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Mechanisms underlying the
low-temperature adaptation of
17p-estradiol-degrading
bacterial strain Rhodococcus sp.
RCBS9: insights from
physiological and transcriptomic
analyses

Qiannan Li*, Hanyu Pan', Peng Hao!, Zhenhua Ma*,
Xiaojun Liang?, Lianyu Yang'* and Yunhang Gao'*

tCollege of Veterinary Medicine, Jilin Agricultural University, Changchun, China, 2Institute of Animal
Science, Ningxia Academy of Agriculture and Forestry Sciences, Yinchuan, China

The 17B-estradiol (E2)-degrading bacterium Rhodococcus sp.RCBS9 previously
showed remarkable resistance to the combined stresses of low temperature
and E2. In this study, physiological experiments and transcriptomic analysis
were performed to investigate the mechanisms underlying the strain’s low-
temperature adaptation and briefly analyze how it maintains its ability to degrade
E2 at low temperature. The results showed that the strain’s signal transduction
functions, adaptive changes in cell membrane and cell wall structure, gene repair
functions, and synthesis of antioxidants and compatible solutes are key to its
ability to adapt to low temperature. In addition, its stress proteins in response to
low temperature were not typical cold shock proteins, but rather universal stress
proteins (USPs) and heat shock proteins (HSPs), among others. The strain also
upregulated biofilm production, transporter proteins for carbon source uptake,
and proteins for fatty acid degradation to ensure energy generation. The strain’s
multiple stress responses work synergistically to resist low-temperature stress,
ensuring its adaptability to low-temperature environments and ability to degrade
E2. Finally, six genes related to survival at low temperature (identified in the
transcriptome analysis) were expressed in E. coli BL21, and they were found to
contribute to recombinant E. coli growth at low temperature.

KEYWORDS

Rhodococcus sp. RCBS9, degrading bacterium, low-temperature adaptation,
transcriptome, 178-estradiol

1 Introduction

Toxic pollutants, which are not easily broken down naturally in the environment, can
pose a serious threat to various organisms in ecosystems (Bergmann et al., 2022; Kar et al.,
2024; Yang et al., 2024). In addition to well-known pollutants such as plastics, pesticides,
and antibiotics, emerging pollutants such as 17-f estradiol (E2) are of increasing concern
(Adeel et al,, 2017; Gao Y. et al,, 2021). Estrogens have been found in water and soil in
many parts of the world (Ciélak et al., 2023; Sacdal et al., 2020; Unnikrishan et al., 2024).
They are persistent in the environment and can affect plant root and shoot development,
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as well as severely disrupting the immune and endocrine systems of
animals and humans (Adeel et al.,, 2018; Li Y.-F. et al., 2023; Salla
etal., 2024). Various treatments are currently used to degrade E2.
In particular, microbial E2 degradation has attracted much
attention due to its low cost, ease of operation, and high
degradation efficiency. However, the ambient temperatures in
many parts of the world change with the seasons, and the low
temperatures in winter are challenging for microbial degradation
activities. The oxidative and osmotic stresses associated with low
temperatures can damage microbial cell membranes, cell walls,
and DNA, and directly inhibit microbial protein activity, affecting
metabolic reaction rates and nutrient uptake (Lv and Cheng, 2022;
Zou and Cheng, 2024). These factors seriously reduce the survival
and degradation efficiency of the degrading microorganisms.
Studies the
mechanisms of polycyclic aromatic hydrocarbon- and heterocyclic

have explored low-temperature tolerance
polycyclic aromatic hydrocarbon-degrading bacteria (Song et al.,
2024), lignin-degrading bacteria (Wang et al., 2022a), and alkane-
degrading bacteria (Gregson et al., 2020). According to these
studies, the abilities of microorganisms to sense the external
environment and build cell membranes, cell walls, and biofilms are
key for them to resist low-temperature stress and ensure internal

environment homeostasis (Bao et al., 2023; Yan and Xie, 2020). The
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synthesis of stress-regulating substances and gene repair proteins
also helps to ensure internal environmental homeostasis and
maintain metabolic processes (Jin et al., 2022; Patek et al., 2021).
Different bacterial strains have different adaptation strategies
to low temperatures. Little research has been conducted on the
mechanisms of low-temperature tolerance of strains that can
effectively degrade E2 at low temperature, so it is vital to research
these mechanisms.

Our group previously isolated bacterial strains and screened
for strains with a strong ability to degrade E2 at low temperature
(10°C) in low-nutrient conditions, and Rhodococcus sp. RCBS9
was identified (Hao et al., 2024), but its isolated proteins lost E2-
degradation activity at low temperatures (10°C). We hypothesized
that this was because the strain has excellent low-temperature
adaptation mechanisms that enable it to maintain estrogen uptake,
synthesize degradation enzymes, and maintain degradation enzyme
activity at low temperatures.

The aim of this study was to explore how Rhodococcus
sp. RCBS9 adapts to low temperature. We first evaluated
the stress response of the strain to low temperature by
determining the levels of reactive oxygen species (ROS) and 8-
hydroxy-2'-deoxyguanosine (8-OHdG), as well as cell membrane
permeability. Subsequently, we investigated the mechanisms
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underlying low-temperature tolerance from both physiological and
molecular perspectives. Regarding the physiological perspective,
we assessed the superoxide dismutase (SOD) activity, carotenoid
content, biofilm content, and fatty acid species and proportions
in strain RCBS9. At the molecular level, we used transcriptome
sequencing to study transcription and validated it using RT-
qPCR. We also created recombinant E. coli that expressed target
proteins related to survival at low temperature (identified in
the transcriptome analysis), which were then grown at 10°C to
explore whether the target proteins helped the E. coli to grow
at low temperature. The results of this study will help us better
use Rhodococcus sp. RCBS9 for E2 degradation in regions with
varying temperatures. Additionally, our research contributes to
the growing body of knowledge about bacteria that can degrade
molecules at low temperatures, which will be useful for studying
similar microorganisms.

2 Materials and methods

2.1 Bacterial culture

We used 10°C as the experimental condition to match our
previous study (Hao et al, 2024). As 25°C is the optimal
growth temperature of strain RCBS9, it was used as the
control condition to fully understand the low-temperature
tolerance mechanisms.

Strain RCBS9 (which was preserved in our laboratory) was
streaked on LB agar plates and placed in a 25°C incubator to
activate it. The activated strain was incubated at 10 or 25°C in liquid
LB medium or MSM medium (containing minimal nutrients)
supplemented with 10 mg/L E2. The experiments in Sections 2.2—
2.6 and 2.9 were conducted in both LB and MSM+E2 media. The
experiments in Sections 2.7, 2.8, 2.10, and 2.11 were conducted only
in LB medium. The medium composition was as described by Hao
et al. (2024).

2.2 Cell membrane permeability
determination

The change in cell membrane permeability of strain RCSB9
in response to a reduction in temperature was determined by
two methods: crystal violet staining (Devi et al.,, 2013; Herndon
et al., 2020) and conductivity measurements (Kong et al., 2024).
The strain RCBS9 was cultured to the logarithmic growth phase
at 25°C and then incubated at 10°C for 2, 24, 48, and 72h.
Samples were collected at each time point to be used in both
experiments. For the crystal violet assays, strain RCBS9 samples
were mixed with crystal violet (Aladdin Biochemical Technology
Co. Ltd., Shanghai, China), incubated at 37°C for 10 min, and
centrifuged (Eppendorf, Germany) at 13,500 rpm, and the optical
density (OD) at 590 nm of the supernatant was measured using a
microplate reader (Thermo Fisher, Swedish). For the conductivity
assays, strain RCBS9 samples were centrifuged at 8,000 rpm for
5 min, and the conductivity of the supernatants was then measured
using a conductivity meter (Shanghai Yidian Scientific Instrument
Co., Ltd., China).
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2.3 ROS and DNA damage determination

The ROS levels and DNA damage of strain RCBS9 at 10
and 25°C were quantified using a ROS detection kit (Beyotime
Biotechnology) and an 8-OHdG ELISA kit (Sangon Biotech),
respectively. The results were determined using a fluorescence
microplate (Shimadzu, Japan) and measured using a microplate
reader (Thermo Fisher, Swedish), respectively.

2.4 SOD activity determination

SOD activity in strain RCBS9 at 10 or 25°C was determined
using a SOD assay kit (Nanjing Jiancheng Bioengineering Institute).
Total protein in strain RCBS9 was quantified using a bicinchoninic
acid (BCA) protein content assay kit (Beyotime Biotechnology).
SOD activity was then calculated using the formula provided in the
SOD assay kit. The results were determined using a measured using
a microplate reader (Thermo Fisher, Swedish).

2.5 Carotenoid content determination

Carotenoid content was assessed as described previously
(Flores et al, 2020; Liu et al, 2020). RCBS9 suspension was
transferred to a brown centrifuge tube (protected from light),
mixed with lysozyme, incubated at 37°C for 30min to lyse
the bacteria, mixed with acetone for 5min, and centrifuged
(Eppendorf, Germany). The values at OD480 nm of the supernatant
was assessed using a microplate reader (Thermo Fisher, Swedish).
The carotenoid content (C) was calculated according to the
1% was set at 1,600

lem

x 100).

following formula (the extinction coefficient &
g% 1 em™1): C (ug/ml) = (A% x 100)/(e!®

lem

2.6 Biofilm content determination

Biofilm content was assessed as described previously (Yan and
Xie, 2020). The cultured strain RCBS9 was placed in 12-well plates
and incubated at 10 or 25°C for 48, 72, 96, or 120 h. The planktonic
cells in the wells were aspirated and measured at OD600 nm using
a microplate reader (Thermo Fisher, Swedish). Planktonic cells
remaining in the wells were rinsed away with phosphate-buffered
saline and the wells were air-dried to fix the adherent cells in
the wells. Subsequently, 2mL of 0.1 mg/mL crystal violet was
added for 20 min to ensure complete attachment to the biofilm
on the well surface. After rinsing away the excess dye and air-
drying for fixation, 2mL of 95% ethanol was added to solubilize
the biofilm, and then the biofilm was quantified at OD590nm using
a microplate reader (Thermo Fisher, Swedish). The relative biofilm
content was determined based on the ratio of biofilm content to
bacterial density.

2.7 Fatty acid content determination
Strain RCBS9 was cultured in LB medium at 10 or 25°C
and processed according to the standard protocols of the

MIDI/Hewlett-Packard Microbial Identification System (Keystone

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1465627
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

Laboratories, Edmonton, Canada; Song et al, 2008; Wang
et al,, 2022a). The fatty acid species and their proportions in
the cell membrane were analyzed by gas chromatography-mass
spectrometry (GC-MS) using an Agilent 7890B-5977B system

(Agilent Technologies, Inc.).

2.8 RNA sequencing and analysis

Strain RCBS9 was cultured in LB medium at 10 or 25°C
and stored at —80°C. The bacterial samples were then sequenced
by Beijing Novozymes Technology Co. A probe was used to
remove ribosomal RNA (rRNA) from the total RNA to enrich
the mRNA. Standardization and statistical modeling were applied
to calculate the p-values and then adjust for multiple testing
(controlling the false discovery rate). Genes with fold change >2
and p,gj < 0.05 were classified as upregulated or downregulated
differentially expressed genes (DEGs). ClusterProfiler software was
used for Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses of the DEGs. String
protein interaction database and cytoscape software were used for
Protein-protein interaction analysis of DEGs from transcriptome
analysis results.

2.9 RT-gPCR

The accuracy of the transcriptome data was verified
by RT-qPCR (Zhou et al, 2022). The primer sequences
(Supplementary Table 1) for selected genes were designed
using SnapGene software. Samples of strain RCBS9 were prepared
in LB and MSM+E2 media at 10 or 25°C, as previously described
(Hao et al, 2023). Sample RNA was extracted using a bacteria
total RNA isolation kit (Sangon Biotech). 16S RNA expression
served as a calibration reference. Amplification was detected using
a LightCycler®

the 2722CT method to determine fold changes in gene expression.

96 system. The RT-qPCR data were analyzed using

2.10 Recombinant E. coli construction

Primers for six target genes in strain RCBS9 related to survival
at low temperature (identified in the transcriptome analysis), i.e.,
sHsps, DPS, GroEL, USP-1, Cu/Zn-SOD, and USP-2, were designed
by Sangon Biotech (Shanghai; Supplementary Table 2). The genes
were amplified by PCR and the PCR products were purified using a
DiaSpin DNA Gel Extraction Kit (B110092-0100; Sangon Biotech)
before being cloned into a pET-28a(+) plasmid. The constructed
plasmids and empty plasmid were then transformed into E. coli
BL21 (DE3) cells (Deng et al., 2014; Li R. et al., 2023).

2.11 Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
and recombinant E. coli growth at low
temperature

Proteins in the abovementioned recombinant E. coli were
analyzed by SDS-PAGE. Recombinant E. coli (BL21 pET-28a—-target
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gene) and the control (BL21 pET-28a) were induced with identical
concentrations of isopropyl f-D-thiogalactopyranoside (IPTG) at
16°C for 17h to overexpress the fusion proteins (His-target
protein) or His, respectively. Protein expression was then assessed
by SDS-PAGE.

To monitor growth, after induction, the recombinant E. coli
were resuspended in fresh LB medium, and the OD600 nm of
the bacterial solution was adjusted to 1.0. The culture was then
incubated at 10°C for 0, 4, 6, 8, and 24h, with measurements
of bacterial growth (OD600nm) recorded at each time point
(Xikeranmu et al., 2020).

2.12 Statistical analysis

Data were collated using Excel 2019 and analyzed (plotting
graphs and conducting t-tests and one-way ANOVA) using
GraphPad Prism 8.0. All experiments were performed in triplicate,
and the results were expressed as means with standard deviations
(ns, not statistically different; *P < 0.05, **P < 0.01, ***P < 0.001,
#HED 2 0.0001).

3 Results and discussion
3.1 ROS levels and DNA damage

Although strain RCBS9 grew and degraded >70% of E2 at
10°C, its growth and degradation efficiency were significantly
decreased at this low temperature compared to at 25°C (Hao
et al,, 2024). To elucidate the reasons for the decreases at low
temperature, we measured the levels of ROS and 8-OHAG |[a
marker of ROS-induced DNA damage (Shan et al., 2020)] in the
strain. The results showed that ROS and 8-OHdG were significantly
higher at 10°C than 25°C (Figures 1A, B). At low temperatures,
the increased oxygen solubility leads to ROS accumulation, causing
oxidative damage to cellular biomolecules, with ROS levels serving
as an indicator of bacterial stress (Irshad et al, 2021; Zou
and Cheng, 2024). For instance, ROS levels have been used to
assess the stress response to Fe3O4 nanoparticles in anaerobic
ammonium oxidation microbial communities (Zhang et al., 2024).
The experimental results showed that strain RCBS9 was subjected
to oxidative stress at low temperature and the DNA was attacked
by ROS, causing genetic damage and thus reducing the growth rate
and E2 degradation capacity of strain RCBS9 at low temperature.
Additionally, ROS and 8-OHdG levels were higher in MSM+E2
medium than in LB medium, likely due to the additional oxidative
stress due to E2 (Chainy and Sahoo, 2020) and the nutrient-poor
environment in MSM+E2 medium (Husain et al., 2022).

3.2 SOD activity and carotenoid content

This study aimed to examine whether strain RCBS9 withstands
low temperatures by producing SOD and carotenoids. The
experimental results showed that Figures 2A, B, strain RCBS9 in
LB medium had significantly higher SOD activity and carotenoid
content at 10°C than at 25°C. Strain RCBS9 can scavenge ROS
accumulated at low temperatures by increasing SOD activity and
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FIGURE 1

Physiological properties of strain RCBS9 at 10 and 25°C. (A) ROS levels in strain RCBS9 at 10 and 25°C. (B) 8-OHdG levels in strain RCBS9 at 10 and
25°C. (C) SOD activity. (D) Carotenoid content. ns, not statistically different; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

2023; Shi et al., 2022; Yu Z.
et al., 2023), thus avoiding excessive damage or even death of the

carotenoid content (Chen et al.,

bacterium caused by high ROS levels and ensuring its growth and
metabolism under low temperature conditions. Carotenoids also
increase cell membrane stability (Chia et al., 2021), which is another
assurance that strain RCBS9 can survive at low temperature.
This phenomenon has also been observed in other cryotolerant
bacteria (Flores et al., 2020; Li et al., 2022). In MSM+E2 medium,
there was also higher SOD activity and carotenoid content at
10°C than at 25°C, but the differences were not significant
(Figures 1C, D). The presence of E2 induces oxidative stress, which
may alter intracellular SOD activity and carotenoid content, so
additional low-temperature stress did not significantly modulate
them. Taking the results of the two experiments together, under
more severe conditions (low temperature and MSM~+E2 medium),
strain RCBS9 preferred to produce SOD rather than carotenoids to
counteract low-temperature stress.

3.3 Cell membrane permeability

Low temperature affects the fluidity of the phospholipid bilayer,
which is a part of the bacterial cell membrane, and membrane
2020).
permeability and inhibits bacterial growth and reproduction.

protein activity (Li et al, This affects cell membrane

Therefore, the ability to maintain cell membrane function at
low temperature is crucial for cold-tolerant bacteria. To examine

Frontiers in Microbiology

the functional status of the cell membrane of strain RCBS9
under low-temperature stress, the cell membrane permeability
was assessed.

First, crystal violet staining showed that the cell membrane
permeability of strain RCBS9 in LB medium was significantly
reduced after 2h at 10°C compared to at 25°C, which was
consistent with findings regarding other bacteria (Li et al., 2020;
Wang et al, 2022a). The permeability gradually increased over
time at 10°C, which may reflect a gradual recovery of the cell
membrane function. In MSM+E2 medium, the cell membrane
permeability was increased at after 2h at 10°C compared to 25°C.
We hypothesize that because E2 was the only carbon source, the
cell membrane construction in strain RCBS9 was incomplete. This
phenomenon has also been observed in other bacteria (Salton,
1967). The subsequent decrease in permeability over time may be
due to strain RCBS9 restoring the cell membrane structure and
function as it adapted to its environment.

Second, conductivity assays were carried out (in both LB and
MSM+E2 media) during the bacterial growth plateau, to avoid
errors due to increased bacterial counts. The results followed
similar trends to those of the crystal violet assays. The only
significant difference between the two experimental trends was that
the conductivity of the bacterial fluid at 72h in LB medium was
significantly higher at 10°C than at 25°C, which may be due to the
accumulation of metabolic by-products from prolonged incubation
in a nutrient-rich environment.

Overall, the changes in cell membrane permeability of strain
RCBS9 are a combination of the direct effects of low temperature

frontiersin.org
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FIGURE 2
Cell membrane permeability of strain RCBS9 at 10 and 25°C, based on (A) crystal violet content and (B) electrical conductivity values. (C) Relative
biofilm content (ratio of biofilm content to the value at OD600 nm for bacteria). (D) Bacterial load during biofilm production (value of bacterial
solution at OD600 nm). (E) Biofilm content. ns, not statistically different; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

on the cell membrane and the restoration of bacterial adaptive
capacity over time. The recovery of cell membrane function over
time is crucial for the survival of strain RCBS9, but the specific
mechanisms have yet to be studied in depth.

3.4 Relative biofilm content

A bacterial biofilm is a structured community of bacteria that
adheres to a solid surface by secreting extracellular polymeric
substances. These substances provide a physical protective barrier
for the bacteria, as well as trapping nutrients while eliminating
waste (Camba et al., 2024; Kuttel et al., 2017; Yan and Xie, 2020). We
investigated whether the relative biofilm content of strain RCBS9
(defined as the ratio of biofilm content to the value at OD600 nm
for bacterial solution) increased at low temperature. The relative
biofilm content in LB medium was consistently higher at 10°C
than at 25°C, suggesting that strain RCBS9 resists low temperature
by producing biofilm. Notably, the relative biofilm content was
significantly higher in MSM+E2 medium than LB medium. This
phenomenon should indicate that, in nutrient-limitation stress
(at 25°C in MSM), strain RCBS9 formed biofilms to capture
carbon-E2 (Du et al,, 2022). Additional low-temperature stress
(at 10°C in MSM) did not increase the relative biofilm content
compared to that at 25°C in MSM. Instead, the relative biofilm
content decreased, which may be attributable to overwhelming
stress (low-temperature stress plus nutrient-limitation stress;
Figures 2C-E). In conclusion, the results demonstrated that biofilm
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production by strain RCBS9 is an effective adaptation strategy to
low temperature and for capturing E2.

The aforementioned assays indicate that strain RCBS9 can
undergo various adaptive changes to tolerate low temperature.
Additionally, there was a degree of overlap in the strain’s
responses to low temperature, E2, and nutritional deficiency. When
analyzing the strain’s low-temperature tolerance mechanisms, the
combination of multiple stress factors may lead to non-significant
or even opposite-direction assay results. This could interfere
with our comprehensive analysis of the low-temperature adaptive
mechanisms of strain RCBS9. In order to gain a comprehensive
understanding of the low-temperature response strategy of strain
RCBS9 and to screen for effective low-temperature-tolerant
protein, subsequent experiments were performed in LB medium
with low temperature as the only variable to conduct in-depth fatty
acid content analysis and transcriptome analysis.

3.5 Fatty acid content

Fatty acids are integral components of cell membranes, and
alterations in the types and proportions impact the fluidity and
permeability of cell membranes (Yang et al., 2020). To determine
the mechanisms underlying the cell membrane permeability
changes in strain RCBS9 at low temperature and the adaptive
measures employed by strain RCBS9 to regulate the composition
of its cell membranes at low temperature, we investigated the
fatty acid types and proportions in strain RCBS9 in LB medium
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Fatty acid types and proportions in strain RCBS9 at (A) 10°C and (B) 25°C. The central value in each ring plot is the total amount of fatty acids at 10 or
25°C. Green represents C12-C16 saturated fatty acids. Yellow represents C17-C19 saturated fatty acids. Blue represents C14-C16 unsaturated fatty
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at low temperature. The number of fatty acid species decreased
from 19 at 25°C to 14 at 10°C. The content and proportions
of saturated fatty acids also decreased at 10°C compared to
25°C. However, the overall fatty acid proportion increased by
10.39%, and the content and proportions of unsaturated fatty
acids strongly increased, particularly regarding methyl (E)-9-
octadecenoate, which increased by a factor of 11 (Figure 3).

At low temperature, the changes in fatty acids in strain RCBS9
indicated increases in the synthesis of long-chain unsaturated fatty
acids. Similar changes have been observed in several bacterial
strains (Almeyda et al., 2020; Wang Y. et al., 2020). The ability
of unsaturated fatty acids (compared to saturated fatty acids) to
maintain superior cell membrane fluidity at low temperatures
(Ballweg et al., 2020) is likely to contribute to the gradual and
limited increase in the cell membrane permeability of strain RCBS9.
Furthermore, studies have demonstrated increased unsaturated
fatty acid content in Lactobacillus plantarum LIP-1 under acid
stress and Listeria monocytogenes under nutrient stress (E et al.,
2021; Wang et al., 2023), which represents an effective bacterial
adaptation to harsh environments. The capacity of strain RCBS9
to undergo adaptive alterations in cell membrane composition,
thereby restoring cell membrane permeability at low temperature,
may represent a pivotal factor influencing its capacity to uptake
carbon sources at low temperature.

3.6 Transcriptomics analysis

To gain a better understanding into how strain RCBS9
adapts to low temperature at a molecular level, we conducted
transcriptome sequencing. Figure 4 shows a correlation plot of
gene expression and Figure 5 shows a principal component analysis
plot of gene expression, which confirm the reliability of the
transcriptome data.
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The volcano plot in Figure 4C reveals that there were 2,012
upregulated and 1,926 downregulated genes at 10 vs. 25°C.
GO annotation of the DEGs (Figure 5A) showed that genes
related to organic acid metabolism and ribosomes exhibited the
most significant differences. Most of the upregulated genes were
associated with localized transport and energy production, whereas
most of the downregulated genes were linked to biomolecule
synthesis. KEGG annotation of the DEGs (Figure 5B) indicated
that genes related to secondary metabolite synthesis, metabolic
pathways, transporters, two-component systems, and ribosomes
exhibited the most significant differences. Most of the upregulated
genes were associated with ABC transporter proteins, amino acid
metabolism, and fatty acid degradation, whereas most of the
downregulated genes were associated with ribosomes. These results
suggest that strain RCBS9 requires more energy and transporter
protein production to survive at 10°C compared to 25°C. The strain
also reduces unnecessary protein synthesis.

The following sections discuss the transcription of cold
adaptation-related genes at 10 vs. 25°C to provide insights into the
regulation of the various stress response systems (Bao et al., 2023;
Kloska et al., 2020; Patek et al., 2021; Yan and Xie, 2020) of strain
RCBS9 at low temperature.

3.6.1 Signal transduction and transcriptional
regulation

Bacteria living in complex environments tend to have an
increased ability to detect and adapt to stimuli (Wiesmann et al.,
2023; Zhao et al, 2023). One of the main reasons for the
survival of strain RCBS9 in cold environments containing E2
should be its possession of complex signaling pathways that enable
it to sense environmental changes and adjust its physiological
processes accordingly. Cold stress activates strain RCBS9s histidine
kinase DesK, a membrane-bound heat sensor, which transmits
external signals to the cell to alter transcription, allowing cold
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component analysis plot of gene expression. The x- and y-axes display the first and second principal components, respectively. (C) Volcano plot. The
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(A) GO and (B) KEGG enrichment analysis plots showing the top 20 enriched GO terms/KEGG pathways and the number of differentially expressed
genes (DEGs) in strain RCBS9 at 10 vs. 25°C.

adaption (Cybulski et al., 2010; Inda et al., 2019). We found that  formation at low temperatures (Lin et al., 2024). We found that
genes responsible for phosphate and nitrate/nitrite assimilation ~ some genes encoding enzymes involved in c-di-GMP synthesis
(RegX3 and NarL; Goddard et al,, 2017; Park et al, 2019) and  were significantly up-regulated at 10°C. These transcriptional
cell membrane stress and osmoprotection (MtrA; Hoskisson and  changes may be critical for bacterial survival at low temperature,
Hutchings, 2006) were upregulated in strain RCBS9 at 10°C and  allowing the bacteria to adapt more efficiently to their environment.
that these genes are important for the survival of the strain at low The genes of numerous global transcriptional regulators were
temperatures. Secondary messengers also play a significant role in ~ upregulated at 10°C in response to external signals received by
signaling processes. Recent research has demonstrated that cyclic ~ strain RCBS9. Among these, the Crp transcriptional regulators
dimeric guanosine monophosphate (c-di-GMP) increases biofilm  demonstrate an exceptional capacity to respond to a diverse array
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of intra- and extracellular signals (Korner et al., 2003; Krol et al,,
2023). The LexA transcriptional regulators primarily regulate the
SOS response of bacterial DNA (Fornelos et al., 2016; Kizawa
et al., 2017). The OxyR and SoxR transcriptional regulators
play pivotal roles in bacterial responses to oxidative stress and
biofilm formation (Anand et al., 2019; Méndez et al., 2022; Wang
et al., 2022b). The ScbR transcriptional activators are involved in
bacterial quorum sensing and cell membrane formation (Wang
et al., 2006). The upregulation of some of these transcriptional
regulators in strain RCBS9 at 10°C regulated various processes
(including oxidative stress responses, DNA and protein damage
repair, cell membrane permeability, biofilm formation, and quorum
sensing) through a complex regulatory network that responds
to environmental changes and thereby optimizes survival and
reproduction ability.

3.6.2 Antioxidative stress systems

In response to oxidative stress at low temperatures, bacteria
have evolved complex antioxidant defense systems to scavenge
ROS and protect cells from oxidative damage (Borisov et al,
2021). All SOD genes were upregulated in strain RCBS9 at 10°C.
This is consistent with the results of the SOD activity assays.
Furthermore, peroxidase (PX), glutathione peroxidase (GPX), and
peroxide reductase (Prx) genes were upregulated in strain RCBS9,
while catalase (CAT) was downregulated. Low temperature causes
O accumulation in bacteria, and strain RCBS9 expresses SOD
to convert the O, into O, and hydrogen peroxide (H,O;; Zhao
et al., 2021). H,O, then needs to be promptly scavenged, and
strain RCBS9 does this by upregulating PX, GPX, and Prx,
but does not employ CAT, which specifically scavenges H,O,.
Similarly, Rhodococcus erythropolis does not employ CAT to
cope with oxidative stress at low temperatures (Wang C. et al,
2020). This may be because PX, GPX, and Prx can eliminate
other peroxides unlike CAT, which can only degrade H,O,.
Transcription translation and enzyme synthesis in the cell consume
a large amount of energy, but the various metabolic pathways for
energy production in bacteria are inhibited at low temperature.
Thus, it is a prudent use of the limited energy to produce
proteins with substrate and functional diversity. Strain RCBS9
also produces several antioxidants to scavenge ROS (Ghaedamini
et al, 2023). Many genes encoding glutathione synthase and
transporter enzymes were significantly upregulated in strain RCBS9
at 10°C, while genes encoding glutathione degradation enzymes
were downregulated. Additionally, the enzyme associated with
carotenoid synthesis, 4,4’ -dimercaptoenal oxidase, was significantly
upregulated, which is consistent with the results of the carotenoid
content assays. The transcriptome data and the results of the SOD
activity and carotenoid content assays clearly demonstrated that
strain RCBS9 has a well-established and effective ability to scavenge
ROS, which can help it to cope with the oxidative stress caused
by 10°C and E2, helping strain RCBS9 to adapt to complex harsh
environments for growth and reproduction.

3.6.3 Maintenance of gene expression and repair
of genes

ROS generated at low temperatures damages the genetic
material of microorganisms, causing base mutations (8-OHdAG

Frontiersin Microbiology

10.3389/fmicb.2024.1465627

formation) and DNA strand breaks. This is demonstrated by the
elevated 8-OHdAG content in strain RCBS9 at low temperature. This
damage can be fatal for microorganisms (Han et al., 2023; Yu M.
et al.,, 2023). Following DNA damage, cells activate coordinated
responses including detection of DNA damage, blocking cell cycle
progression and DNA replication, and repairing damage (Dubrez
et al., 2020).

Many genes encoding enzymes required for gene expression
processes in strain RCBS9 were downregulated at 10°C, while
only a few were upregulated. This maintenance of gene expression
processes only via a small number of proteins (which are presumed
to work properly at low temperature) may have occurred because
strain RCBS9 suffered DNA damage at 10°C and needed to reduce
replication to avoid the transfer of damaged genes to daughter
cells or to conserve energy in order to maintain life under
harsh conditions (Chen et al., 2016). In addition, strain RCBS9
upregulated DNA starvation/fixed-phase protection protein (DPS)
at 10°C to protect its gene sequences (Shahu et al., 2024).

DNA damage repair mechanisms represent a key factor
for bacterial adaptation to harsh environments and survival.
Strain RCBS9 possesses numerous genes encoding simple repair
mechanisms, but only the genes for the base excision repair
(BER)/mismatch repair (MMR) pathways, i.e., adenine-DNA
glycosylase gene (mutY) (Wang et al, 2017), uracil-DNA
glycosylase gene (UDG) (Chembazhi et al., 2017), and DNA
glycosylase gene (mug; Yang et al., 2019) were upregulated at 10°C.
Glycosylases are more specific regarding damage recognition and
repair than nucleotide excision repair processes. Genes involved in
DNA recombination repair and the SOS response (such as RecA,
RecC, RecE, RecG, RecX, LexA, and dinB; Galhardo et al., 2009;
Gao etal., 2023; Yakimov et al., 2017), were also highly upregulated
at 10°C. The repair of DNA damage at low temperature using the
small-scale but high-precision BER pathway and MMR pathway in
strain RCBS9 is consistent with previous findings on bacterial DNA
subjected to oxidative stress (Dubrez et al., 2020). DNA damage in
strain RCBS9 at 10°C also initiated recombination repair and the
SOS response together to maximize the integrity and correctness of
the genetic material.

3.6.4 Synthesis and degradation of cell
membrane-related components

Strain RCBS9  exhibited
transcription of genes associated with the metabolism of substances

significant  alterations in the
related to cell membrane composition at 10°C. Genes encoding
FabG enzymes (which are involved in the fatty acid synthesis
pathway) exhibited a notable upregulation at 10°C. Conversely,
genes encoding fatty acid desaturases (which are pivotal enzymes
for unsaturated fatty acid synthesis) were downregulated. In
addition, enzymes involved in fatty acid degradation such as
B-oxidation-related enzymes and monooxygenases [which are
also involved in amino acid metabolism and estrogen degradation
(Sun et al, 2022)] were upregulated. Analysis of the protein-
protein interaction network of all up-regulated expressed genes
(Supplementary Figure 1), showed that the top 20 genes with
the highest node degree were overwhelmingly associated with
B-oxidation of fatty acids (Supplementary Table 7). This is not
consistent with the fatty acid content assays (which showed that
the proportions of unsaturated fatty acids strongly increased, while
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the proportions of saturated fatty acids decreased) or with studies
of other cold-tolerant bacteria in which low temperatures usually
downregulated fatty acid degradation genes and upregulated
unsaturated fatty acid synthesis genes (Bao et al., 2023; Gao X.
etal., 2021).

The results of the fatty acid content assays and transcriptomic
analysis suggest that the increased fatty acid degradation by
strain RCBS9 at low temperatures may be a low-temperature
acclimatization strategy, and that strain RCBS9 obtains energy by
recycling fatty acids, which distinguishes it from other cold-tolerant
bacteria. Furthermore, many intermediates are generated during
fatty acid degradation, and they play a crucial role in maintaining
the stability of the intra- and extracellular environments. For
example, the polymer of 3-hydroxybutyric acid (an intermediate
of fatty acid degradation), polyhydroxybutyric acid, is closely
related to biofilm formation (Tribelli and Lépez, 2011), and
the genes for key enzymes in polyhydroxybutyric acid synthesis
were upregulated.

In a study on E. coli, it was found that translational regulation in
response to environmental stress may result in a mismatch between
mRNA and protein abundance (Zhang et al., 2022). This could
be the reason for the mismatch between the transcription profile
of fatty acid desaturases and the unsaturated fatty acid content in
strain RCBS9.

It has been proposed that cell membrane lipids play an
important role in the regulatory control of membrane-anchored
proteins (Ristovski et al., 2021). We found that ABC transporter-
related genes were highly upregulated at 10°C. Accordingly, strain
RCBS9 may have increased the number of transporter proteins in
the cell membrane for better nutrient uptake at low temperature.

3.6.5 Synthesis and degradation of cell
wall-related components

The cell wall is essential for bacteria to withstand osmotic
pressure at low temperatures, maintain their shape, and stabilize
the cell membrane. In strain RCBS9, certain genes involved
in peptidoglycan synthesis were up-regulated at 10°C. The
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FIGURE 6
RNA-seq profiles of strain RCBS9 surviving at 10°C in LB medium
were verified by RT-gPCR.
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upregulated genes include those for DAP-type peptidoglycan
synthetases, serine-type D-Ala-D-Ala carboxypeptidases, and
DAP-type
strengthen the cell wall and make it more elastic, which helps

peptidoglycan  glycosyltransferases. peptidoglycans
bacteria to survive at low temperatures (Garde et al, 2021).
Furthermore, the distinctive structural properties of DAP-type
peptidoglycan render it resistant to certain antibiotics (Curtis
et al., 1976), thereby indicating the resilience of strain RCBS9 to
challenging environments and its capacity to degrade estrogens
in many complex settings. The genes associated with converting
L-amino acids to D-amino acids and UDP-N-acetylcytidylyl-
L-alanine-D-glutaminase (involved in peptidoglycan synthesis;
McGroty et al., 2013; Perdih et al., 2009) were also mostly all
upregulated in strain RCBS9 at 10°C. Previous studies have
demonstrated that certain D-amino acids influence peptidoglycan
composition, amount, and strength by doping the polymer and
regulating the enzymes that synthesize and modify the polymer
(Cava et al., 2011; Dik et al., 2021; Miyamoto and Homma, 2021).
The synthesis of DAP-type peptidoglycan and D-amino acids
in order to construct cryogenic cell walls represents a crucial
adaptation mechanism employed by strain RCBS9 to cope with the
cryogenic environment.

3.6.6 Stress-regulated protein expression

Numerous genes encoding universal stress proteins (USPs)
were upregulated in strain RCBS9 at 10°C. These proteins
expressed by strain RCBS9 at low temperature should play a role
in sensing environmental changes, maintaining enzyme activity,
and enhancing cell membrane stability (Fang et al., 2019; Yan
etal, 2024). Genes encoding heat shock proteins (Hsps), including
DnaK, htpG sHsp, DNAJ, and GRPE, were also upregulated in
strain RCBS9 at 10°C. These proteins cooperate to form a dynamic
and complex multifunctional network, which can regulate redox
homeostasis (Smith et al., 2017; Velasco et al., 2019), maintain
cytoplasmic protein homeostasis (Rosenzweig et al., 2019), and
assist DNA damage repair (Dubrez et al.,, 2020). Notably, while
genes related to Hsps were upregulated in strain RCBS9 at 10°C,
a phenomenon that has been observed in other studies (Zhang
et al, 2021), genes for cold shock proteins, which are commonly
found during cold stress, were not upregulated. This differs from
the low-temperature adaptation mechanisms of other bacteria, such
as Lactobacillus plantarum LIP-1 (E et al., 2021). In addition, at
10°C, strain RCBS9 upregulated genes for chaperonins (GroES
and GroEL), which help proteins to fold correctly and stabilize
membrane lipids (Goltermann et al., 2016; Marchenkov et al.,
2020), and genes for ClpP proteins, which degrade damaged
proteins and control the central transcriptional regulators (Stahl
et al, 2018; Xu et al, 2021). The ability of strain RCBS9 to
upregulate a variety of stress-regulated proteins and proteins that
maintain enzyme activity at low temperature contribute to its
ability to survive at low temperature and to express E2-degrading
enzymes and maintain their enzyme activity.

3.6.7 Anti-osmotic stress systems
During low-temperature-related osmotic stress, in addition
to two-component system sensors, mechanosensitive channels in
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FIGURE 7
SDS-PAGE of six proteins expressed by recombinant E. coli BL21. (A) sHsps. (B) DPS. (C) GroEL. (D) USP-1. (E) Cu/Zn-SOD. (F) USP-2. The lanes (from
left to right) correspond to (1) marker, (2) induced control (BL21 PET28a), (3) uninduced control (BL21 PET28a), (4) induced BL21 pET-28a-target
protein, and (5) uninduced BL21 pET-28a—target protein.

bacterial cell membranes can sense cell membrane stretching due
to water molecule movement as a result of high osmotic pressure
(Zhao et al, 2020). Strain RCBS9 significantly upregulated its
mechanosensitive channel protein, mscL, at 10°C. This enabled it to
sense the osmotic condition of its growth medium and to regulate
the flow of ion and water molecules, thereby alleviating osmotic
pressure differences in the cell. The water channel protein genes of
strain RCBS9 were also upregulated at 10°C. Many studies (Bremer
and Kramer, 2019) have demonstrated that under high osmotic
stress, the availability of free water is a fundamental determinant
of bacterial growth, and the secondary effect of compatible solute
accumulation, which increases volume, is key to its osmoprotective
function. Compatible solutes prevent cell damage due to osmotic
water loss and maintain cell expansion, which is essential for
sustaining cell stretching, growth, and division (Bao et al., 2023;
Sleator and Hill, 2002). Genes related to the transport of organic
osmoregulators such as proline, glycine betaine, carnitine, choline,
alginate, and maltose (e.g., ProP, OpuB, OpuC, OsmX, MalE, MalF,
and SugB; Babu Sait et al., 2022; Culham et al., 2018; Druger-Liotta
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et al,, 1987; Licht et al., 2019; Rath et al., 2020) were significantly
upregulated in strain RCBS9 at 10°C. The gene responsible for
betaine synthesis, betB (Zhu et al., 2022), was also upregulated. The
genes for regulatory and transport proteins of K™ (KDP-ABCDE)
were significantly downregulated. In most bacteria, K™ regulation
is crucial for maintaining osmotic pressure (Stautz et al., 2021).
However, the transcriptome data showed that the osmoprotective
strategy of strain RCBS9 favored the accumulation of compatible
solutes (e.g., glycine betaine and carnitine) over the accumulation
of K+, which has been observed in studies of other Gram-positive
bacteria (Rath et al., 2020; Song et al., 2020).

3.7 RT-qPCR verification of transcriptome
results

To verify the transcriptome results, RT-qPCR was performed to
assess the transcription of strain RCBS9 in LB and MSM+E2 media.
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FIGURE 8
(A) Growth curves and (B) bacterial load of recombinant E. coli at 10°C (4th h, value of bacterial solution at OD600 nm). ns, not statistically different;
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

The RT-qPCR results of strain RCBS9 in the LB medium were
completely consistent with the transcriptome results (Figure 6),
which validated the transcriptome results. However, RT-qPCR
results for two genes in MSM+E2 medium were inconsistent with
the transcriptome results (Supplementary Figure 2). Combined
with the results of the physiological assays described above, it can
be assumed that the mechanisms of low-temperature tolerance of
strain RCBS9 are similar under different conditions (LB medium
vs. MSM+E2 medium), but they are appropriately adjusted to the
specific environment.

3.8 Growth of recombinant E. coli at low
temperature

Six target proteins related to survival at low temperature
(according to the transcriptome results of strain RCBS9) were
successfully expressed in recombinant E. coli BL21. The five SDS-
PAGE lanes for these six proteins (from left to right) correspond
to (1) marker, (2) induced control (BL21 PET28a), (3) uninduced
control (BL21 PET28a), (4) induced BL21 pET-28a-target protein,
and (5) uninduced BL21 pET-28a-target protein. The results
demonstrated that all six proteins were successfully induced and in
the expected positions (Figure 7).

The growth curves of each recombinant E. coli expressing the
six target proteins were significantly different from that of the
control (BL21-PET28a). The bacterial count of the control (BL21-
PET28a) at 10°C was almost unchanged, with a value of about
1-1.1 at OD600 nm. However, the number of recombinant E. coli
expressing the target proteins reached the peak at 4 h, and the value
at OD600 nm of BL21-DPS, BL21-GroEL, and BL21-USP-2 reached
about 1.4, and then began to decline. After 8h, except for BL21-
SHsps, the values of bacterial mass at OD600 nm were around 1.1
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for all strains (Figure 8). Based on the results, we speculate that
the induced target proteins improve low-temperature adaptation
when they exist in large quantities in the recombinant E. coli.
After 8h, due to damage and degradation of the proteins, the
recombinant E. coli could not produce a large amount of target
proteins without additional IPTG induction, and the bacterial
counts began to decline until they were comparable to those of the
control (BL21-PET28a).

In addition to the protective function of the target proteins
themselves, the target proteins may produce cascade reactions
that increase other protective substances or improve the cellular
structure for better survival at low temperature. More in-
depth validation analyses of the reasons for the large decrease
in the BL21-sHsps bacterial count at 6h and the regulatory
mechanisms underlying the low-temperature tolerance of strain
RCBS9 are required. Thereafter, based on the current work,
we will further investigate the mechanisms underlying the low-
temperature tolerance of strain RCBS9.

4 Conclusion

In this experimental study, we found that strain RCBS9 adapts
to low temperature in LB medium similarly to other strains.
However, in MSM medium, the adaptation strategy of strain RCBS9
diverges under the combined stress of E2 and low temperature.
Transcriptomic analysis basically aligned with experimental data,
elucidating the gene expression regulatory network of strain RCBS9
under cold stress. Strain RCBS9 up-regulates signal transduction
genes (e.g., Desk) and global transcription factors to sustain
viability and physiological functions at low temperatures. Notably,
strain RCBS9 significantly enhanced fatty acid catabolism for
energy production. Unlike common cold shock proteins, strain
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RCBS9 up-regulates heat shock proteins (HSPs), stress protective
protein-USP, and various transporter proteins in response to cold
stress. Transcriptome analysis identified six key genes for low-
temperature tolerance, whose overexpression in E. coli improved
cold adaptation. This work delineates strain RCBS9’s cold
adaptation strategy and validates the cryoprotective roles of several
genes, providing a theoretical foundation for its application in
animal husbandry. Future research should explore strain RCBS9's
adaptation at lower temperatures and further dissect the function
and regulation of key cryotolerance genes.
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