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INTRODUCTION

Pectate lyase (PL, EC 4.2.2.2), also known as pectate 
transeliminase, a member of the pectinase family, 
cleaves pectin by β-elimination reaction, specific for 
acidic polysaccharides (Hugouvieux-Cotte-Pattat et 
al., 2014). Pectate lyases have been isolated from var-
ious microbial sources such as bacteria, fungi and 
plants (Kamijo et al., 2019; Bekli et al., 2019; Thakur 
et al., 2021). Bacterial pectinase is preferred over fun-
gal pectinase because of the ease of fermentation and 
modern techniques for improving production yield 
(Zhang et al., 2019). Like many other microbial en-
zymes, pectate lyase faces a problem with increas-
ing industrial productivity. Over the last 10 years, 
researchers have focused considerable attention on 
the isolation and identification of pectinase-pro-
ducing strains, mutation breeding, construction of 
genetically engineered bacteria, optimization of fer-
mentation conditions, and purification of enzymes. 
However, few studies have reported how the molec-
ular mechanisms, pathways, and networks relate to 
pectate lyase biosynthesis (Amin et al., 2019).
Classical microbe breeding for industrial applica-
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tions involves the application of mutagenesis and 
screening to reform productive strains, reduce by-
product formation, and add beneficial effects (Chen 
et al., 2018). Ultraviolet (UV) light has strong geno-
toxic effects that produce DNA damage and induce 
mutations (Ikehata & Ono, 2011). UV can also be 
used to obtain mutants yielding higher PL produc-
tion. Chiliveri et al. reported that PL productivity 
of the wild strain Bacillus tequilensis SV11 was im-
proved by the application of UV irradiation. They 
found that the mutant strain UV37 showed a 1.4-fold 
improvement in PL production compared with the 
wild strain (Chiliveri & Linga, 2014). 
We screened a mutant strain of UW07 with enhanced 
PL productivity. In order to reveal the mechanism 
of the mutant regulating PL production, draft tran-
scriptomic database of B.subtilis was constructed 
and RNA-seq was performed to identify the differen-
tially expressed genes(DEGs) between UW07 and K1. 

MATERIALS AND METHODS

Strain and cultivation
The wild-type strain of B.subtilis K1 (WT) was iso-
lated from jujube garden soil in Luoyang Normal 
University. The high-pectinase-producing mutant 
UW07 was generated by UV mutagenesis and pre-
served by our laboratory, and UV mutagenesis of K1 
was performed according to the method of Chiliveri 
et al. (Chiliveri & Linga, 2014). Both stains were pre-
grown in 250 mL flasks with 50 mL LB medium at 
37°C, and each treatment was carried out in tripli-
cate.
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SUMMARY

Transcriptome analysis for the original Bacillus subtilis K1 strain and UV mutagenic strain UW07 
with high yield of pectate lyase was implemented with RNA-seq. The function of genes was annotat-
ed and metabolic pathways were classified to look for different expression genes and classify these 
genes into related metabolic pathways to reveal the high-yield mechanism of pectate lyase in UW07. 
The results showed that 397 genes were up-regulated and 617 genes were down-regulated compared 
with the original strain. The up-regulated genes were mainly involved in ABC transporters, two-com-
ponent system, biosynthesis of amino acids, and carbon metabolism.
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RNA extraction, library preparation  
and sequencing
Total RNA of samples was isolated and purified us-
ing Trizol reagent (Invitrogen, Carlsbad, CA, USA) 
following the manufacturer’s instructions. mRNA 
was isolated and enriched from the total RNA using 
oligo-DT magnetic beads and fragmented. The suita-
ble fragments were selected and enriched with PCR 
amplification as templates. The library quality was 
assessed on the Agilent Bioanalyzer 2100 system and 
sequenced using an Illumina Hiseq X-Ten platform 
(LC Bio, China).

Transcriptome assembly and annotation
Transcriptome assembly was performed using Trini-
ty method (Grabherr et al., 2011). The longest tran-
script of each gene was selected as an unigene for 
further function annotation. The assembly unigenes 
were searched against NCBI nonredundant pro-
tein sequences (Nr), NCBI non-redundant nucleo-
tide sequences(Nt), Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway, euKaryotic Ort-
holog Groups(KOG), Clusters of Orthologous Group 
(COG), Swiss-Prot, and gene ontology (GO) protein 
databases. The unigenes were annotated in public Nr, 
Nt and Swiss-Prot KOG databases using NCBI blast 
2.2.28+, with an e-value of 1.0 ×10−5, while KOG/COG 
databases had a cut-off of e-value of 1.0 ×10−3.

Expression analysis
The transcriptomes from all samples were merged 
to reconstruct a comprehensive transcriptome using 

perl scripts. After the final transcriptome was gener-
ated, StringTie and Ballgown was used to estimate 
the expression levels of all transcripts (Pertea et al., 
2015). The differentially expressed mRNAs were se-
lected with log2 (fold change) >1 or log2 (fold change) 
<-1 and with statistical significance (fdr <0.05) by R 
package edgeR (Robinson et al., 2009). 

RESULTS AND DISCUSSION

The cDNA libraries of UW07 and K1 cells at the expo-
nential phase were pooled and submitted to Illumina 
high-throughput sequencing. Sequencing projects 
generated 2.10G and 1.98G raw data, respectively. A 
total of 14,170,184 and 15,051,037 clean reads were 
obtained after trimming adaptor and low-quality se-
quence removal. Of those clean reads, more than 96% 
of bases in both UW07 and K1 samples had a Q value 
>20. After these effective sequences were compared 
with the reference genome Bacillus subtilis QB928 
(Firmicutes), 7525518 and 7085092 sequences were 
obtained, respectively. Unique matched reads, which 
can be compared to the unique position of the ge-
nome, are highly reliable. Therefore, the Unique 
matched reads are used for subsequent analysis to 
ensure the reliability of the analysis results. 89.79% 
(UW07) and 91.42% (K1) of the effective sequences 
were matched on the genome. Among them, 88.41% 
and 91.03% of the complete matched sequences were 
found, while the proportion of multiple matched 
reads was low, indicating that the sequencing data 
quality was very good.
We used FPKM for preliminary analysis of different 

Figure 1 - Volcano plot of 
differentially expressed genes 
between mutant and wild-
type strains.
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gene expression in the related pathways (Filloux et 
al., 2014). Using the method of false discovery rate 
(FDR) and differential expression gene (log2FC; FP-
KM-UW07 / FPKM -K1), the differentially expressed 
genes with FDR <0.05 and | log2FC| >1 were screened 
for subsequent analysis. FPKM-UW07 and FPKM-K1 
represent the gene expression levels of UW07 and 
K1, respectively. According to the transcriptome data 
of the strain, 1014 significant differentially expressed 
genes (DEGs) were identified. 397 genes (8.63%) 
were up-regulated and 617 (13.41%) were down-reg-
ulated. The visualized volcano map of the differen-
tially expressed genes in the transcriptome is shown 
in Figure 1. On the horizontal abscissa axis, Figure 1 
shows the logarithm of the difference multiple of the 
two samples, and the ordinate represents the nega-
tive lg value of the FDR of the two samples; the red 
and blue dots indicate that the gene expression level 
was significantly up-regulated and down regulated, 
and the black dot indicates that the difference is not 
significant. The judgment criterion of significant dif-
ference is FDR <0.05, and the difference multiple is 
more than 2 times.
The Gene Ontology (GO) is the most widely-used 
ontology for specifying cellular location, molecu-
lar function, and biological process participation of 

human and model organism genes (Tomczak et al., 
2018). In order to obtain complete gene function 
information of the mutant UW07 transcriptomics, 
4329 differentially expressed genes (including 1519 
up-regulated genes and 2810 down-regulated genes) 
were obtained by functional enrichment analysis at 
GO level between the experimental group and the 
control group; the down regulated genes accounted 
for DEGs 91%, which indicated that the mutagenic 
treatment had great damage to the cells, and that 
metabolic activity would be weakened. Among them, 
40.66%, 41.86% and 17.48% were involved in biolog-
ical processes, cell components and molecular func-
tions, respectively (Figure 2).
Compared with the original strain K1, the mutant 
UW07 had significantly different expression of genes 
involved in substrate recognition, binding transport, 
enzyme catalytic activity and biodegradation. We 
also performed analysis using the KEGG database to 
determine whether the DEGs were involved in ABC 
transporters, two-component system, biosynthesis of 
amino acids, and carbon metabolism. Among these 
DEGs, we finally screened 79 up-regulated genes and 
59 down-regulated genes in mutagenic strain UW07 
involving in ABC transporters; 81 up-regulated genes 
and 40 down-regulated genes in the two-component 

Figure 2 - GO enrichment results of differentially expressed genes. The results are summarized in three main 
categories: biological process, cellular component, and molecular function.
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system; 77 up-regulated genes and 40 down-regulated 
genes in mutagenic strain UW07 involving in biosyn-
thesis of amino acids; 57 up-regulated genes and 43 
down-regulated genes in mutagenic strain UW07 in-
volving in carbon metabolism. Transcriptomic analy-
sis revealed that genes related to synthesis and degra-
dation of ketone bodies displayed dramatic differenc-
es between UW07 and K1. For pectin, it was degraded 
through the pentose and glucuronate interconver-
sions pathway (Yang et al., 2021). In this study, the 
pentose and glucuronate interconversions pathway 
analysis results showed that three DEGs might be as-
sociated with the production of PL, including uxaC, 
araB and UGP2. The expression levels of these genes 
exhibited significant down-regulation in mutagenic 
strain UW07. A recent study reported that WRKY 
transcription factor MaWRKY49 positively regulated 
PL genes in plants (Liu et al., 2022). Such differences 
might reflect a different regulatory mechanism of PL 
genes between plants and microorganisms. Pathway 
enrichment analysis also indicated that photosynthe-
sis, starch and sucrose metabolism, carbon metabo-
lism and pyruvate metabolism were the notable rep-
resented DEGs-enriched pathways that might affect 
cell growth and PL production (He et al., 2019).
In this study, transcriptome analysis revealed the 
up-regulation or down-regulation in the expression 
of PL in the mutant UW07. Down-regulation of these 
three genes (uxaC, araB and UGP2) may reflect the 
change of PL production. UW07 has high PL activi-
ty and would be useful in food processing. Further-
more, the transcriptome analysis performed could be 
useful for an understanding of the expression pattern 
of genes.
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