 min at 37 °C, as detailed 
in Tables 4 and 6. Finally, the positively sequenced clones were 
mixed with a bacterial solution in a 1:1 ratio with 50% glycerol and 
stored at –80 °C for future use.

Positive clone strains with confirmed sequencing results were 
selected for plasmids pNZ8148, pNZ8148-pyk, pNZ8148-gntK, and 
pNZ8148-glpK. L. lactis NZ9000 culture, stored at –80 °C, was 
thawed on ice. Subsequently, 100 μL of bacterial solution was evenly 

Table 2 
Reaction conditions of PCR amplification.

Point Cycle number Temperature Time

Initial Denaturation 1 94 ℃ 5 min

Denaturation

30
94 ℃ 30 s

Annealing pyk 52 ℃/gntK 53.7 ℃/glpK 48 ℃ 30 s
Extension 72 ℃ 30 s

Extension 1 72 ℃ 7 min

Table 3 
Primers of target gene.

Name Primer Sequence（5′-3′） Length

pyk

F: cactcaccatgggtactgcag
ATGAAGAAAACTAAGATCGTAAGTACATTG

1 815 bp
R: agtggtaccgcatgcctgcag

TTATAGTGAGCTTGAAGCACCGTG

gntK

F: cactcaccatgggtactgcag
GGTGTATTTTCAGATTCGAAAACCG

1 650 bp
R: agtggtaccgcatgcctgcag

TTATTTCCCCGAGAAATCATCTTC

glpK

F: cactcaccatgggtactgcag
ATGCTTACTGATAGACCAAAATATGTACTT

1 545 bp
R: agtggtaccgcatgcctgcag

TTAAATCTTTGTTAATTTATATGCCCTTG

Note: Lowercase portion is the homology arm of plasmid pNZ8148, underlined portion 
is the pstI cleavage site, and uppercase portion is the primer for the target gene.

Table 4 
Single enzyme digestion reaction system of pNZ8148.

Reagents Amount

DNA 1.0 μg

10 × CutSmart 5.0 μL

PstI-HF 1.0 μL

ddH2O to 50 μL

spread onto GM17 solid plates containing varying concentrations 
of chloramphenicol (5, 10, 20 μg/mL), as well as plates with no 
chloramphenicol, and incubated in an inverted position at 30 °C 
overnight.

Table 5 
Colony PCR amplification system.

Reagents Volume (μL)

HiFi TransTaq DNA Polymerase 0.5

HiFi TransTaq DNA Polymerase buffer 5.0

dNTPs 2.0

Forward Primer 0.5

Reverse Primer 0.5

DNA 1.0

ddH2O 15.5

Table 6 
Connection system between target gene and linearized pNZ8148.

Reagents Amount

pNZ8148 fragment 150 ng

Target gene fragment 75 ng

5 × buffer 4 μL

NovoRec® Plus diastase 1 μL

ddH2O add to 20 μL

2.4.2  Nisin induces protein expression of key genes in  
L. lactis NZ9000

The positive clones were cultured in 100 mL GM17 medium 
supplemented with 10 μg/mL chloramphenicol at a 2% (V/V) 
inoculum concentration following GM17 activation. Cultures were  
incubated at 30 °C, and the optical density at 600 nm (OD600 nm) 
was monitored at 30 min intervals. Upon reaching an OD600 nm of 
approximately 0.3–0.4, 10 μL of Nisin at a concentration of 50 μg/mL 
was added to induce protein expression, and a growth curve was 
subsequently plotted.

For L. lactis NZ9000-pNZ8148, L. lactis NZ9000-pNZ8148/gntK, 
L. lactis NZ9000-pNZ8148/pyk, and L. lactis NZ9000-pNZ8148/
glpK strains, cultures were prepared, and 50 mL of bacterial solution 
was collected for Nisin-induced target gene expression. Bacterial 
bodies were harvested via centrifugation at 5 000 × g and 4 °C for 
10 min. The bacterial pellets were resuspended in 1 × PBS solution, 
supplemented with 3 mg/mL lysozyme, and maintained at 37 °C for 
30 min, with intermittent shaking to ensure thorough contact between 
the lysozyme and bacteria. Following the incubation period, bacterial 
cells were subjected to ultrasonication using an ultrasonic crusher 
under the following conditions: 300 W power, 5 s ultrasonication, 5 s 
pause, and a total duration of 30 min. After ultrasonication, bacteria 
were collected by centrifugation at 5 000 × g and 4 °C for 10 min. 
The resulting supernatant represented the crude extract. Protein 
content was quantified, and 10× loading buffer was added before 
boiling for 5 min and freezing at –20 °C. Subsequently, the samples 
were undergoing SDS-PAGE. After electrophoresis, the separator gel 
was stained with Thomas Brilliant Blue (Beyotime Biotechnology, 
Shanghai, China) rapid staining solution and subsequently decolorized 
using distilled water. Bands were observed to confirm induced protein 
expression.
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2.4.3  Gene functional analysis under ethanol stress

For the positive clone strain, a 50 mL culture was inoculated 
at a 2% (V/V) inoculum concentration after GM17 activation and 
incubated at 30 °C until reaching an OD600 nm of approximately 0.3–0.4. 
Protein expression was induced by adding 5 μL of 50 μg/mL Nisin. 
After an additional incubation for 3 h, cells were transferred to 10 mL 
of GM17 liquid medium containing 10 μg/mL chloramphenicol, 1 μL 
of 50 μg/mL Nisin inducer, and various concentrations of anhydrous 
ethanol (4%, 8%, 10%, 12%, and 14% (V/V)) at a 2% (V/V) inoculum 
size. Cell survival was determined after 3 h of exposure to the ethanol 
stress. The viability of the bacteria was assessed by using standard 
plate counting, and was calculated as equation (1). The experiment 
was carried out in triplicate.

Survival rate (%) = 

Number of viable bacteria under ethanol – free stress

Number of viable bacteria under ethanol stress
× 100             (1)

3.  Results and discussion

3.1  Physical and chemical indicators analysis

3.1.1  Growth curve of L. hilgardii Q19 under ethanol stress

L. hilgardii Q19 was inoculated into MRS medium containing 
different concentrations of ethanol, and the viable cell count was 
determined during 0–120 h. As shown in Fig. 1, L. hilgardii Q19 
started to enter the logarithmic phase at 3 h under no ethanol stress, 
with the fastest growth rate at 24 h. The viable cell counts reached 
the maximum and the stationary phase was reached at 120 h. Under 
15% and 17% (V/V) ethanol stress, L. hilgardii Q19 showed a 
certain degree of decrease in viable counts at 3 h. Since 24 h, the 
strains gradually adapted to the stress environment. The viable cell 
counts increased steadily and reached the maximum value at 120 h. 
Under 19% (V/V) stress, the number of L. hilgardii Q19 decreased 
significantly at 24 h but remained stable after 48 h, indicating that  
L. hilgardii Q19 has a response mechanism to cope with ethanol stress.

3.1.2  Cell membrane permeability

As shown in Fig. 2A, ethanol had a significant effect on the H+-
ATPase activity of L. hilgardii Q19. Compared to the control group, 
the activity of H+-ATPase under 19% (V/V) ethanol exhibited a 
significant reduction of 71.0%, 75.2%, and 65.9% during different 
growth periods (3, 24, and 120 h, respectively). H+-ATPase 
plays an important role in maintaining cellular homeostasis and 
aiding transport of substances across membranes under stress 
conditions[11]. Some authors who have worked with LAB have shown that 
the intracellular H+-ATPase activity is usually decreased under stress[12-14].

Furthermore, Na+/K+-ATPase activity exhibited significant 
differences (P < 0.05) between the 19% (V/V) ethanol stress and 
the no-stress environment at both 3 and 24 h (Fig. 2B). Specifically, 
Na+/K+-ATPase activities decreased by 46.3% and 37.1% under stress 
conditions compared to their unstressed counterparts, respectively. 
The activity of Na+/K+-ATPase of L. hilgardii Q19 was decreased 
under ethanol stress and Na+/K+ ion transport was affected. The 
osmotic pressure inside and outside the cell membrane is altered, 
causing cellular damage. It also affects the coupling of ATP to 
ADP, which influences strain survival by altering intracellular 
ATP supply. Although the control group was lower than the 
experimental group at 120 h, the data were not significantly 
different. Under 19% (V/V) ethanol stress, the activity of Ca²⁺/
Mg²⁺-ATPase slightly increased by 0.05% after 3 h, but decreased 
by 0.06% and 0.24% after 24 h and 120 h, respectively (Fig. 2C). 
These changes were not statistically significant when compared 
to the stress-free environment, so ethanol stress may not have 
affected the exchange of Ca2+ and Mg2+ ions. 

Collectively, these results underscore the susceptibility of H+-ATPase 
and Na+/K+-ATPase activity to ethanol-induced toxicity, leading 
to a reduction in enzyme activity. This reduction subsequently 
impacts the transport of Na+ and K+ ions across the cell membrane, 
influencing osmotic pressure dynamics within and outside the 
cell membrane[11,15]. Consequently, these alterations contribute to 
cellular damage and inhibition of bacterial growth.

3.1.3  Antioxidant system

SOD enzyme activity was slightly reduced under ethanol 
stress conditions at 3 and 24 h (Fig. 2D). However, SOD activity 
decreased more during the growth stabilization period (120 h), 
indicating a more pronounced impact on SOD enzyme activity 
in prolonged ethanol stress conditions. Several studies have 
indicated that enhancing SOD expression is an effective method to 
increase cell survival rate under H2O2 stress[16-17]. However, there 
are relatively few studies on SOD enzyme activity under ethanol 
stress. In our case, the change in SOD enzyme activity was not 
significant, so SOD may not serve as the primary pathway for 
oxygen radical scavenging in the ethanol stress environment.

Glutathione is a non-protein thiol compound which can protect 
probiotics from different stresses[18-20]. The analysis of intracellular 
glutathione content revealed the highest levels of glutathione 
content were observed in both groups of L. hilgardii Q19 samples 
at the 24-h mark (Fig. 2E). Additionally, after 3, 24, and 120 h  
of ethanol stress, the intracellular glutathione content was Fig. 1  Growth curve of L. hilgardii Q19 under ethanol stress.
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significantly elevated, reaching 3.76, 5.26, and 5.04 times of 
the control group, respectively. However, it is important to note 
that the glutathione content remained relatively low in both the 
experimental and control groups. This is primarily attributed to the 
fact that some LAB lack the inherent ability to synthesize glutathione 
independently and rely on external sources for its acquisition[21]. 
Uptaking glutathione can enhance the resistance of LAB under stress 
conditions[22-23]. For instance, during wine fermentation, the addition 
of glutathione can help LAB adapt to the adversity of high ethanol 
concentration[23]. At the same time, glutathione can also regulate the 
color and flavor of the wine[24].

In general, low concentrations of ROS play a regulatory role in 
cellular functions, while excessive ROS can lead to oxidative stress-
induced damage to various biomolecules such as proteins, lipids, and 
nucleic acids[25-26]. The detection of 2′,7′-dichlorofluorescein (DCF) 
fluorescence can serve as an indicator of intracellular ROS levels, 
with higher fluorescence intensity corresponding to elevated ROS 
levels[27]. The results presented in Fig. 2F demonstrate that, across 
all 3 time periods, the fluorescence intensity of cells subjected to 
19% (V/V) ethanol stress conditions was significantly lower than that 
of the control group. This suggests that under stress conditions, the 
intracellular ROS content was lower. This observed phenomenon 
may be attributed to ethanol stress prompting increased cellular 
uptake of glutathione from the external environment[22]. Glutathione 
serves as a reducing agent that scavenges a portion of oxygen 
radicals, thereby reducing intracellular ROS content[28]. Notably, 
the lower fluorescence intensity observed at 3 and 24 h, compared 
to the 120-h time point, may be attributed to a decline in cellular 
metabolic capacity during the late stage of strain growth. This 
reduced capacity could lead to weakened extracellular substance 
exchange and the subsequent accumulation of intracellular ROS, 
resulting in elevated fluorescence intensity[25-26]. 

3.1.4  Cell membrane fluidity

In the evaluation of cell membrane fluidity using DPH[29], it 
was observed that fluorescence intensity significantly decreased 
under stress conditions, indicating a reduction in cell membrane 
fluidity (Fig. 2G). In agreement with our findings, multiple studies 
have shown that LAB can reduce cell damage by decreasing 
cell membrane fluidity[30-31]. However, stress conditions can also 
increase the membrane fluidity of LAB[32-33]. This suggests that the 
alteration of cell membrane fluidity in stressful environments 

is specific to different strains. Remarkably, the difference 
in fluorescence intensity between the 3 time periods was not 
statistically significant under ethanol stress. This suggestes that 
the impact on cell membrane fluidity commenced early in 
the stress induction and persisted throughout the experiment. 
This alteration in cell  membrane fluidity appears to be a 
rapid adaptive response triggered as cells enter the stress 
environment, indicative of an ongoing coping mechanism 
against ethanol stress[32,34].

3.1.5  Cell membrane integrity

The integrity of the cell membrane, as the first line of defense 
of microorganisms against adverse environments, directly affects 
cellular resistance[35]. Propidium iodide (PI) is a fluorescent molecule 
that binds to nucleic acids in cells to produce red fluorescence[36]. 
Higher fluorescence intensity indicates more serious cell membrane 
damage. As depicted in Fig. 2H, the fluorescence intensity of cells 
exposed to the ethanol stress environment consistently lower than 
that of the control group throughout the experiment. There were no 
statistically significant differences in fluorescence intensity between the 
experimental group and the control group at both 3 and 120 h (P < 0.05). 
In contrast, at the 24-h time point, the fluorescence intensity of the 
experimental group was significantly lower than that of the control 
group. During this phase, ethanol stress may have a notable impact 
on the cell membrane structure and thus may affect its function. This 
effect can be attributed to the relatively high rate of cell metabolism 
and the frequent exchange of substances both within and outside the 
cell during logarithmic growth period[37]. This result is consistent with 
the study of Tetragenococcus halophilus under ethanol stress[38]. After 
ethanol stress, cell shrinkage, volume reduction, and breakdown of 
cell membrane integrity were occurred in the cells.

Physical and chemical indicators analysis of L. hilgardii Q19 
showed that the cell membrane fluidity was reduced and the ability 
to exchange substances decreased under the stress environment. 
Th i s  i s  a  common fea tu re  o f  mos t  LAB in  response  to 
environmental stress[30-31]. Meanwhile, ethanol stress significantly 
increased cellular Glutathione uptake, scavenged of intracellular 
ROS, and reduced oxidative damage to the cells. This may be the 
main reason why L. hilgardii Q19 has a good ability to cope with 
19% (V/V) ethanol stress.

Fig. 2  (A) H+-ATPase activity of L. hilgardii Q19 under ethanol stress. (B) Na+/K+-ATPase activity of L. hilgardii Q19 under ethanol stress. (C) Ca2+/Mg2+-ATPase 
activity of L. hilgardii Q19 under ethanol stress. (D) SOD activity of L. hilgardii Q19 under ethanol stress. (E) Intracellular glutathione content of L. hilgardii Q19 
under ethanol stress. (F) Intracellular ROS of L. hilgardii Q19 under ethanol stress. (G) Cell membrane fluidity of L. hilgardii Q19 under ethanol stress. 

(H) Cell membrane integrity of L. hilgardii Q19 under ethanol stress. *P ＜ 0.05, **P ＜ 0.01.
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3.2 Differential expression analysis of key metabolic pathways

3.2.1 Gene ontology (GO) annotation analysis of differentially 
expressed genes

The transcriptome data showed that 1 347 genes were differentially 
expressed in L. hilgardii Q19 under 19% ethanol stress compared to 
no stress, of which 680 genes were up-regulated and 667 genes 
were down-regulated (Fig. 3). The up-regulated differentially 
expressed genes showed a significant enrichment (Fig. 4A), mainly 
in the structural composition of ribosomes, ribonucleoprotein 
complex, cellular protein metabolism process, protein metabolism 
process and amide biosynthesis process. The down-regulated 
differential genes were mainly in galactosidase activity, structural 
composition of the cytoskeleton, carbohydrate metabolism process 
and protein-lipid complexes (Fig. 4B).

Fig. 2 (Continued)
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3.2.2 KEGG analysis of differentially expressed genes

Multiple aspects of L. hilgardii Q19 change together in response 
to ethanol stress, rather than being simply regulated by a single gene. 
The main KEGG pathways shown in Fig. 5 are ABC transporter 
(Ibr02010), pentose phosphate pathway (Ibr00030), two-component 
system (02020), arginine and proline metabolism (00330), glutathione 
metabolism (00480), pyruvate metabolism (Ibr00620).

3.2.2.1  Changes in ABC transporters metabolic pathway

The superfamily of ABC transporter proteins is ubiquitous across all 
domains of life, playing a pivotal role in a myriad of biological processes. 
These proteins utilize ATP to translocate a diverse array of substrates, 
ranging from ions to proteins, across cellular membranes[39]. ABC 
transporter proteins are instrumental in bacterial survival and adaptation 

Fig. 3  Volcano plots of the gene expression profile in Q19-19% ethanol vs. Q19-0% ethanol.
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Fig. 4  GO enrichment analysis of differentially expressed genes. The ordinate is the enrichment of the GO term, and the horizontal axis is the number of different 
genes in the term. (A) Up-regulated expressed genes; (B) down-regulated expressed genes.

under different environmental stress[40-44]. In the ABC transporters 
metabolic pathway (Table 7), pstB (GQR93_RS14410), pstA (GQR93_
RS09185), pstS (GQR93_RS14425) and pstC (GQR93_RS09190) were 
significantly down-regulated under 19% (V/V) ethanol stress. PstB 
is the ATP-binding component and PstA/PstC are two hydrophobic 
subunits of phosphate permease belonging to the ABC transporter protein 
family[45-46]. They bind ATP to release energy and participate in carbon 
metabolism, nitrogen metabolism to maintain cellular homeostasis[47]. 
The down-regulation of pst genes may be due to the slower metabolism 
of L. hilgardii Q19 under ethanol stress condition.

3.2.2.2  Changes in pentose phosphate pathway

In the pentose phosphate pathway (Table 8), a notable decrease 
was observedin the transcription of gntK (GQR93_RS10480) and 
gndA (GQR93_RS13035), which are involved in gluconate transport 
and phosphorylation and encoding of primary 6-phosphate-gluconate 
dehydrogenase, respectively. Conversely, eda (GQR93_RS13035), 
associated with the ED pathway, are increased. This upregulation 
indicates the shortest route to synthesizing pyruvate from gluconate is 
active[48]. Ribulose-5-phosphate isomerase A (RpiA) is a key enzyme 

Table 7 
ABC transporters metabolic pathway gene expression changes.

Gene number Relative expression Gene name Description of gene function

GQR93_RS03110 1.125 1 – Iron ABC transporter permease

GQR93_RS11340 –1.18 – Amino acid ABC transporter ATP-binding protein

GQR93_RS11685 3.673 2 – Spermidine/putrescine ABC transporter substrate-binding protein

GQR93_RS00210 1.421 8 – Carbohydrate ABC transporter permease

GQR93_RS14410 –3.192 2 pstB Phosphate ABC transporter ATP-binding protein

GQR93_RS10600 2.784 – Proline/glycine betaine ABC transporter permease

GQR93_RS10605 2.311 – Glycine betaine/L-proline ABC transporter ATP-binding protein

GQR93_RS09185 –2.634 1 pstA Phosphate ABC transporter permease PstA

GQR93_RS10265 1.327 6 cydD Thiol reductant ABC exporter subunit CydD

GQR93_RS03105 1.007 2 – Iron chelate uptake ABC transporter family permease subunit

GQR93_RS07320 3.566 7 – ABC transporter permease

GQR93_RS02325 –1.334 5 sufC Fe-S cluster assembly ATPase SufC

GQR93_RS00610 2.346 5 – Amino acid ABC transporter permease

GQR93_RS14425 –2.586 2 pstS Phosphate ABC transporter substrate-binding protein PstS family protein

GQR93_RS11675 1.048 8 potA ABC transporter ATP-binding protein

GQR93_RS08755 –3.913 9 – Peptide ABC transporter substrate-binding protein

GQR93_RS04300 1.784 3 – ABC transporter permease/substrate-binding protein

GQR93_RS12085 –4.193 5 – Energy-coupling factor transporter transmembrane protein EcfT

GQR93_RS12080 –4.151 8 – ATP-binding cassette domain-containing protein

GQR93_RS11820 2.187 7 – Transporter substrate-binding domain-containing protein

GQR93_RS09190 –2.415 3 pstC Phosphate ABC transporter permease subunit PstC

Note: “–”  indicates gene not yet named.
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Table 8 
Pentose phosphate pathway gene expression changes.

Gene number Relative expression Gene name Description of gene function

GQR93_RS10480 –2.510 9 gntK Gluconokinase

GQR93_RS13035 –2.756 2 gndA NADP-dependent phosphogluconate dehydrogenase

GQR93_RS13030 1.119 9 – Glucose-6-phosphate dehydrogenase

GQR93_RS13505 3.534 2 rpiA Ribose-5-phosphate isomerase RpiA

GQR93_RS05010 1.570 5 eda Bifunctional 4-hydroxy-2-oxoglutarate aldolase/2-dehydro-3-deoxy-phosphogluconate aldolase

GQR93_RS10590 –4.740 5 deoC Deoxyribose-phosphate aldolase

GQR93_RS12225 –2.248 7 – Lactonase family protein

GQR93_RS10585 –4.504 3 – Phosphopentomutase

GQR93_RS05805 –1.103 4 rbsK Ribokinase

GQR93_RS12865 1.197 9 gnd Decarboxylating 6-phosphogluconate dehydrogenase

GQR93_RS10155 –1.134 6 – Ribose-phosphate diphosphokinase

Note: “–” indicates gene not yet named.

Table 9 
Two-component system gene expression changes.

Gene number Relative expression Gene name Description of gene function

GQR93_RS14055 1.613 3 maeA NAD-dependent malic enzyme

GQR93_RS01355 –1.791 6 – Sensor histidine kinase

GQR93_RS00005 1.568 dnaA Chromosomal replication initiator protein DnaA

GQR93_RS12910 4.444 6 – HAMP domain-containing histidine kinase

GQR93_RS10275 –1.513 – Cytochrome ubiquinol oxidase subunit I

GQR93_RS10270 –1.516 9 cydB Cytochrome d ubiquinol oxidase subunit II

Note: “–”  indicates gene not yet named.

facilitating the conversion between ribulose-5-phosphate and ribose-
5-phosphate, pivotal in both the pentose phosphate pathway and the 
Calvin cycle[49]. Its function allows to produce ribose from various 
sugars and the salvage of sugars from ribonucleotide breakdown[50]. 
The pentose phosphate pathway is a crucial regulator of cellular 
reductive-oxidative (redox) balance and biosynthesis, traditionally 
recognized for supplying reducing power and ribose phosphate[49]. 
An increase in rpiA (GQR93_RS13505) and gnd (GQR93_RS12865) 
transcription signifies an active pentose phosphate pathway, 
suggesting that under stress conditions, the strain adapts by boosting 
NADPH production to maintain its energy metabolism.

3.2.2.3  Changes in two-component system pathway

The two-component system is a vital signaling mechanism present in 
both Gram-positive/negative bacteria, governing a range of physiological 
responses and metabolic processes[51]. In the two-component system 
pathway (Table 9), the gene GQR93_RS12910, which encodes HAMP 
domain-containing histidine kinase, was significantly up-regulated. 
The gene maeA (GQR93_RS14055), encoding NAD-dependent malic 
enzyme, was also up-regulated. In previous studies, genes regulating the 
two-component system are usually up-regulated under ethanol stress[52]. 
Meanwhile, Two-component system plays an important role in bacterial 
adaptation to adversity, including acid and oxidative tolerance[53-54]. It is 
believed that the diversity of two-component systems enhances bacterial 
survival and adaptation across different habitats[55]. Two-component system 
is a part of the bacterial quorum sensing (QS) apparatus[56]. The QS system 
protects the  LAB from stresses by regulating biofilm formation[57-58].

3.2.2.4  Changes in arginine and proline metabolic pathway

When LAB is exposed to abiotic stresses, the arginine deiminase 
(ADI) pathway is an important mechanism in response to stress[59-61]. 

Arginine is degraded to CO2, ornithine and ammonia mainly by ADI, 
ornithine carbamoyltransferase (OTC) and carbamate kinase (CK)[62]. 
The response of arcA, arcB, and arcC, which encode ADI, OTC, 
and CK, respectively, was demonstrated under ethanol stress[61]. The 
presence of these three genes was confirmed in Oenococcus oeni and  
L. hilgardii, suggesting that the ADI pathway can respond to 
stress[63]. In the arginine and proline pathway (Table 10), arcC and 
aguA decreased significantly.

3.2.2.5  Changes in glutathione metabolism pathway

Glutathione biosynthesis commences with the formation of a 
peptide bond between glutamate and cysteine, a reaction catalyzed by 
γ-glutamylcysteine synthetase (GshA)[64]. This step is followed by the 
bonding of γ-Glu-Cys to glycine, facilitated by glutathione synthetase 
(GshB). Within glutathione metabolism, glutathione peroxidase 
and glutathione reductase are key enzymes. The former catalyzes 
the oxidation of glutathione to glutathione disulfide (GSSG), while 
the latter restores glutathione from its oxidized state[65]. In a study 
by Margalef-Català et al.[23] cells cultured with glutathione showed 
higher survival rate when exposed to ethanol shock at a concentration 
of 4% (V/V). Analysis of transcriptomic data has revealed that genes 
involved in the glutathione metabolic pathway are consistently  
up-regulated (Table 11), suggesting an elevated glutathione uptake in 
response to ethanol stress. Enhancing the ability to take up glutathione 
can help L. hilgardii Q19 to better cope with ethanol stress.

3.2.2.6  Changes in pyruvate metabolic pathway

Pyruvate kinase plays a crucial role in cellular metabolism by catalyzing 
the transfer of a phosphate group from phosphoenolpyruvate to 
ADP, thereby producing ATP and pyruvate[66]. Pyruvate itself 
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Table 10 
Arginine and proline metabolism pathway gene expression changes.

Gene number Relative expression Gene name Description of gene function

GQR93_RS01340 –1.041 1 arcC Carbamate kinase

GQR93_RS12390 –1.193 5 codA Cytosine deaminase

GQR93_RS11805 –4.180 2 – Pseudogene

GQR93_RS11405 2.024 9 – Proline-specific peptidase family protein

GQR93_RS01375 –1.638 7 aguA Agmatine deiminase

Note: “–” indicates gene not yet named.

Table 11 
Glutathione metabolic pathway gene expression changes.

Gene number Relative expression Gene name Description of gene function

GQR93_RS01190 1.357 8 – Glutathione peroxidase

GQR93_RS05540 1.365 6 – γ-Glutamylcysteine synthetase

GQR93_RS12865 1.197 9 gnd Decarboxylating 6-phosphogluconate dehydrogenase

GQR93_RS13030 1.119 9 – Glucose-6-phosphate dehydrogenase

Note: “–”  indicates gene not yet named.

Table 12 
Pyruvate metabolic pathway gene expression changes.

Gene number Relative expression Gene name Description of gene function

GQR93_RS04365 1.108 6 – L-Lactate dehydrogenase

GQR93_RS06360 3.319 2 – Pyruvate oxidase

GQR93_RS07430 1.311 2 pyk Pyruvate kinase

GQR93_RS08460 1.048 5 – Acylphosphatase

GQR93_RS12490 1.983 77 ilvB Biosynthetictype acetolactate synthase large subunit

GQR93_RS12980 5.485 5 adhE Bifunctional acetaldehyde-CoA/alcohol dehydrogenase

GQR93_RS13110 2.757 9 – Thiolase family protein

GQR93_RS14055 1.613 3 maeA NAD-dependent malic enzyme

Note: “–”  indicates gene not yet named.

serves as a key juncture for numerous metabolic pathways. Analysis 
of transcriptome data reveals that pyk (GQR93_RS07430), adhE 
(GQR93_RS12980) and maeA (GQR93_RS14055) involved in the 
pyruvate metabolic pathway are up-regulated (Table 12), indicating 
enhanced efficiency of pyruvate metabolism in environments 
abundant in glucose and other sugars. The adhE gene has been linked 
to the thermal tolerance of LAB. The expression of this gene has led 

to significant improvements in survival, cellular hydrophobicity, and 
membrane integrity at elevated temperatures[67].

The key gene changes in different pathways suggest that multiple 
aspects of L. hilgardii Q19 act together in response to ethanol stress 
rather than a simple stress response regulated by a single gene. The 
ABC transporters play an important role in ion exchange and cell 
membrane production. At the same time, the pentose phosphate 
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Fig. 6  Key metabolic pathways of L. hilgardii Q19 under ethanol stress. The green box represented down-regulated genes and the red box indicated up-regulated genes.

pathway and pyruvate metabolism, which supply energy to the 
cell, were also significantly affected. Therefore, down-regulation 
of ion exchange and carbon source metabolism genes reduced cell 
membrane fluidity and the ability to exchange substances under 
stress. L-Glutamate, a metabolite in arginine and proline metabolism, 
also can direct participate in many other pathways (e.g. glutathione 
metabolism). The uptake glutathione ability of L. hilgardii Q19 was 
enhanced in response to ethanol stress through up-regulating genes in the 
glutathione metabolic pathway. In addition, the activities of H+-ATPase, 
Na+/K+-ATPase, Ca2+/Mg2+-ATPase were affected by down-regulating 
genes related to cation-transporting P-type ATPase (Table 13).

3.3  Functional validation of key genes

Ethanol stress, as an abiotic stress, causes changes in a variety of 
physiological responses in microorganisms, mainly including sugar 
metabolism, lipid metabolism, nitrogen metabolism and so on[9,38,61]. 
As an important carbon source for microbial life activities, the 
synthesis and metabolism of sugars affect the main energy supply[68]. 
The synthesis and metabolism of lipids mainly affect the formation 
of cell wall and cell membrane[69]. Therefore, key genes related to 
gluconeogenesis and lipid metabolism, including pyk, gntK and glpK, 
were further investigated (Fig. 6).

Table 13 
Expression of genes related to P-type ATPase.

Gene number Relative expression Description of gene function

GQR93_RS09595 1.810 8 Plasma membrane calcium-transporting ATPase

GQR93_RS12990 –0.097 741 Cation-translocating P-type ATPase

GQR93_RS06230 –2.772 3 Cation-transporting P-type ATPase

GQR93_RS01400 –1.976 3 Cadmium-translocating P-type ATPase

GQR93_RS12155 –0.335 77 HAD-IC family P-type ATPase

GQR93_RS07955 –0.009 827 2 Heavy metal translocating P-type ATPase

GQR93_RS05490 –1.853 Copper-translocating P-type ATPase
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In PCR amplification of key genes, a single band consistently 
appears at 1 815, 1 650 and 1 545 bp, aligning precisely with 
the anticipated size of the target gene (Fig. 7A). Importantly, 
the primers exhibit a high specificity, avoiding non-specific 
amplification, and the product concentration is notably robust. 
These characteristics facilitate efficient cutting and recovery 
processes. Upon isolating the pNZ8148 plasmid, a single enzyme 
digestion was performed using the pstI restriction endonuclease. 
Evaluation via 10% agarose gel electrophoresis confirms the 
exceptional quality of the extracted plasmid, showing no signs 
of degradation and presenting a distinct, solitary band. Post-
digestion, we observe a single band at 3 165 bp, a match in size 
without the emergence of any heterogeneous bands (Fig. 7B).  
This indicates the plasmid’s suitability for cutting and recovery 
procedures.

L .  lactis  NZ9000 failed to grow on GM17 plates with 
chloramphenicol, indicating that L. lactis NZ9000 is not resistant 
to chloramphenicol (Fig. 8). Therefore, the positive clones grown 
on resistant plates potentially carry the pNZ8148 plasmid. Both 
the empty plasmid and the target gene-carrying overexpression 
vector exhibit growth on 5 and 10 g/mL chloramphenicol-resistant 
GM17 plates. However, their growth ceases on 20 and 50 g/mL 

chloramphenicol-resistant GM17 plates, indicating an optimal 
concentration is 10 g/mL.

Subsequently, monoclonal colonies were selected for colony 
PCR, and colonies with the target bands underwent culture for 
plasmid extraction. These extracted plasmids were then subject to 
single digestion using the pstI restriction endonuclease. Sequencing of 
the plasmid from the colony containing 2 target bands of the correct 
size confirmed the successful introduction of the target gene. Fig. 9A 
illustrates that the positive clone indeed possesses 2 destination bands 
post-digestion, aligning with both the plasmid and the target gene’s 
expected sizes.

An analysis of the growth curves (Fig. 10) reveals that the test 
strain enters the logarithmic growth phase at 1.5 h and stabilizes at 6 h, 
ultimately reaching a final bacterial growth OD600 nm of approximately 1.7.  
Notably, the OD600 nm at the onset of the logarithmic growth phase is 0.3. 
As a result, we opted to induce Nisin expression at this juncture. 
The addition of Nisin for expression induction perturbed the strain’s 
growth pattern when compared to L. lactis NZ9000. Although 
it delayed the onset of the stabilization phase, it had a relatively 
minor impact on the final growth. This underscores the influence of 
exogenous plasmid presence on the strain’s growth and reproduction 
dynamics. 

Fig. 7   (A) Full-length amplification of pyk, gntK and glpK. M: DL 2000 marker; lane 1: glpK (1 815 bp); lane 2: gntK (1 650 bp); lane 3: pyk (1 545 bp). 
(B) Plasmid pNZ8148 pstI single enzyme digestion. M: DL 5000 Marker; lane 1: pNZ8148 single enzyme fragment digestion; lane 2: pNZ8148 plasmid.
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The target gene’s induction via Nisin for 3 h culminated in SDS-
PAGE. Fig. 9B exhibits discernible bands of expressed target proteins 
at relative molecular weights of 61, 64, and 57 kDa, aligning precisely 
with the anticipated sizes.

Under stress conditions, glucokinase utilizes a proton gradient 
to phosphorylate glucose in the medium, thereby providing energy 
for substance transport[70]. This enables cells to maintain normal 
growth and metabolic activities even under stressful conditions. 
The gntRKU operon encoding part of the GntI system involved in 
gluconate uptake and catabolism. Specifically, the operon was shown 
to encode gluconate kinase[71]. L. lactis NZ9000-pNZ8148/gntK 
exhibited significantly lower viable bacterial counts in the presence 
of low concentrations of ethanol (4%, 8%, 10% (V/V)) compared 
to the control strain, L. lactis NZ9000-pNZ8148, when cultured 
in GM17 medium. Specifically, the reduction in viable counts was 
measured at 37.17%, 10.55%, and 25.55% for the respective ethanol 
concentrations. In contrast, under relatively high ethanol content 
conditions (12%, 14% (V/V)), the viable counts for L. lactis NZ9000-
pNZ8148/gntK increased by 6.54% and 22.78%.

For LAB, the primary source of energy is linked to the glycolytic 
pathway. Pyruvate kinase, an essential glycolytic enzyme, acts as 

a central switch for carbon flux distribution[72]. The activities of 
glycolytic enzyme (including phosphofructokinase, pyruvate kinase 
and lactate dehydrogenase) are both elevated in LAB after stress[73]. 
pyk genes, encoding pyruvate kinases, is associated with stress 
tolerance in LAB. For example, under acid stress conditions (pH 4.0), 
the pyk high-yielding strain exhibited a remarkable 45-fold increase 
in survival compared to the control. Furthermore, catabolism control 
protein A (CcpA) positively regulated pyk transcription[74]. Similarly, 
L. lactis NZ9000-pNZ8148/pyk, when cultivated in GM17 medium, 
displayed distinct responses to ethanol stress. In the presence of 4% 
and 8% (V/V) ethanol content, viable counts increased by 13.18% and 
22.94%, respectively. However, at higher ethanol concentrations (10%, 
12%, and 14% (V/V)), viable counts decreased by 8.62%, 12.56%, and 
19.96%.

Glycerol kinase encoded by glpK plays a crucial role in glycerol 
utilization by catalyzing the transfer of phosphate from ATP to 
glycerol, yielding 3-phosphoglycerol—an essential intermediate in 
energy metabolism and glycerolipid production[75]. No significant 
variation in viable counts was observed for L. lactis NZ9000-
pNZ8148/glpK under 4% (V/V) ethanol stress. However, at 8% and 
10% (V/V) ethanol content in GM17 medium, viable bacterial counts 
decreased by 10.32% and 6.26%, respectively. In contrast, under 12% 
and 14% (V/V) ethanol conditions, viable bacterial counts increased 
significantly, by 47.94% and 54.43%.

In summary, these results suggest a positive influence of the pyk 
gene on strain survival at lower ethanol concentrations (4%, 8% (V/V)), 
while the gntK and glpK genes positively impact strain survival at higher 
ethanol concentrations (12%, 14% (V/V)) (Fig. 11). The reason for this 
phenomenon may be due to differences in the expression of heterologous 
and homologous proteins in the host strain[76]. For example, it has been 
shown that overexpression of recombinant proteins in E. coli triggers a 
metabolic stress response, leading to a dramatic decrease in growth and 
product formation after induction[77]. Meanwhile, overexpression of recT 
in L. lactis NZ9000 and E. coli BL21 indicated that the expression of 
the antacid component resulted in metabolic loading of the recombinant 
strains, thus affecting their growth[78].

Fig. 10  Growth curve of L. lactis NZ9000 induced expression.
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cut bands; lane 6: pNZ8148/pyk uncut bands. (B) SDS-PAGE expression analysis of glpK, pyk and gntK genes overexpressed in L. lactis NZ9000.  
M: protein standard marker; lane 1: L. lactis NZ9000-pNZ8148; lane 2: L. lactis NZ9000-pNZ8148/gntK; lane 3: L. lactis NZ9000-pNZ8148/pyk;  

lane 4: L. lactis NZ9000-pNZ8148/glpK.
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4.  Conclusion

Global warming has led to an increase in the concentration of 
ethanol in wine, making malolactic fermentation more difficult. 
Interestingly, L. hilgardii Q19 can maintain a high survival rate and 
perform well in harsh environments where most malolactic bacteria 
cannot survive. In this work, we characterised the physiological 
changes of L. hilgardii Q19 under 19% (V/V) ethanol stress for the first 
time and unravelled the molecular mechanisms of L. hilgardii Q19  
in response to ethanol stress combined with transcriptomics.

Physical and chemical indicators analysis data showed that  
L. hilgardii Q19 combated ethanol stress by increasing the energy 
metabolism, taking up more glutathione, inhibiting ATPase activity 
and reducing cell membrane fluidity. In transcriptomic analyses, genes 
in the pyruvate metabolism and glutathione metabolism pathways 
were up-regulated. Conversely, genes in the ABC transporter protein 
pathway and phosphotransferase system were significantly down-
regulated. These results were consistent with the physicochemical 
analysis data. In summary, gntK, pyk and glpK, which are related to 
sugar metabolism, were screened as key genes in L. hilgardii Q19  
against ethanol stress and their functions were verified by 
heterologous overexpression. The functions of key genes were further 
evaluated under different ethanol concentrations. The results indicated 
that pyruvate kinase had a positive effect on strain survival under low 
ethanol stress conditions, while glucokinase and glycerol kinase were 
the main factors under high ethanol stress conditions. These findings 
could help to understand the resistance mechanisms of L. hilgardii to 
ethanol stress.
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