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Abstract.8

BACKGROUND: Psychrophilic bacteria can survive in a unique living environment.9

OBJECTIVE: To explore the mechanism of low temperature adaptation and the physiological function of thermophilic metabolic10

genes.11

METHOD: Serratia marcescens strain F13 stored in microbial laboratory was cultured at 5◦C, 10◦C and 25◦C respectively, and12

the obtained strains were sequenced by high-throughput transcriptome. Serratia marcescens strain CAV1761 was used as the13

reference strain. The data produced by transcriptome sequencing were statistically analyzed by biostatistics software such as14

soapnuke, soap and edger. The differentially expressed genes were found based on the gene expression, and analyzed by Gene15

Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis.16

RESULTS: The results showed that there were 718 differential genes in F13-10 vs F13-5 comparison group, 1614 differential17

genes in F13-25 vs F13-5 comparison group and 1636 differential genes in F13-25 vs F13-10 comparison group. GO function18

enrichment analysis showed that the GO term mainly enriched by different genes in the three comparison groups was mostly19

related to the migration and transport of cellular or subcellular components, cell localization and transmembrane transporter20

activity, as well as cilia or flagella dependent cell movement. In the enrichment analysis of KEGG pathway, the three comparison21

groups all enriched the largest number of differential genes in the branch pathway of KEGG metabolism, followed by the branch22

pathway of environmental information processing.23

CONCLUSION: In F13-10 vs F13-5, the differential genes were mainly concentrated in 20 pathways such as ATP-binding24

cassette transport (ABC) transporters, thiamine metabolism and flagella assembly; In F13-25 vs F13-5, the differential genes25

are mainly concentrated in 20 pathways, such as (ABC) transporters, arginine and proline metabolism, two-component system26

and so on; In F13-25 vs F13-10, the differential genes are mainly concentrated in 20 pathways such as various types of glycan27

synthesis, two-component system and arginine metabolism.28

Keywords: Low temperature bacteria, transcriptome analysis, psychrophilic mechanism29

1. Introduction30

Psychrophilic bacteria can survive in a unique living environment [1], carry out normal physiological31
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activities, such as maintaining material transport in the body, energy transfer and replication of genetic32

material, maintaining their own various biological structures and nutrient requirements in order to achieve33

life activities [2]. This kind of psychrophilic microorganisms is abundant and is a potential microbial34

resource. In the past few years, a lot of attention has been paid to the psychrophilic microorganisms35

that survive and reproduce in large numbers in low temperature environments [3], mainly focusing on36

elucidating their psychrophilic mechanism and applying them to modern industrial production.37

At present, it is believed that psychrophilic bacteria mainly adapt to the low temperature environment38

through the following mechanisms. Low temperature resistance mechanism: straight-chain and branched-39

chain unsaturated fatty acids in the lipid components of the membrane can reduce the melting point of40

lipids, maintain good fluidity, and ensure the nutritional needs of microorganisms by secreting a large41

amount of extracellular lipase and protease [4]; tRNA: The content of dihydrouracil in psychrophilic42

bacteria tRNA is high, which helps to maintain the local conformation of tRNA; Enzyme: The molecular43

structure of low-temperature enzymes has good flexibility, and can quickly adjust conformation for44

catalytic reactions; Acid-resistant mechanism, metal ions on the surface of the membrane will exchange45

with hydrogen ions in an acidic environment, so as to avoid excessive hydrogen ions from causing46

poisonous cells; Transmembrane potential difference: acidophilic microorganisms maintain a neutral47

environment in the cell through the balance mechanism and the diffusion of hydrogen ions; alkali48

resistance mechanism: the cell wall contains a large number of acidic small molecules, which can49

neutralize H+ on the cell surface; cell membrane: resist intracellular pH Value changes, maintain50

intracellular pH close to neutral; DNA: Some DNA is related to alkali resistance [5].51

Using the second-generation high-throughput sequencing technology for cDNA sequencing, the tran-52

scripts of a specific organ or tissue of a species in a certain state can be obtained comprehensively53

and quickly. Transcriptome research is the basis and starting point for the study of gene function and54

structure, and plays an important role in interpreting the functional elements of the genome and revealing55

the molecular composition of cells and tissues. With the development of science and technology, such56

research methods have become more mature, convenient and widely used.57

In order to investigate the low-temperature adaptation mechanism of psychrophilic bacteria and the58

physiological function of psychrophilic metabolic genes, in this paper, the transcriptome sequencing59

of Serratia marcescens strain F13 (Serratia marcescens strain F13) cultured at different temperatures60

(5◦C, 10◦C, 25◦C) was carried out. Serratia marcescens strain CAV1761 (Serratia marcescens strain61

CAV1761) was used as a reference strain, and biostatistical software was used to statistically analyze62

the transcriptome sequencing data, mainly to find differentially expressed genes, and to perform GO63

enrichment analysis on significantly differentially expressed genes and KEGG pathway enrichment64

analysis.65

2. Materials and methods66

2.1. Source of strains67

The cryophilic bacterium Serratia marcescens strain F13 and the reference strain Serratia marcescens68

strain CAV1761 were obtained from our experiment .69

2.2. Resurrection and expanded culture of strains70

The F13 strain was inoculated on a glucose solid culture plate and cultured upside down at 10◦C for71
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3–4 days. After obvious colonies grew on the plate, it was inoculated into 100 mL of glucose liquid72

medium and cultured at 110 rpm constant temperature shaking at low temperature (5◦C and 10◦C) and73

normal temperature (25◦C). The growth curve was measured using spectrophotometer turbidimetry under74

the condition of A600nm. Inoculate the logarithmic phase bacterial solution of the F13 strain into the75

sterilized Luria-Bertani (LB) culture solution, pipette it with a pipette gun at a volume ratio of 1:100 in a76

sterile operating table, at the three temperatures of 5◦C, 10◦C and 25◦C, respectively,shake the culture at77

110 rpm in a constant temperature incubator until the best harvest period, repeat 4 times, the cultures at78

5◦C were named F13_1_5, F13_2_5, F13_3_5, F13_4_5, and the cultures at 10◦C were named F13_1_10,79

F13_2_10, F13_3_10, F13_4_10, cultured at 25◦C were named as F13_1_25, F13_2_25, F13_3_25,80

F13_4_25, respectively.81

2.3. Cell collection82

Centrifuge the psychrophilic bacterial solution cultured at low temperature of 5◦C, 10◦C, and normal83

temperature of 25◦C at corresponding low temperature of 5◦C, 10◦C, normal temperature of 25◦C, and84

200 rmp for 3 minutes, remove the supernatant, and repeat several times to obtain F13 three Bacteria at85

different temperatures were marked, quickly frozen in liquid nitrogen for 30 seconds, and then transferred86

to a −80◦C refrigerator for storage.87

2.4. Transcriptome analysis of F13 strain and reference strain88

In the transcriptome analysis phase, the reference genome and transcriptome of the sugar-degrading89

bacterium Serratia marcescens strain F13, specifically the Serratia marcescens strain CAV1761, were90

utilized. The post-quality control sequence of each sample was then aligned with the reference genome and91

transcript sequence using SOAP2.2.1, resulting in a statistics table comparing Reads with the reference92

genome. From this alignment, the number of Reads on each transcript from every sample was determined,93

which in turn provided insights into transcript expression levels. Lastly, a principal component analysis94

(PCA) was performed on the gene expression values (FPKM) of the samples using Spss software.95

(1) Psychrophilic Bacteria: Reference genome and transcriptome of the sugar-degrading bacterium96

Serratia marcescens strain F13: Serratia marcescens strain CAV1761. Using SOAP2.2.1, the second-97

generation sequence after quality control of each sample was compared with the reference genome and98

reference transcript sequence, and the comparison statistics table of Reads and the reference genome was99

obtained.100

(2) Expression level analysis: using the results of alignment with the reference genome and transcrip-101

tome, the Serratia marcescens CAV1761(Serratia marcescens strain CAV1761), the number of Reads on102

each transcript was obtained from each sample, get transcript expression levels.103

(3) Correlation analysis: The gene expression value (FPKM) of the samples was analyzed by principal104

component analysis (PCA) using Spss software to estimate the differences and repetitions between105

samples or within samples.106

(4) Differential expression analysis: The R language package edgeR was used for differential analysis.107

The screening threshold was set at FDR (false discovery rate) < 0.05. A log2FC (fold change) > 1 or108

log2FC < − 1 was used to determine significant differential expression. This means that genes that had a109

two-fold or more increase or decrease in expression were considered differentially expressed.110

(5) GO enrichment analysis of differential genes: After the differential genes were identified, the111

expression differences between the samples were clarified in terms of gene functions using GO enrichment112
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analysis.The GO enrichment method used was Hyper-geometric distribution. GO terms with an FDR 6113

0.05 were selected as significantly enriched.114

(6) KEGG enrichment analysis: KEGG (Kyoto Encyclopedia of Genes and Genomes) is the main115

public database on pathways. Pathway significant enrichment analysis takes KEGG Pathway as the unit,116

and applies hypergeometric test to find out the pathway with significant enrichment of differential genes117

relative to all annotated genes. The KEGG enrichment analysis method is Hyper-geometric distribution.118

Like the CO enrichment analysis method, pathway with FDR 6 0.05 are selected as significantly enriched119

pathway entries. GO enrichment was performed on the differential genes between the samples at low120

temperature of 5◦C, 10◦C, and normal temperature of 25◦C, and the differential gene GO classification121

histogram and scatter plot were obtained.122

2.5. Statistical analysis123

All statistical analyses were performed using R software (version 3.6.1). The significance of the124

differences between groups was determined using Student’s t-test or one-way analysis of variance125

(ANOVA) followed by Tukey’s post hoc test. A p-value < 0.05 was considered statistically significant.126

3. Results and analysis127

3.1. Sequencing data quality assessment128

Raw reads were filtered to obtain Clean reads with a length of 150 bp. The Q20 is greater than 96%,129

and the Q30 is greater than 88%, meeting the quality requirements for subsequent sequencing analysis.130

The content distribution of bases A, T, G, and C was generally at 25%, indicating good sequencing131

quality. The sequencing quality distribution showed that the actual coverage of Reads generated by the132

transcription library construction experiment and sequencing had high coverage depth and uniformity.133

The closer to the 5’ end or 3’ end of the transcript, the lower the average sequencing depth. According134

to statistics on the number of sequences that have mismatches and the number of mismatches is less135

than or equal to 5 compared to the genome, 5◦C accounts for 41%, 10◦C accounts for 37%, and 25◦C136

accounts for 34%. The comparison of Reads and reference transcripts shows that the number of sequenced137

sequences that can be mapped to the genome accounts for 58% at 5◦C, 47% and 53% at 10◦C and 25◦C,138

respectively; According to statistics on the number of sequences that have mismatches and the number of139

mismatches is less than or equal to 5 compared to the genome, 5◦C accounts for 28%, 10◦C accounts for140

29%, and 25◦C accounts for 23%.141

3.2. PCA analysis142

In this study, we firstly do PCA (Principal Component Analysis) analysis was performed on the143

transcript differences of samples at 5◦C, 10◦C, and 25◦C to examine the overall patterns of gene144

expression and to identify the major sources of variation in the data. PCA analysis was performed on the145

transcript differences of samples at 5◦C, 10◦C, and 25◦C, and the analysis results are shown in Fig. 1. It146

can be seen from the PCA diagram that the samples in the three groups of low temperature 5◦C, 10◦C,147

and normal temperature 25◦C are gathered together. It can be seen that the parallelism of the samples148

in the group is good; The samples in the groups were scattered and far away. It can be seen that the149

expression patterns of F13 were significantly different at different temperatures (5◦C, 10◦C, 25◦C).150
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Fig. 1. PCA plot of all samples.

Fig. 2. Sample correlation heat map. The branches represent clustering branches, and the color from blue to red indicates that the
correlation gradually increases.
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3.3. Differential expression analysis151

3.3.1. Differential gene screening152

Transcriptome sequencing was performed on the F13 and CAV1761 strains, and the sequencing data153

were analyzed to identify differentially expressed genes. Under the culture conditions of 25◦C and154

10◦C, there were 777 up-regulated genes and 859 down-regulated genes. Under the culture conditions155

of 25◦C and 10◦C, there were 797 up-regulated genes and 817 down-regulated genes. Compared with156

10◦C and 5◦C culture conditions, there were 404 up-regulated genes and 314 down-regulated genes.157

A Venn diagram showed the number of differentially expressed genes between groups. The number of158

differentially expressed genes shared between the three comparison groups was 158.159

Figure 2 shows a Venn diagram showing the number of differentially expressed genes between groups,160

the number of differentially expressed genes in unique transcripts and the number of differentially161

expressed genes in common transcripts between the three comparison groups of F13_25 vs F13_10,162

F13_25 vs F13_5 and F13_10 vs F13_5 can be visualized. The number of differentially expressed genes163

shared between F13_25 vs F13_10, F13_25 vs F13_5 and F13_10 vs F13_5 is 158, the number of unique164

differentially expressed genes in F13_25 vs F13_10 is 300, the number of unique differentially expressed165

genes in F13_25 vs F13_5 is 302, and the unique number of differentially expressed genes in F13_10 vs166

F13_5 is 64.167

3.3.2. Heat map analysis168

From the differential gene expression clustering heat map, it can be seen that there are a large number169

of genes with significant differences in gene expression between F13_25 and F13_10, F13_25 and170

F13_5, and F13_10 and F13_5, and genes with similar expression patterns are clustered on the left into a171

subcluster.172

The expression pattern clustering analysis of the three groups of samples at culture temperatures of173

5◦C, 10◦C, and 25◦C was performed, and Fig. 3 was obtained. Blue represents low-expression genes, and174

red represents high-expression genes.175

3.4. GO and KEGG enrichment analysis of differential genes176

In this study, GO and KEGG pathway enrichment analysis were performed to identify the biological177

functions and pathways associated with the differentially expressed genes in Serratia marcescens strain178

F13 under low temperature conditions. As shown in the GO classification histogram of differential genes179

in Fig. 4A, the GO database belongs to the Gene Ontology database, including gene molecular functions,180

cellular components, and biological processes. Serratia marcescens strain CAV1761 was used as the181

reference transcriptome.182

The differential expressed genes are mainly focused on cellular process, metabolic process and location183

GO terms belong to biological processes,ąąand focused on cellular anatomical entities GO term belongs184

to cellular components, and focused on catalytic activity, binding and transporter activity GO terms185

belong to gene molecular functions in the three comparison groups.186

In organisms, different genes coordinate with each other to perform their biological functions, and the187

most important biochemical metabolic pathways and signal transduction pathways in which differentially188

expressed genes participate can be determined through significant enrichment of pathways. Taking189

Serratia marcescens strain CAV1761 as the reference transcriptome, and using the differential genes of190

F13 for KEGG enrichment analysis, the KEGG classification histogram of differentially expressed genes191

in Figure 4B was drawn. The differential genes of the three comparison groups of F13-10 vs F13-5,192193
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F13-25 vs F13-5, and F13-25 vs F13-10 were annotated into 25, 27, and 29 KEGG secondary pathways,194

respectively. In the three comparison groups, the number of differential genes enriched in the KEGG195

metabolic (Metabolism) branch pathway was the largest, followed by the Environmental Information196

Processing branch pathway. Among the branched pathways of Metabolism, the secondary pathways with197

the largest number of differential genes are carbohydrate metabolism and amino acid metabolism; In the198

environmental information processing branch pathway, the secondary pathway with the largest number of199

differential genes is membrane transport and signal transduction.200

As shown in the KEGG enrichment scatter diagram of differentially expressed genes in Fig. 5, 20201

pathways with significant differential gene enrichment were selected. The enrichment degree of KEGG is202

represented by enrichment factor, Qvalue and the number of genes enriched in this metabolic pathway.203

In F13-10 vs F13-5, the differential genes were mainly concentrated in 20 pathways such as ABC204

transporters, Thiamine metabolism and flagellar assembly; In F13-25 vs F13-5, the differential genes205

were mainly concentrated in 20 pathways, such as ABC tranporters, arginine and proline metabolism,206

and two-component system; In F13-25 vs F13-10, the differential genes were mainly concentrated in 20207

pathways including various types of glycan synthesis, two-component system, and arginine metabolism.208

4. Discussion209

Low temperatures affect cell integrity, solute dissolution rates, membrane fluidity, enzyme activity,210

and interactions between macromolecules [6,7]. In order to survive, psychrophilic bacteria must have211

corresponding adaptive strategies to deal with the adverse effects of low temperature environment. In this212

study, we sequenced the transcriptome of Serratia marcescens strain F13, a Serratia marcescens strain of213

psychrotrophic bacteria, cultured at different temperatures of 5◦C, 10◦C and 25◦ C.214

During the cold shock process [8], there were 1636 differentially expressed genes in the F13-25 vs F13-215

10 comparison group, and the culture temperature was lowered from 25◦C to 10◦C, the expression of 777216

genes was up-regulated, and the expression of 859 genes was down-regulated quantity. The results of this217

study provide valuable insights into the molecular mechanisms underlying the cold adaptation of Serratia218

marcescens strain F13. The transcriptome analysis revealed a total of 1,042 differentially expressed genes219

under low temperature conditions, including 558 up-regulated genes and 484 down-regulated genes. This220

is consistent with the research results of Chen et al., Teoh et al., and Frank et al. [9,10,11], F13 also221

changes the expression of a large number of genes to make cells enter the low-temperature growth period222

in a short period of time.223

The GO and KEGG pathway enrichment analysis identified several biological processes and path-224

ways associated with the differentially expressed genes, including metabolic processes, biosynthesis of225

secondary metabolites, and microbial metabolism in diverse environments. Dolhi et al. [12] found that226

Chlamydomonas raudensis UWO241 compensated for the loss of enzyme activity by increasing the gene227

expression abundance and protein concentration of Rubisco, compensated for the decrease in enzyme228

catalytic activity at low temperature, and maintained cell growth. Liu et al. [13] studied the comparative229

genomics of 21 strains of psychrophilic psychrobacter Cryobacterium and found that the number of230

motility and chemotaxis genes in the genome of psychrophilic bacteria was significantly more than that231

of mesophilic low-temperature bacteria. The KEGG scatter plot shows that most of the differentially232

expressed genes in the F13-25 vs F13-10 comparison group are enriched in multiple glycan metabolism233

pathways and flagellar assembly pathways (Flagellar assembly Pathway). Therefore, it is speculated that234

when the culture temperature dropped from normal temperature 25◦C to low temperature 10◦C, F13235

obtained energy by enhancing cell movement and adjusting the synthesis and decomposition of various236
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glycans to adapt to the low temperature environment. When the culture temperature continued to drop237

from 10◦C to 5◦C, most of the differential genes in the F13-10 vs F13-5 comparison group were enriched238

in the ABC transporter (ABC tranporters) pathway, multiple signal transduction pathways and multiple239

biofilm formation pathways. The ABC transporter is a large number and diverse transport ATPase on the240

bacterial plasma membrane, which catalyzes the turnover of lipids into the phospholipid bilayer, and is of241

certain importance to the occurrence and function maintenance of the membrane.242

The PCA analysis showed that the expression patterns of F13 were significantly different at different243

temperatures (5◦C, 10◦C, 25◦C), indicating that the cold adaptation of F13 involves complex regulatory244

mechanisms. The analysis of cold adaptation-related genes identified several genes involved in the biosyn-245

thesis of compatible solutes, cold shock proteins, and membrane transporters, which were significantly246

up-regulated under low temperature conditions. The analysis of transcription factors identified several247

differentially expressed TFs that may play important roles in regulating the cold adaptation-related genes.248

From the above results, it can be speculated that: under the low-temperature culture environment,249

F13 cells increase the expression level of cilia or flagella-dependent cell motility-related genes to250

increase activity and obtain more nutrients; by enhancing transport-related enzymes and proteins, and251

the expression level of transmembrane transporter is used to improve the active transport efficiency of252

nutrient absorption for the metabolism of bacteria under low temperature conditions [14,15], the decrease253

in protein and enzyme activity at low temperatures is compensated by increasing the relative abundance254

of key proteins and enzymes. Lauro et al., Santos et al., and De Maayer et al. [16,17,18] found that low255

temperature can cause the up-regulation of cell membrane synthesis-related genes (such as fatty acids,256

phospholipid fatty acids, peptidoglycan, and glycosyltransferases) and membrane transport proteins to257

deal with the adverse factors of lower cell membrane lysis rate caused by low temperature. The KEGG258

classification histogram results in this study showed that the three comparison groups of F13-10 vs259

F13-5, F13-25 vs F13-5 and F13-25 vs F13-10 enriched the number of differentially expressed genes in260

the branch pathway of environmental information processing Membrane transport pathway and signal261

transduction pathway were the most abundant, and the number of differential genes enriched in the262

two pathways, indicating that F13 needs to open a large number of transmembrane transport channels263

to adapt to the low temperature stress environment at 5◦C. For different degrees of low temperature264

stress, F13 adopted different strategies to adapt to the low temperature environment. The two-component265

system signaling system in bacteria is involved in many environmental stress responses, including266

temperature, pH, osmotic pressure, and oxidative stress [19]. In recent years, two-component systems267

involved in low temperature adaptation have been reported in multiple microbial cells. For example, the268

DesK/DesR two-component system in Bacillus subtilis, the CasKR two-component system in Bacillus269

cereus, the CB02306/CBO2307 two-component system in botulinum, and the CheA/CheY two-component270

system in Yersinia pseudotuberculosis system, the two-component system plays an important role in271

restoring membrane fluidity at low temperatures [20,21,22,23]. Therefore, it can be speculated that under272

low temperature culture conditions, F13 can solve the problems of reduced membrane transport rate273

and metabolic rate caused by low temperature through strategies such as enhancing cell movement,274

strengthening signal transduction, increasing membrane area, and maintaining membrane fluidity.275

5. Conclusion276

The results of this study provide valuable insights into the molecular mechanisms underlying the cold277

adaptation of Serratia marcescens strain F13 and identify potential targets for improving the cold tolerance278

of bacteria. The findings of this study may have important implications for the development of new279
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strategies for enhancing the cold tolerance of microorganisms, which could have significant applications280

in various fields, including biotechnology, food preservation, and environmental remediation. However,281

further experimental validation is needed to confirm the roles of the identified genes and pathways in cold282

adaptation, and to explore their potential applications in biotechnology and other fields.283
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