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a b s t r a c t

Environmental acidification impairs microorganism diversity and their functions on sub-

stance transformation. Rhodococcus is a ubiquitously distributed genus for contaminant

detoxification in the environment, and it can also adapt a certain range of pH. This work

interpreted the acid responses from both phenotype and metabolism in strain Rhodococ-

cus biphenylivorans TG9T (TG9) induced at pH 3. The phenotype alterations were described

with the number of culturable and viable cells, intracellular ATP concentrations, cell shape

and entocyte, degradation efficiency of polychlorinated biphenyl (PCB) 31 and biphenyl. The

number of culturable cells maintained rather stable within the first 10 days, even though

the other phenotypes had noticeable alterations, indicating that TG9 possesses certain ca-

pacities to survive under acid stress. The metabolism responses were interpreted based on

transcription analyses with four treatments including log phase (LP), acid-induced (PER),

early recovery after removing acid (RE) and later recovery (REL). With the overview on the

expression regulations among the 4 treatments, the RE sample presented more upregu-

lated and less downregulated genes, suggesting that its metabolism was somehow more

active after recovering from acid stress. In addition, the response mechanism was inter-

preted on 10 individual metabolism pathways mainly covering protein modification, an-

tioxidation, antipermeability, H+ consumption, neutralization and extrusion. Furthermore,

the transcription variations were verified with RT-qPCR on 8 genes with 24-hr, 48-hr and

72-hr acid treatment. Taken together, TG9 possesses comprehensive metabolism strategies

defending against acid stress. Consequently, a model was built to provide an integrate in-

sight to understand the acid resistance/tolerance metabolisms in microorganisms.

© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.
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Introduction

Since the last decades, abundant fossil fuels and mineral fer-
tilizer consumed have dramatically increased the amount of
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COx, NOx and SOx in environmental compartments, which
cause the acidification of soil and water bodies (Martins et al.,
2019; Guo et al., 2010; Doney et al., 2020). In addition, due to
the rapid upgrade of electronic products, informal electrical
and electronic waste recycling is another key environmen-
tal acid source in developing countries. Meanwhile, acid mine
drainage is also a contribution to environmental acidification
resulting from oxidation and biooxidation of sulfur miner-
als such as pyrite (Edraki et al., 2005; Favas et al., 2016). Ac-
companied with these inorganic acid sources, a large amount
of organics and heavy metals can also enter the environ-
ment, accelerating environmental degradation (Ge et al., 2020;
Arya et al., 2021; Huang et al., 2021). Microbial communities
play an indispensable role in contaminant detoxification and
substance transformation. However, it has been found that
acidification can affect nutrient cycling, organism biomass,
taxonomic diversities and structures in both soil and aqueous
environment, and then influences the ecosystem and human
health (Meng et al., 2019; Yun et al., 2016). In particular, most
microorganisms are rather sensitive to pH variations in their
media, and acidified pH can lower their viability, metabolic
activities and environmental functions (Zhang et al., 2015;
Shen et al., 2018). Differently, some species possess certain
coordinating systems in response to acid stress, such as Es-
cherichia coli, Salmonella enterica, Shigella spp., Vibrio cholera and
so on (Merrell and Camilli, 2002; Liu et al., 2015; Hu et al., 2020;
Guan and Liu, 2020).

The genus Rhodococcus is ubiquitously distributed in envi-
ronment media and dozens of species have been discovered
and isolated (Jones andGoodfellow,2015; Bell et al., 1998).They
have rather strong capability to survive in certain range of
salinity, temperature, pH, desiccation, osmosis and nutrient
deficiency (Carvalho and Fonseca, 2005; LeBlanc et al., 2008;
Suyal et al., 2019 . It has been recognized that they are of great
importance for environmental remediation including degra-
dation of recalcitrant pollutants, accumulation and reduction
of heavy metals, desulfurization and denitrification of fossil
fuels (Inoue et al., 2020; Zhang et al., 2019; Dobrowolski et al.,
2017; Maass et al., 2015). Due to its strong environmental
adaptabilities and comprehensive catabolic pathways, it is
worthwhile to explore the potential of environmental remedi-
ation by Rhodococcus, especially under unfavorable conditions.
As mentioned above, environmental acidification has been an
increasingly concerned issue and microorganisms are criti-
cal agents in environmental compartments, hence it is nec-
essary to understand their physiological characteristics and
metabolic mechanisms under acidified conditions.

The first barriermicroorganisms employ for acid resistance
is to reduce proton influx into cytoplasm through plasma
membrane by restricting membrane permeability or modu-
lating the size of membrane channels (Sohlenkamp, 2017).
This adaption involves the modifications of the composition
and distribution of fatty acids, which have been found in
Escherichia. coli, Sccharomyces cerevisiae and Zygosaccharomyces
bailii (Chang and Cronan, 1999; Lindberg et al., 2013; Guo et al.,
2018). In addition to the repression of proton entry, microor-
ganisms also possess the ability to promote proton efflux in
the electron transport chain of oxidative phosphorylation as-
sisted with ATP consumption (Sun, 2016). This activity is es-
pecially observed in acidophiles for maintaining their intra-

cellular pH, such as Acidithiobacillus thiooxidans, Acidithiobacil-
lus caldus (Feng et al., 2015; Mangold et al., 2013). Besides,
many microorganisms can neutralize excessive cytoplasmic
protons with ammonia released from the transformation of
urea or amino acids, or consume the protons via glutamate
decarboxylation (Zhou and Fey, 2020; Lyu et al., 2018). Com-
bining the acid resistance systems,microorganisms also have
metabolic regulations for acid tolerance, including the repair
of DNA and proteins and the increase of energy metabolism
(Guan et al., 2014; Chakraborty et al., 2017). Different species,
however, mostly have their specific response to facilitate sur-
vival under acid stress.

So far, acid resistance and tolerance mechanisms have
been mostly studied on some specific genera directly related
to industrial production or human health, such as Lactococ-
cus (Zhu et al., 2019), Lactobacillus (Bang et al., 2018), Escherichia
(Zhang et al., 2021), Saccharomuces (Palma et al., 2018), Strep-
tococcus (Domínguez-Ramírez et al., 2020), Propionibacterium
(Jan et al., 2001), Salmonella (Kenney, 2019) and so on. In ad-
dition, as we found that the research about acid stress on
Rhodococcus has only been conducted on pathogen Rhodococ-
cus equi, and the work was just focused on cell survivabil-
ity and the expression regulations of vap genes (Benoit et al.,
2001; Benoit et al., 2000).Asmentioned above, acidification has
been a globally concerned environmental issue, so it is nec-
essary to pay attention to the acid effects on environmental
microbiomes, especially the ones that are important for sub-
stance transformation and contamination bioremediation. In
this study, it is focused on the phenotype and metabolism re-
sponses of the environmental strain Rhodococcus biphenylivo-
rans TG9T (TG9) under acid stress. The phenotype was de-
scribed with cell survivability, intracellular ATP concentra-
tions, morphologies and contaminant degradation efficiency,
and the metabolism responses were explained with gene ex-
pression regulations based on transcription analyses. Conse-
quently, ametabolismmodelwas built to present the potential
surviving strategies under acid stress in TG9,which could also
provide a reference for acid resistance and tolerance in other
microorganisms.

1. Material and methods

1.1. Strain cultivation and induction

TG9 is a Gram-positive, aerobic, rod-shape actinobacterial
strain, isolated from river sediment in Taizhou city, China
(Su et al., 2015). The strain cells were cultivated in Lennox
Broth (LB) (ThermoFisher Scientific,USA) liquid culture at 30°C
with 180 r/min until log phase with an optical density at 600
nm (OD600) of 1.2. The log-phase culture was adjusted to pH 3
with HCl and divided into four conical flasks as four biologi-
cal replicates for acidification induction, and then incubated
in the shaker.

1.2. Cell counting

The number of total cells and viable cells were counted us-
ing flow cytometry (BD FACSMelody, New Zealand). Using
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CountBrightTM absolute counting beads (Thermofisher Scien-
tific, USA) as a reference, the number of total cells was cal-
culated based on the number of the beads added to the test
samples. Since the viable cells can reduce the stain 5-cyano-
2,3-ditolyl tetrazolium chloride (CTC) (Biotium, USA) into an
insoluble, red fluorescent formazan product via respiration
electron transport chain, the viable cells can be differentiated
and semi-quantified with the stain. The harvested cells were
washed twice and resuspended in saline, and 10 μL of CTCwas
added to 500 μL of each sample, incubating 1.5 hr at 30°C in the
dark for the reduction reaction. Before testedwith flow cytom-
etry, 50 μL of counting beadswas added to each sample for cell
quantification. In addition, the number of the culturable cells
was counted with the number of colony forming units (CFU)
using LB agar plates which were incubated at 30°C for 48 hr.
The quantification limit of the culturability is 1 CFU/2 mL. The
determination and quantification were performed with 4 bio-
logical replicates.

1.3. Determination of intracellular ATP content

The intracellular ATP concentrations were determined with
ATP Bioluminescence Assay Kit (Beyotime Biotechnology,
S0026, China) following its operation instructions. Gathered
cells were lysed with 200 μL of lysis solution and 20 μL of
the lysed supernatant was mixed with 100 μL of dilution
buffer containing luciferase for luminance detection.ATP con-
tent was calculated with standard curve and blank control.
The determinationwas performed including 4 biological repli-
cates× 3 technical replicates, the error bars of the results were
calculated based on the 4 biological replicates.

1.4. Morphology observation

The log-phase cells and the acid-induced cells (induction un-
til no culturability on day 19) were sampled and treated for
morphology observation using scanning electron microscope
(SEM) (Hitachi Model SU-8010, Japan) and transmission elec-
tron microscope (TEM) (Hitachi Model H-7650, Japan). The
gathered cells were first fixed in 2.5% glutaraldehyde solution
at 4°C for more than 4 hr and then washed three times in PBS.
Subsequently, the cells were further fixed in 1% OsO4 for 1.5
hr and washed three times in PBS.

For SEM observation, the fixed specimens were first dehy-
drated with different concentration gradients of ethanol (30%,
50%, 70%, 80%, 90%, 95% and 100%), and then stored in 100%
ethanol. Furthermore, the specimens were dehydrated with
HitachiModel HCP-2 critical point dryer (Japan).Consequently,
they were coated with gold-palladium with Hitachi Model E-
1010 ion sputter (Japan) for 5 min, and observed using SEM.

For TEM observation, the fixed specimens were first de-
hydrated with different concentrations of ethanol (30%, 50%,
70% and 80%), and then dehydrated with different concentra-
tions of acetone (90%, 95% and 100%). The dehydrated spec-
imens were placed in a mixture of acetone and Spurr resin
(1: 1, V/V) for 1 hr, and transferred to a mixture of acetone
and Spurr resin (1: 3, V/V) for 3 hr, then stored in Spurr resin
overnight. Subsequently, the specimenswere placed in Eppen-
dorf containing Spurr resin and heated at 70°C for 9 hr. The

heated specimens were sectioned with LEICA EM UC7 ultra-
tome and the sections were stained with uranyl acetate and
alkaline lead citrate for 5 min and 10min, respectively. Finally,
the stained specimens were observed with TEM.

1.5. RNA extraction and RNA-Seq data analysis

To compare the expression regulations effected by acid
stress, four treatment samples were prepared for transcrip-
tion analysis, including log phase sample (LP): log phase with
OD600 = 1.2; persistent sample (PER): the log-phase culturewas
induced with acid for 7 days; recovery sample (RE): the log-
phase culture was induced 20 days until no culturability and
then resuspended in neutral LB for 48 hr until its OD600 start
rising; recovery later sample (REL): the resuspension is incu-
bated for another 12 hr with obvious OD600 rise (around 1.6 in
three replicates). Each of the treatments was in three biologi-
cal replicates.

The processes of cDNA construction and data generation
are presented in Appendix A Text S1. The data generated
from Illumina platform were used for bioinformatic analyses
at the free online platform of Majorbio Cloud Platform (www.
majorbio.com) from Shanghai Majorbio Bio-pharm Technol-
ogy Co.,Ltd., China. The processes include data cleaning,map-
ping reads to reference genome, rRNA contamination assess-
ment, expression analysis, differential expression analysis,
DEGs GO enrichment analysis, DEGs KEGG enrichment analy-
sis. The more detailed analysis procedure is referred to previ-
ous publications (Zhang et al., 2021; Wang et al., 2020).

1.6. Determination of biphenyl and polychlorinated
biphenyl (PCB) degradation efficiency

TG9was cultivated in LB until log phase, then the cellswere re-
suspended to the same volume of inorganic salt solution. The
cell resuspensions were set at pH 3, pH 5, pH 7 with HCl, and
the control was set at pH 7 without TG9 inoculated, each set
included 3 biological replicates. Meanwhile, 1 mL biphenyl so-
lution with a concentration of 2500mg/L was added to each of
12 glass centrifuge tubes, after the solvent hexane volatilized,
5 mL of each of the TG9 suspensions and the control was dis-
tributed to the 12 glass tubes to determine the degradation
efficiency of biphenyl by TG9 at different pH. The initial nom-
inal concentration of biphenyl is 500 mg/L in each of the tube.
All of the tubes were cultured in a shaker set at 30°C and 180
r/min for 5 days, and then the residual biphenyl was extracted
and determined to calculate its degradation amount by TG9
at different pH. The operating processes for PCB31 degrada-
tion are as same as biphenyl, but the degradation duration is
3 days. The calculation of the degradation efficiency: (Rcon –
Rtre) / Rcon × 100%, Rcon: residual in the control samples, Rtre:
residual in the treatment samples. The detection methods of
biphenyl and PCB 31 are described in Appendix A Text S1.

1.7. Real-time reverse transcription quantitative PCR
(RT-qPCR)

Four groups of TG9 samples were prepared for RT-qPCR anal-
yses, the control (OD600 =1.2 without acidification treatment),
24-hr acidification treatment, 48-hr acidification treatment
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Fig. 1 – Variations of the number of total cells, viable cells and culturable cells under acid stress. The error bars in the figure
represent 95% confidence intervals of the mean number of the counted cells (n = 4 including 4 biological replicates).

and 72-hr acidification treatment. Each of the treatments in-
clude 4 biological replicates. Depending on the transcriptome
results, 8 genes were selected to further verify the expres-
sion regulations under acid stress in TG9, including clpB, clpC,
mrx1, mshA, pheA2, ogt, mmpL3 and gadB. In addition, 16S rRNA
gene was selected as an internal reference. The primers of
the 9 genes were designed with Primer-BLAST in NCBI, and
their amplification efficiency was examined using both gel
electrophoresis and RT-qPCR. The primer sequences were pre-
sented in Appendix A Table S1.

RNA from each sample was extracted with RNeasy Plus
Mini Kit (QIAGEN, USA) based on the protocol provided by
the manufacturer. The extracted RNA was immediately tran-
scribed to cDNAwith themix of 6 μL PrimeScriptTM RTMaster
Mix (TaKaRa, USA), total RNA and 15 μL RNase Free dH2O un-
der the reaction condition 37°C for15 min and then 85°C for
5 sec. Subsequently, qPCR was conducted with 25 μL mix of
12.5 μL TB Green® Premix Ex TaqTM II (TaKaRa, USA), 1 μL of
each primers (10 μmol/L), 2 μL cDNA and 8.5 μL ddH2O. The
amplification was performed using the instrument BIO-RAD
CFX96 touch qPCR system (USA) with the program 95°C for
3 min, 44 cycles of 95°C for 15 sec, 53°C for 20 sec and 72°C
for 30 sec, and then melt curve of 65°C to 95°C. Each of the
cDNA samples was amplified with three technical replicates.
The fold change of the gene expression was calculated with
the method of 2^−��CT.

2. Results and discussion

2.1. Cell viability and culturability

Under acid conditions, the number of the total cells main-
tains stable with more than 108 cells/mL (Fig. 1), suggesting
that acidification suppressed cell division but not lysed the
cells. Differently, the number of the culturable cells decreases
slightly within the first 10 days and then decreases linearly af-
terwards until the detection limit (1 CFU/2 mL), except a sud-

den jump on day 18 (the reason for the jump is unclear). The
number of the viable cells is somewhat consistent with that of
the culturable cells in the first 12 days, but it remains rather
constant with around 105 cells/mL afterwards. According to
the reaction mechanism of CTC stain (Rodriguez et al., 1992),
it suggests that part of the unculturable cell still have certain
respiration.More than 10 days of culturability and viability in-
dicate that TG9 possesses a strong capacity to resist and tol-
erate the acid stress, compared to other species which can
only survive in such acid stresswithin hours, such as Rhodococ-
cus equi (Benoit et al., 2000), Lactobacillus (Corcoran et al., 2005;
Zhai et al., 2014), Escherichia coli (Ju et al., 2016). This rather
long-term survival suggests that TG9 is able to adapt acid
stress, which is conducive to contaminant detoxification and
environmental remediation.

2.2. Intracellular ATP concentration

The intracellular ATP concentrations increase dramatically
from 0.54 to 1.55 nm/mL on day 2 of acid induction (all the
12 values from 4 biological replicates × 3 technical replicates
present the leap), but it then typically decreases to its quan-
tification limit after day 13 (Fig. 2). Since ATP synthesis is ac-
tivated by proton motive force which partly depends on pro-
ton gradient (Devaux et al., 2019), the sharp increase of the
ATP concentration at 2-day acid treatment probably suggests
that there was an increased proton gradient across the cell
membrane under acid stress. In addition, the different trends
between the numbers of the viable and culturable cells and
the ATP concentrations within the first 10 days suggests that a
high number of cells can retain culturability and viability with
considerably low ATP concentration. Since ATP concentration
is almost related to all physiological metabolisms in a cell, its
low concentration suggests that TG9 possesses a global regu-
lation ability to survive against ambient stresses. This might
be one reason that TG9 canmaintain the rather long-term cul-
turability and viability under acid stress, and also under an-
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Fig. 2 – Concentration variations of the intracellular ATP in
TG9 under acid stress. The unit in the y axis means nmol
ATP per mL culture volume. The error bars represent 95%
confidence intervals of the mean concentration of ATP
(n = 4 including 4 biological replicates).

tibiotic stress (Jia et al., 2020) and oxygen deficit (Fan et al.,
2021).

2.3. Cell morphology

The normal live cells are plump (Fig. 3a) and their intracellular
materials distribute homogeneously (Fig. 3c). In contrast, the
individual acid-induced cells shrink as a whole and are um-
bilicate, and the cell wall tethered tightly with cell membrane
(Fig. 3b), which is different from normal dead cells with obvi-
ous winkle and separation between cell membrane and cell
wall (labelled with white arrow in Fig. 3a). Meanwhile, the in-
tracellular materials in acid-induced cells display visible ag-
gregation and redistribution around the membrane (Fig. 3d).
It has been found that some proteins can move and relo-
calize in response to metabolic and environmental triggers
(Chong et al., 2015; Aimon et al., 2014). For instance, in Es-
cherichia coli, more than half fraction of glutamate decarboxy-
lase moves and relocates close to membrane when the pH in
its medium falls to acidic condition (Capitani et al., 2003). In
addition, the cells only shrunk but not lysed can support the
observations of the constant number of total cells in Fig. 1.

2.4. Degradation efficiency of organics

Since TG9 is capable in degrading PCBs and biphenylwith a se-
ries of Bph enzymes (Ye et al., 2020), while its degradation effi-
ciency could be impaired by acid stress. Here, the degradation
of biphenyl and PCB31 was determined to assess the acid ef-
fects on the compound metabolism in TG9 (Fig. 4). The degra-
dation efficiency is considerablyweakened by acid stress at pH
3, especially for PCB31. In contrast, the degradation of PCB31 at
pH 5 is similar as that at pH 7, but the efficiency decreases to
around 40% for the degradation of biphenyl. For the degrada-
tion recession at acid pH, the explanation should be that there
is a slightly decreased number of culturable cells (Fig. 1) and
also the decreased ATP concentrations (Fig. 2) within the first
5 days. Taken together, TG9 has the capacity for PCB31 degra-
dation at pH 5, but it is not so effective for biphenyl. Therefore,
in the extremely acidified media, acid amelioration should be

the first step before contamination bioremediation, and TG9
is still a potential strain for PCBs and biphenyl degradation in
neutral and weak acid environmental compartments.

2.5. Overview on regulation of gene expression

The comparisons PER/LP, PER/RE were calculated to investi-
gate the acid effects on the gene expressions compared to that
in log phase and early recovery, and RE/LP, REL/LP illustrate the
gene regulations in early recovery and late recovery referred
to that in log phase, respectively. The genes with significant
regulations are plotted to present a general view on expres-
sion changes among the four treatment samples in 14 main
metabolism pathways (Fig. 5). It is obvious that the number of
the upregulated genes in PER/LP are more than that in PER/RE
in most of the pathways, but the number of the downregu-
lated genes show the opposite difference (Fig. 5a). It indicates
that after removing acid stress (RE) gene expressions become
more active than that in log phase, which is also directly de-
scribed by the comparisons of RE/LP that there are noticeably
more upregulated genes than downregulated ones (Fig. 5b).
This could, to some extent, elicit that the metabolism is more
active after the recovery from acid stress, which may explain
some observations that environmental stresses can enhance
microorganisms resistance and survival in subsequent expo-
sure to stimuli (Yuan et al., 2018; Mok and Brynildsen, 2018;
He et al., 2016). However, the enhancement seems not last
longer, since there are more genes downregulated in the com-
parisons of REL/LP than RE/LP. In addition, it is noticeable that
the number of genes in translation pathway show more with
downregulated expression than the upregulated ones in both
of the comparisons PER/LP and PER/RE, indicating that acid
stress repressed protein translation. In conclusion, TG9 can
recover from unculturable state and had even higher gene
expressions after the stress, suggesting that acidification in-
duced a certain number of the cells in dormancy. The strong
survivability of TG9 providesmore potential to use it as an en-
vironmental remediation strain in the area polluted with both
acid and other contaminants. The raw data on the transcrip-
tion analysis is available in NCBI website with the accessing
link https://www.ncbi.nlm.nih.gov/sra/PRJNA782447.

2.6. Mechanism of metabolism response

The large number of genes present significant regulated ex-
pressions explained above, which should correspond to cer-
tain metabolism tolerance and resistance to acid stress in
TG9. In this part, the metabolism responses are interpreted
from two directions. One is on the pathways containing the
genes with extremely upregulated expressions in the com-
parisons PER/LP and PER/RE (log2(FC) > 4) (FC: fold change
of expression level between two treatments), including pro-
tein disaggregation and refolding, protein glycosylation, an-
tioxidation, antipermeability of cell membrane and shiki-
mate pathway. Another one is focused on proton consump-
tion, neutralization and extrusion, including glutamate de-
carboxylation and glutamine deamidation, urea degradation,
arginine deamination and oxidative phosphorylation. The
processes with 95 genes involved are dissected in the fol-
lowing text and the mechanism model is built based on
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Fig. 3 – Morphology alterations of TG9 cells observed with SEM (a, b) and TEM (c, d), log phase sample (a and c), acid-induced
sample which was induced at pH 3 until without culturability on day 19 (b and d). The white arrows in Fig. 3a label the dead
cells in normal log phase.

Fig. 4 – Degradation efficiency of biphenyl for 5 days and
polychlorinated biphenyl (PCB) 31 for 3 days by TG9 at pH 3,
pH 5 and pH 7. The error bars represent 95% confidence
intervals of the mean degradation efficiency (n = 3
biological replicates), and the efficiency was calculated
based on the residue of biphenyl or PCB31 in treated
samples and control samples.

the interpretation of the metabolism responses (Appendix A
Fig. S1).

Protein quality is predominantly controlled by several clus-
ters of genes encoding adaptor proteins, protease and pep-
tidase for protein disaggregation and refolding, which have
been observed in many bacteria such as Bacillus subtilis, My-
cobacterium tuberculosis, Staphylococcus aureus, Escherichia coli
(Handtke, 2019; Springer et al., 2016; Battesti and Gottes-
man, 2013). To date, the processes have been frequently stud-
ied on genes clpB, dnaK, grpE and dnaJ (Zolkiewski, 1999;
Lupoli et al., 2016; Mogk et al., 1999;) and genes clpC and clpP
(Kirstein et al., 2007; Mashruwala et al., 2019). In TG9, both of
the two groups of genes present significant upregulated ex-
pressions in the PER compared to that in the LP and Re, espe-
cially the genes clpB and clpCwith log2(FC)> 4 (Appendix A Fig.
S2a). Therefore, it indicates that the acid stress could result in
protein aggregation in TG9, which is also proved by the het-
erogeneous entocyte observed in the TEM image (Fig. 3d), and
the two disaggregation systems might strengthen its survival
under acid stresses.
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Fig. 5 – The number of genes with significant upregulated
and downregulated expressions in 14 metabolism
pathways enriched with KEGG pathway database. The
figure (a) the comparisons PER/LP and PER/RE, and figure (b)
presents RE/LP and REL/LP, respectively. The x axis is the
numbered metabolism pathways, and the y axis is the
number of upregulated (positive value) and downregulated
(negative value) genes.

The gene ogt encoding O-linked ß-N-acetylglucosamine
transferase (OGT) is responsible for the post-translational
modification of numerous proteins, modulating signal trans-
ductions and transcriptional regulations in protecting cells
against kinds of stresses such as heat shock, oxidation, high
salinity, hypertonicity and toxicity in almost all organisms
(Hart et al., 2011; Urso et al., 2020; Zachara et al., 2004; Liu et al.,
2020). It was also found that ogtmutant or addition of OGT in-
hibitor can result in the arrest of growth or even cell lethality
(Ostrowski et al., 2015;Wang et al., 2016). Therefore, the critical
functions of OGT in proteinmodification should be the reason
that the expression of ogt has dramatically higher regulations
in the PER/LP and PER/RE (Appendix A Fig. S2a).

It is intriguing that the increase of glycosylation with OGT
in cells can inhibit proteolytic degradation by inhibiting pro-
teasomal ATPase activity (Zhang et al., 2003; Kudlow, 2006;
Zachara and Hart, 2004). As a result, there should be a some-
what negative correlation between the expression variations

of ogt gene and proteasomal genes (pafA, dop, pup, prcA/B and
arc) in cells (Appendix A Fig. S1). In TG9, there is an intact
pupylation-proteasomal gene group for post-translational
modifications, but all of them typically show nonsignificant
regulated expressions in the comparisons PER/LP and PER/RE
(Appendix A Fig. S2a), which, to some extent, could be at-
tributed to the inhibition by OGT.

TG9 has a complete group of genes required in MSH (my-
cothiol)/Mtr (mycothiol disulfide reductase)/NADPH (nicoti-
namide adenine dinucleotide phosphate) electron pathway,
that is, it utilizes MSH as a reactive thiol and mycoredoxin
1 (Mrx1) as an antioxidant (Newton et al., 1996; Laer et al.,
2012). This pathway is responsible for defending against ox-
idative damage from reactive oxygen species (ROS) (Appendix
A Fig. S1) (Si et al., 2016; Hugo et al., 2014). The genesmrx1 and
mtr present significantly higher expressions in the PER/LP and
PER/RE, while the expressions of genes mshA, mshB, mshC and
mshD encoding for MSH synthesis show nonsignificant regu-
lations or significant downregulations (Appendix A Fig. S2a).
It means that the ROS reduction system could be disturbed
by the lack of MSH to reduce oxidized Mrx1and then threaten
TG9 survival.

The one possible explanation for the not upregulated
expressions of the four msh genes can be that there is
a competition in the substrate Uridine diphosphate N-
acetylglucosamine (UDP-GlcNAc) between OGT and glyco-
transferase MshA (Appendix A Fig. S1). The MshA dedicatedly
catalyzes UDP-GlcNAc with 1-L-myo-inositol-1-phosphate (1-
L-Ins-1-P) to generate 3-phospho-1-D-myo-inosityl-2-acet-
amido-2-deoxy-α-D-glucopyranoside (GlcNAc-Ins-P) which is
then used by MshB for the subsequent synthesis of MSH
(Newton et al., 2006; Guo et al., 2017). Meanwhile, OGT trans-
fers GlcNAc onto substrate proteins using UDP-GlcNAc as an
obligate sugar donor (Dorfmueller et al., 2011; Nothaft and
Szymanski, 2019). As mentioned above, the gene ogt encoding
OGT presents significantly higher expressions in the PER/LP
and PER/RE, suggesting that a higher amount of UDP-GlcNAc
is consumed by OGT during protein glycosylation. As a con-
sequence, the depletion of UDP-GlcNAc suppresses the syn-
thesis of GlcNAc-Ins-P by MshA, resulting in the four genes
mshA, mshB, mshC and mshD not as the other two genes mrx1
and mtr with significant upregulations. In addition, another
factor which could also limit the expressions of msh genes
is that the syntheses of 1-L-Ins-1-P and UDP-GlcNAc use the
same substrate glucose 6-phosphate (Glc-6P) (Morii et al., 2018;
Slawson et al., 2010). It suggests that the depletion of Glc-6P for
UDP-GlcNAc synthesis could lower its availability for 1-L-Ins-
1-P synthesis, and then suppresses the MshA activity. Taken
together, it can be concluded the increasing protein glycosy-
lation by OGT might inhibit MSH synthesis and then impairs
the reducing capacity in TG9.

The shikimate pathway is responsible for the biosynthe-
sis of three aromatic amino acids, vitamins and quinones in
microorganisms, fungi and plants (Gibson and Pittard, 1968;
Roberts et al., 2002). There are a series of enzymes involved
in this pathway in TG9, except the gene pheA2 (log2(FC) >

4), all the other genes (aroF, aroB, aroD, aroQ, aroE, aroK, aroA,
aroC, pheA1, tryA2 and hisC) present significant downregu-
lated or nonsignificant regulated expressions in the PER/LP
and PER/RE (Appendix A Fig. S2b). The first enzyme, 3-deoxy-
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D-arabino-heptulosonate-7-phosphate synthase (DAHPS) en-
coded by gene aroF plays a crucial function as initiating the
syntheses (Mir et al., 2015) (Appendix A Fig. S1). However, it
has been examined that the primary intermediate, prephen-
ate can inhibit more than 90% of DAHPS activity (Wu et al.,
2005; Wu and Woodard, 2006). In the pathway, the enzymes
prephenate dehydratase and prephenate dehydrogenase en-
coded by the genes pheA2 and tryA2 use prephenate as a sub-
strate for the synthesis of phenylalanine and tyrosine, re-
spectively. Nevertheless, it has been found that acid condition
is more favorable for the activity of prephenate dehydratase
rather than that of prephenate dehydrogenase (Hagino and
Nakayama, 1974; Friedrich et al., 1976). Regarding this, one
explanation for the dramatic expression of pheA2 in the
PER could be that TG9 tended to consume prephenate with
prephenate dehydratase and reduce prephenate inhibition on
DAHPS activity. Furthermore, by knockout of gene pheA2, it
was found that prephenate dehydratase is involved in biofilm
formation and stress tolerance including osmotic stress inAci-
dovorax citrulli (Kim et al., 2020). If it is so in TG9, then the high
expression of pheA2 should mainly work for the tolerance of
acid stress.

The protein MmpL3 located in the inner membrane be-
longs to mycobacterial membrane protein Large transporter
family. It plays an critical role in flipping trehalose mono-
mycolates (TMM) across inner membrane to form mycolyl
arabinogalactan-peptidoglycan (mAGP) complex which teth-
ers the outer membrane to the cell wall (Xu et al., 2017;
Su et al., 2019). This process can increase cell membrane
rigidity and repress permeability of many compounds, that
is why MmpL3 is an essential target of many antimicrobials
(Li et al., 2014; Sethiya et al., 2020). In this study, gene mmpL3
expressed significantly higher in the PER/LP and PER/RE with
log2(FC) equaling 4.3 and 3.7, respectively (Appendix A Fig.
S2a). That might be the reason that there is no visible sepa-
ration between cell membrane and cell wall with acid treat-
ment (Fig. 3b and d). Therefore, the upregulated expression of
mmpL3 should play an indispensable role in maintaining TG9
survival by repressing H+ permeability under acid stress.

In glutamatemetabolism,H+ can be neutralized by ammo-
nia via glutamine deamidation or be consumed via glutamate
decarboxylation (AppendixA Fig. S1), and both of the reactions
tend to be active in acid conditions (Lim et al., 2017; Cui et al.,
2020; Teixeira et al., 2014). However, only the gene gadB encod-
ing enzyme GadB for glutamate decarboxylation show signifi-
cant upregulation, but the gene glsA encoding glutaminase for
glutamine deamidation presents nonsignificant regulations in
the PER/LP and PER/RE (Appendix A Fig. S2a). It suggests that
the intracellular H+ is more consumed by glutamate decar-
boxylation rather than glutamine deamidation. In addition,
the upregulation of gadB with log2(FC) is slightly higher than
1, which might be limited by glutamate transport using gluta-
mate transferase encoded by genes gluA, gluB, gluC and gluD
with the nonsignificant or significant downregulated expres-
sions. In line with the H+ neutralization by ammonia, argi-
nine deamination is another pathway to buffer the intracellu-
lar acid stress, the gene arcA encoding deaminase present sig-
nificant upregulation in PER/LP (Appendix A Fig. S2b). There-
fore, the arginine deamination can somewhat neutralize the
excessive intracellular H+.Meanwhile, urea degradation is an-

other pathway that can produce ammonia to neutralize H+ in
cytoplasm (Appendix A Fig. S1), but the genes involved in this
pathway present significant downregulations or nonsignifi-
cant regulations (Appendix A Fig. S2b). It indicates that urea
degradation is not the main pathway for intracellular H+ neu-
tralization in TG9.

Besides the H+ consumption and neutralization men-
tioned above, oxidative phosphorylation is another pathway
directly influenced by acid stress, in which ATP is formed due
to proton-motive force (Hatefi, 1985). In TG9, there are 39 genes
involved in this metabolic process from the electron transport
chain (complex I to IV) to ATP synthesis/hydrolysis (complex
V) (Appendix A Fig. S1), while they have inconsistent expres-
sion regulations under acid stress (Appendix A Fig. S2c). The
gene expressions in the subunits of complex I present sig-
nificant upregulations or nonsignificant regulations, suggest-
ing that the activity of complex I somewhat increased and
the electron transport chain was initiated. However, the genes
encoding the enzymes for complex II, III and IV show sig-
nificant down-regulated or nonsignificant regulated expres-
sions. This means that the acid stress somewhat blocked the
electron transport chain from complex II to IV. It has been
proved that the interrupt of electron transport chain can result
in the dramatic release of ROS and consequently cause irre-
versible damage to DNA and cell structures (Dröse et al., 2016;
Dröse and Brandt, 2008; Song et al., 2018). This can somehow
potentially illustrate the reason that the gene mrx1 encoding
antioxidant mycoredoxin 1 in the MSH/Mtr/NADPH pathway
has dramatically upregulated expression in the PER/LP and
PER/RE.

The complex V, F0F1 ATP synthase in TG9 consists of 8 sub-
units including F0 enzymes AtpB (a), AtpF (b) and AtpE (c) and
F1 enzymes AtpA (α), AtpD (ß), AtpG (γ ), AtpC (ε) and AtpH (δ)
(Appendix A Fig. S1). The F0 subunits mainly function as pro-
ton transport and translocation, while the F1 subunits are fi-
nally responsible for ATP synthesis and hydrolysis, especially
the subunits ß, γ , ε are the dominant enzymes (Gao et al., 2005;
Bianchet et al., 1998; Feniouk et al., 2006). The genes encod-
ing the F0 subunits present significant downregulations in the
PER/LP and PER/RE, while the genes encoding the F1 present
significant upregulations or nonsignificant regulations (Ap-
pendix A Fig. S2c). Combining the inconsistent expression reg-
ulation of the genes in electron transport chain and the de-
creased expressions in F0 subunits, it suggests that the pro-
ton transport was somewhat blocked by acid stress. Addition-
ally, the rotation of subunit γ in F1 sector is one of the main
activities of ATP synthesis and hydrolysis, and F0-induced γ

rotation contributes to ATP synthesis while ATP-induced ro-
tation is for ATP hydrolysis (Weber and Senior, 2000; Li et al.,
2019). Therefore, the significantly downregulated expressions
in F0 subunits can certainly indicate that ATP synthesis is re-
pressed in the PER. This can also be supported by that the ATP
concentrations have noticeable decrease at day 7 (PER sam-
pling time) compared with the initial value (LP sampling time)
(Fig. 2). Meanwhile, the decreased ATP concentration suggests
that ATP hydrolysis induced by ATP should also somewhat de-
crease. This can be further supported by that the genes ppk2
and ppk encoding polyphosphate kinase and the gene ppa en-
coding inorganic diphosphatase have significant downregu-
lated or nonsignificant regulated expressions (Appendix A Fig.
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Fig. 6 – RT-qPCR validation of gene expression regulations.
The y axis is the fold change (FC) of expression regulations
and the x axis is the 8 genes selected. The error bars
represent 95% confidence intervals of the mean log2(FC),
n = 4 including 4 biological replicates, FC is calculated with
2^−��CT. The legend 24 hr, 48 hr and 72 hr expresses the
gene regulations with 24-hr, 48-hr and 72-hr acidification
treatment compared to the log phase (OD600 = 1.2) without
acidification.

S2c). Furthermore, it has been found out that the subunit ε pri-
marily functions as inhibition of ATP synthase, especially hy-
drolysis activity (Feniouk et al., 2006; Kato-yamada et al., 1999;
Sielaff et al., 2018) and its expression is considerably upregu-
lated with log2(FC) around 2 in the PER/LP and PER/RE. This
implies that TG9 strived to inhibit the ATP hydrolysis and ef-
ficiently utilize its energy for survival under acid stress.

Consequently, the transcription results were interpreted
on 10 metabolism pathways directly or generally related to
acid stress, which suggests that TG9 possesses the ability to
repair the damage and also to relieve the threat from acid
stress. This comprehensive response system should be the
primary reason that TG9 can survive long time under acid
stress and also recover after removing acid. According to the
interpretation, some approaches could be directly employed
to further increase TG9 survival and its environmental func-
tions under acid stress. There is substrate competition be-
tween glycosylation and antioxidation pathways, so the ad-
dition of substrate Glc-6P might promote the metabolism in
these two pathways. For example, it has been found that
addition of glucose can increase the survival of Lactobacilli
rhamnosus under acid stress (Corcoran et al., 2005). In addi-
tion, since glutamate decarboxylation can consume H+ and
arginine deamination can neutralize H+ with NH3, the ad-
dition glutamate or arginine could also be a simple strategy
to strengthen the tolerance and resistance of TG9 under acid
stress.This has been proved in E. coli (Richard and Foster, 2004).

2.7. Transcription validation with RT-qPCR

The 8 genes clpB, clpC, mrx1, mshA, ogt, mmpL3, gadB and pheA2
were selected for RT-qPCR analyses, located in the pathways
of protein disaggregation and refolding, antioxidation, protein

glycosylation, membrane stabilization and antipermeability,
glutamate decarboxylation, shikimate pathway (Appendix A
Fig. S1). Since these genes have extremely high upregulations
in transcriptome analyses, except gene mshA does not regu-
late significantly but connects protein glycosylation and an-
tioxidation, their transcription regulations were verified with
24-hr, 48-hr and 72-hr acidification treatments compared to
the log phase without treatment (Fig. 6). From the RT-qPCR
results, all the genes present significant upregulated expres-
sions, especially at 72 hr, which are rather consistent with the
transcriptome results. In addition, the transcription level of all
the genes almost increase double at 72 hr compared to that
at 24 and 48 hr, that might result from H+ accumulation and
stronger acid resistance in the cells with acidification dura-
tion.
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