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Abstract 

Acetic acid, a by-product of cytidine synthesis, competes for carbon flux from central metabolism, which may 
be directed either to the tricarboxylic acid (TCA) cycle for cytidine synthesis or to overflow metabolites, such 
as acetic acid. In Escherichia coli, the acetic acid synthesis pathway, regulated by the poxB and pta genes, facilitates 
carbon consumption during cytidine production. To mitigate carbon source loss, the CRISPR-Cas9 gene-editing 
technique was employed to knock out the poxB and pta genes in E. coli, generating the engineered strains K12ΔpoxB 
and K12ΔpoxBΔpta. After 39 h of fermentation in 500 mL shake flasks, the cytidine yields of strains K12ΔpoxB 
and K12ΔpoxBΔpta were 1.91 ± 0.04 g/L and 18.28 ± 0.22 g/L, respectively. Disruption of the poxB and pta genes 
resulted in reduced acetic acid production and glucose consumption. Transcriptomic and metabolomic analyses 
revealed that impairing the acetic acid metabolic pathway in E. coli effectively redirected carbon flux toward cytidine 
biosynthesis, yielding a 5.26-fold reduction in acetate metabolism and an 11.56-fold increase in cytidine production. 
These findings provide novel insights into the influence of the acetate metabolic pathway on cytidine biosynthesis 
in E. coli.
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Graphical Abstract

Introduction
The acetic acid metabolic pathway in Escherichia coli 
plays a critical role in the organism’s acid production. 
Due to the high glucose intake, E. coli cells often fail to 
completely oxidize glucose, leading to the utilization 
of acetic acid as an alternative form of energy storage 
[1–3]. However, acetic acid is highly cytotoxic, with the 
potential to disrupt the cell membrane’s permeability 
[4–6]. Additionally, acetic acid can lower the pH of the 
surrounding environment, thereby enhancing the uptake 
of bacterial carbon sources. This increase in acetic acid 
metabolism can consequently reduce the yield of target 
products [6, 7]. The acetic acid metabolic pathway in E. 
coli is primarily governed by two enzyme systems: POXB 
(pyruvate oxidase) and PTA (phosphotransacetylase), 
both of which are essential for acetic acid biosynthesis 
[8, 9]. Upon disruption of this metabolic pathway, 
an increase in the levels of target products has been 
observed. Specifically, targeted gene knockouts of ackA-
pta, poxB, ldhA, adhE, ptsG, aceBAK, glcB, and sdhAB 
resulted in a glucose-to-succinate conversion rate of 
93% [10]. Similarly, knockdown of the yqhD, poxB, 
and pta-ackA genes led to a significant increase in 
3-hydroxypropionic acid concentration, rising from 440 
to 556 mM [11]. However, there remains a notable gap in 

research regarding the modulation of the E. coli acetate 
metabolic pathway to enhance cytidine production.

Cytidine, a pyrimidine nucleoside present in all living 
organisms, plays a pivotal role in RNA synthesis and is 
involved in numerous physiological and biochemical 
processes [12]. The pharmaceutical industry requires 
substantial quantities of cytidine for the production 
of antitumor and anticancer drugs, such as cytarabine 
and cyclocytidine [13]. Cytidine can be synthesized 
through two primary methods: enzymatic hydrolysis 
of ribonucleic acid (RNA) and microbial fermentation. 
However, the use of RNA for enzymatic hydrolysis in 
cytidine synthesis is constrained by challenges in reaction 
control, by-product formation, and high substrate 
demands [14]. As a result, microbial fermentation has 
become the dominant method for cytidine production, 
owing to its scalability and efficiency. E. coli is an ideal 
host for genetic modification due to its favourable cellular 
properties and ease of cultivation [15]. For instance, 
Dai et  al. enhanced pyrimidine nucleoside biosynthesis 
through modular reconstruction of the pyrimidine 
pathway in E. coli, achieving a final cytidine yield of 
8.1  g/L [16]. Similarly, Yang et  al. inhibited the UMP 
pathway for cytidine catabolism and increased precursor 
availability, resulting in a genetically engineered E. 
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coli strain that produced 7.84 g/L cytidine after 40 h of 
fermentation in a 5 L fermenter [17].

As illustrated in Fig. 1 and Fig. S1, the biosynthesis of 
cytidine in E. coli involves a complex network of three 
distinct pathways: the precursor synthesis pathway, 
which includes glycolysis and the tricarboxylic acid 
(TCA) cycle; the uridylic acid (UMP) synthesis pathway; 
and the cytidine synthesis cycle [17, 18]. While prior 
studies have focused on modifying the upstream and 
downstream pathways of cytidine biosynthesis, there has 
been limited investigation into the precursor synthesis 
and acetic acid metabolic pathways in E. coli.

To mitigate the impact of the acetic acid metabolic 
pathway in E. coli, which adversely affects the cellular 
environment and depletes organic carbon, thereby 
reducing cytidine synthesis, this study employed a 
sequential knockout strategy targeting the key genes 
poxB and pta. This approach resulted in the construction 
of two genetically engineered strains, E. coli K12ΔpoxB 
and E. coli K12ΔpoxBΔpta. Using transcriptomic and 
metabolomic analyses, key differences in gene expression 
and metabolic profiles were examined before and after 
gene knockout, enabling a detailed investigation of 
the changes in carbon flux. These analyses provided 
insights into the underlying mechanisms driving the 
observed alterations in cytidine production following 
the disruption of key acetic acid metabolic pathways. 

The experimental framework is depicted in Fig.  2. The 
results of this study enhance our understanding of how 
the acetic acid metabolic pathway influences cytidine 
biosynthesis in E. coli and offer a theoretical foundation 
for optimizing the efficient production of cytidine in 
microbial systems.

Materials and methods
Strains and culture conditions
The strains and plasmids employed or generated in 
this study are summarized in Table  S1 (Supplementary 
Material 2, Table  S1). The growth conditions for these 
strains involved culturing them in 50  mL shake flasks 
containing 25  mL of LB medium (Sangon Biotech 
Shanghai Co., Ltd.) for 39  h. Cytidine fermentation 
was performed in an LB medium supplemented with 
glucose. The fermentation setup included 100  mL of 
medium in a 500 mL shake flask, composed of 90 mL of 
LB medium and 10 mL of glucose at a concentration of 
500  g/L, yielding a final volume of 100  mL. Additional 
glucose (10 mL at 500 g/L) was introduced at the 8th and 
24th  h of the fermentation. The fermentation process 
was conducted at a constant temperature of 37  °C over 
a period of 39  h, with shaking at 200  rpm. During this 
process, pH, residual sugar, and cytidine content were 
monitored. To ensure reliability, samples were collected 

Fig. 1  Main biological pathways for cytidine synthesis in E. coli. Precursor synthesis is divided into the pentose phosphate pathway, glycolysis, 
and the TCA cycle, which provide the necessary precursors for cytidine synthesis. UMP synthesis primarily involves the production of uridylic acid 
(UMP). The cytidine synthesis pathway utilizes UMP as a precursor to synthesize cytidine. The boxed section in the figure highlights the gene editing 
aspect of this study, with the red X indicating the site of knockout [17]
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every 4 h up to 24 h, and every 3 h from 24 to 39 h, with 
2 mL samples taken at each time point.

Knockout of the poxB and pta genes
Gene knockout was performed following the 
protocol described by Liu et  al. [19], utilizing the 
CRISPR-Cas9 gene editing system to knock out 
the poxB (NC_000913.3:c911049-909331) and pta 
(NC_000913.3:2414747-2416891) genes in E. coli 
K12MG1655 (NCBI Taxonomy ID 511145, RefSeq: 
GCF_000005845.2, NC_000913.3). The sequences and 
functions of the primers used are provided in Table  S2 
(Supplementary Material 3, Table  S2). PCR conditions 
are outlined in Supplementary Material 4, while the 
enzyme digestion reaction conditions are detailed in 
Supplementary Material 5.

Growth curve, cytidine yield, residual sugar, and pH 
measurements
The growth curve of E. coli was monitored by measuring 
the OD600 using a BioTek Epoch 2 microplate 
spectrophotometer (Agilent) and 96-well cell culture 
plates (Servicebio, CCP-96H plates, PS lids, bore 
diameter 6.45 mm). Each well was filled with 198  μL 
of glucose-enriched LB medium and 2  μL of an E. 

coli bacterial mixture, which was incubated at 37  °C 
with shaking at 220 rpm for 48  h. Evaporation was 
continuously monitored, and OD600 readings were 
recorded every 15 min. pH measurements were taken 
during fermentation using a Rex laboratory pH meter 
(Shanghai Yidian Scientific Instrument Co., Ltd.). 
Following fermentation, the culture broth was filtered 
through a needle filter, and cytidine yield was quantified 
by high-performance liquid chromatography (HPLC; 
LC-16, Shimadzu) with a UV detector, using an Agilent 
C18 reversed-phase column (4.6 × 150 mm). The mobile 
phase consisted of water:acetonitrile in a 96:4 ratio at a 
flow rate of 1 mL/min, with isocratic elution at a column 
temperature of 30  °C and detection at 270 nm [19]. 
Residual sugar content in the culture broth was measured 
with an SBA-40E Biosensor Analyzer (Jinan Yanhe 
Biotechnology Co., Ltd.) according to the manufacturer’s 
instructions. All experiments were performed under 
identical conditions to ensure data consistency.

Transcriptomic assays
Total RNA from E. coli K12, E. coli K12ΔpoxB, and 
E. coli K12ΔpoxBΔpta was extracted at the 39-h time 
point of fermentation using the Omega Biotek Bacterial 
RNA Kit (R6950), following the procedure outlined 

Fig. 2  Schematic of the research methodology: this figure outlines the comprehensive analysis conducted to examine the changes in cytidine 
production and the underlying mechanisms following the knockout of key genes involved in acetic acid metabolism. The process includes 
the identification of critical genes for acetic acid metabolism, gene knockout, cytidine and other product quantification, transcriptomic analysis, 
RT-qPCR validation, and metabolomic profiling
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in the manufacturer’s instructions. The RNA samples 
were subsequently sent to Shanghai Sangon Biotech 
for quality control and transcriptomic analysis. After 
RNA purification and verification, sequencing libraries 
were prepared, and high-throughput sequencing was 
performed on the NovaSeq platform. Data quality was 
assessed, and the sequences were aligned to the reference 
genome using HISAT2 software. Gene expression levels 
and differential expression analysis were conducted 
using StringTie and DESeq2. Differentially expressed 
genes (DEGs) were identified with a q value ≤ 0.05 and 
a |fold change|≥ 2. Comparisons were made between E. 
coli K12 and the knockout strains (E. coli K12ΔpoxB vs 
E. coli K12, referred to as B vs K; E. coli K12ΔpoxBΔpta 
vs E. coli K12, referred to as A vs K; and E. coli 
K12ΔpoxBΔpta vs E. coli K12ΔpoxB, referred to as A 
vs B). Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analyses were 
performed to explore the biological significance of DEGs. 
Detailed transcriptomic analysis methods are provided in 
Supplementary Material 6.

Real‑time quantitative PCR (RT‑qPCR)
Total RNA was extracted from E. coli strains K12, 
K12ΔpoxB, and K12ΔpoxBΔpta after 39 h of fermentation 
using the Bacterial RNA Kit (R6950). The RNA purity 
was assessed using a NanoOne Microspectrophotometer 
(Hangzhou Yooning Instrument Co., Ltd.). Reverse 
transcription was performed using PrimeScript™ RT 
Master Mix (Perfect Real Time) (TaKaRa). RT-qPCR 
was conducted with TB Green® Premix Ex Taq™ II 
(Tli RNaseH Plus) (TaKaRa) and the respective gene-
specific primers (sequences and functions provided 
in Supplementary Material 7, Table  S3). The relative 
expression of genes was normalized to 16S rRNA as the 
internal control, and the expression levels were calculated 
using the − log2(∆∆Ct) method. Detailed RT-qPCR 
procedures can be found in Supplementary Material 8.

Metabolomics assays
A quality control (QC) sample, comprising a mixture of 
portions from each analytical sample, was prepared to 
ensure system stability and result reliability. Metabolite 
analysis of fermentation broths from various samples 
collected at the 39-h time point was conducted using 
an ultrahigh-performance liquid chromatography-
tandem mass spectrometry (UHPLC-MS/MS) system. 
The samples were subjected to liquid chromatography 
on an ACQUITY UPLC® HSS T3 column, followed by 
mass spectrometry data acquisition through electrospray 
ionization (ESI) in both positive and negative modes 
(Supplementary Material 9). Data preprocessing and peak 
alignment were performed using MS-DIAL software to 

ensure accurate peak identification and quantification. 
Multivariate statistical analyses were conducted using 
R software, with models developed through principal 
component analysis (PCA), orthogonal partial least 
squares discriminant analysis (PLS-DA), and partial least 
squares discriminant analysis (OPLS-DA). Alignment 
tests were performed to assess potential model 
overfitting. Notably, metabolites showing significant 
differences between groups were identified based on 
variable importance projection (VIP) values and two-
tailed t-tests. Further, KEGG enrichment analyses were 
performed to uncover relevant biological pathways.

Statistical analysis
Statistical analysis was conducted using SPSS 26.0 
(IBM, Chicago, USA) for analysis of variance (ANOVA) 
and least significant difference (LSD) Fisher’s test, with 
statistical significance set at P < 0.05. Data visualization 
was performed using Origin 2024 (OriginLab, 
Northampton, MA). All experiments were repeated 
three times, with metabolomics experiments repeated 
six times. The results are expressed as means ± standard 
deviations ( X + SD).

Results and discussion
Effects of the knockout of a key gene for acetic acid 
metabolism on cytidine production
To modify the acetic acid metabolic pathway in E. coli 
for enhanced cytidine production, the poxB and pta 
genes of E. coli K12 were knocked out using the CRISPR-
Cas9 gene editing system, resulting in two new strains: 
E. coli K12ΔpoxB and E. coli K12ΔpoxBΔpta. As shown 
in Fig. S2, the successful knockout of the poxB and pta 
genes was confirmed through sequencing, with lanes 
2, 4, and 5 exhibiting bands near 250 bp, indicating the 
knockout of the target genes in a sequential manner 
(see Supplementary Materials 10–13, Sequences S1–S4 
for sequencing results). The growth curves, presented 
in Fig. 3A, visually demonstrate the changes in bacterial 
biomass. The knockout of the poxB gene had minimal 
impact on bacterial growth. However, the knockout 
of the pta gene resulted in a significant delay in the 
logarithmic growth phase. After 10 h, the OD600 value 
of K12ΔpoxBΔpta was notably higher than that of both 
the K12 and K12ΔpoxB strains, indicating that the pta 
knockout promotes greater biomass accumulation in E. 
coli and delays the onset of the logarithmic growth phase. 
These results are consistent with those of Castaño-
Cerezo [9], supporting the idea that the disruption of 
the pta gene affects the growth dynamics and biomass 
accumulation in E. coli. The change in pH provides an 
indicator of the acidity and alkalinity shifts within the 
culture system, as shown in Fig. 3B, which illustrates the 
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pH variations during cytidine fermentation of the E. coli 
K12, K12ΔpoxB, and K12ΔpoxBΔpta strains. The pH 
of the original E. coli K12 strain decreased significantly 
during the fermentation process. In contrast, the 
K12ΔpoxB strain exhibited a slower pH decline, while 
the pH of the K12ΔpoxBΔpta strain decreased the 
most gradually. This gradual decrease in pH following 
the knockout of the acetate metabolism genes suggests 
that the acetate metabolism pathway plays a significant 
role in acid production during E. coli fermentation. As 
the acetate metabolism pathway was either weakened 
or knocked out, the pH of the bacterial culture system 
became more stable, which is indicative of enhanced 
cellular survival. These findings align with the results 
of Gecse et  al. [20], providing further insight into the 
increased cell biomass observed in the K12ΔpoxBΔpta 
strain. Sugar consumption serves as an indicator of the 
cell’s ability to intake and metabolize glucose. Enhanced 
growth or conversion activity under equivalent sugar 

consumption suggests greater cellular activity. Figure 3C 
illustrates the residual glucose in the E. coli culture 
system, revealing a notable increase in residual sugar 
after the gradual knockout of the poxB and pta genes in 
the K12 strain. This suggests that the downregulation of 
acetic acid metabolism genes reduces sugar consumption, 
conserving carbon sources for the bacterium and 
minimizing byproduct formation [21]. These results 
indicate that the knockout of key acetic acid metabolism 
genes, such as poxB and pta, enhances the biosynthetic 
activity of E. coli, consistent with the findings of Zhang 
et al. [22].

The primary objective of genetic modification in this 
study was to enhance cytidine yield, as illustrated in 
Fig. 3D, which presents the cytidine production of both 
the original and engineered E. coli strains during 39 h of 
shake flask fermentation. At the 39-h mark, the cytidine 
yield for the original E. coli K12 strain was 1.58 ± 0.03 g/L. 
In contrast, the engineered strain K12ΔpoxB produced 

Fig. 3  Shake flask fermentation results of genetically engineered E. coli strains. A Growth curve analysis; B pH changes in the fermentation system; 
C residual sugar content determination in the fermentation system; D cytidine concentration measurement in the fermentation system
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1.91 ± 0.04 g/L of cytidine, while the K12ΔpoxBΔpta 
strain achieved a significantly higher yield of 18.28 ± 0.22 
g/L. This yield surpasses the 2.1 g/L cytidine production 
reported by Liu et  al. [19] in shake flask fermentation 
and the 15.7 g/L yield achieved by Zhang et al. [23] in a 
5 L fermenter. The cytidine yield observed in this study 
represents the highest level produced by E. coli in shake 
flask fermentation, suggesting that the engineered strain 
is well-positioned to support industrial-scale cytidine 
production.

These results demonstrate that inhibiting the acetate 
metabolic pathway is an effective strategy for enhancing 
cytidine production. However, the knockout of the 
poxB gene alone did not result in a significant increase 
in cytidine yield, implying that the knockout of a single 
gene in the acetic acid metabolism pathway may trigger 
compensatory pathways. These alternative pathways 
could potentially redistribute carbon fluxes and energy, 
leading to inefficiencies and limiting the increase in 
cytidine production. This hypothesis is further supported 
by the substantial rise in cytidine yield observed in the 
K12ΔpoxBΔpta strain. The analysis of Fig.  3D reveals 
that cytidine production in shake flask fermentation 
occurs in two distinct phases: the cell expansion phase 
and the cytidine fermentation phase. During the cytidine 
fermentation phase, the bacterial biomass remained 
relatively constant, a phenomenon primarily driven 
by the interplay of environmental constraints and the 
inherent growth characteristics of E. coli. Notably, during 
the logarithmic growth phase (log phase), bacterial 
metabolism is largely focused on rapid cell division and 
growth rather than the accumulation of intracellular 
products, which explains the stable biomass observed 
during this phase. In addition, environmental factors 
such as pH and nutrient availability play a critical role in 
influencing bacterial growth, though the stabilization of 
biomass in the cytidine production phase is likely more 
closely linked to the metabolic demands of bacterial 
growth rather than to pH changes or glucose addition 
timing [24]. The delayed cytidine production phase, 
which extended before 16 h of fermentation, showed 
that the yield of cytidine from the engineered strains 
was marginally lower than that of the parent strain K12. 
This observation aligns with the growth curve results 
(Fig.  3A), where bacterial energy was predominantly 
dedicated to growth and reproduction, leaving 
insufficient metabolic fluxes for substantial cytidine 
accumulation [25]. However, after 24 h of fermentation, 
a significant increase in cytidine production was 
observed, signalling the onset of a rapid accumulation 
phase. During this period, E. coli biomass remained 
relatively stable, with organic carbon predominantly 
allocated to maintain cellular metabolism and support 

cytidine biosynthesis. This suggests that the knockout of 
key genes involved in acetate metabolism promotes the 
reallocation of carbon flux towards cytidine biosynthesis, 
while simultaneously reducing acetate production. As a 
result, E. coli demonstrates an improved ability to convert 
glucose into cytidine, reinforcing the findings from the 
preceding pH study (Fig. 3B). Although the knockout of 
the poxB and pta genes in E. coli resulted in a significant 
increase in cytidine production, the precise mechanisms 
underlying this enhancement remain poorly understood. 
Further investigation is required to delineate the impact 
of these key acetic acid metabolism gene knockouts on 
both the carbon metabolism pathway and the cytidine 
biosynthesis pathway.

Transcriptomic analysis provides insights 
into the enhanced cytidine accumulation mediated 
by poxB and pta knockout
To elucidate the molecular mechanisms underlying the 
knockout of key genes involved in acetic acid metabolism 
in E. coli and the subsequent increase in cytidine 
production, transcriptomic analysis was conducted 
to investigate the metabolic regulatory dynamics 
that contribute to enhanced cytidine synthesis at the 
conclusion of fermentation. The sequencing data were 
analyzed for correlations between transcript expression 
profiles (see Supplementary Material 15–17, Table  S4, 
Fig. S3, S4, for quality control results). As shown in Fig. 
S5 and Fig. S9A, S9B, strong intragroup correlations and 
significant intergroup variation were observed, indicating 
distinct expression patterns among the K12, K12ΔpoxB, 
and K12ΔpoxBΔpta strains. These results suggest that 
the knockout of the poxB gene substantially affects E. 
coli metabolism, potentially by activating certain acetic 
acid metabolic pathways that enable the cells to sustain 
and continue acid production even after the loss of poxB. 
Additionally, this could involve a redistribution and 
reprogramming of carbon metabolic fluxes, consistent 
with the findings of Li et al. [26]. However, the number 
of DEGs in K12ΔpoxBΔpta was relatively low compared 
to the K12 strain. This may be attributed to the complete 
modification of the acetic acid metabolic pathway, which 
has resulted in a relative equilibrium in the internal 
metabolic capacity of the bacteria. After the double 
knockout, the transcriptional profile of K12ΔpoxBΔpta 
was restored to a level comparable to the wild-type strain, 
indicating that the deletion of the poxB and pta genes, 
while central to acetic acid metabolism, did not cause 
a persistent disruption in the transcriptional network. 
Instead, a compensatory mechanism was likely activated 
through the modulation of other metabolic pathways. 
Comparative transcriptomic analyses of K12ΔpoxBΔpta 
and K12 revealed only minor transcriptional 
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differences, suggesting that E. coli exhibits considerable 
metabolic plasticity and flexibility in its transcriptional 
regulatory network. Even in the absence of key genes, 
the bacterium was able to adjust gene expression in 
response to environmental changes, ensuring survival 
and maintaining function. This small transcriptional 
discrepancy may be due to the bacterium’s compensation 
for the loss of acetate metabolism through alternative 
metabolic routes, thereby preserving the stability and 
coordination of the broader metabolic network [27–30]. 
As a result, more carbon is directed toward cell growth 
and product synthesis, in line with the growth curve 
results (Fig.  3A) discussed earlier. Additionally, the 
variability in transcription between K12ΔpoxBΔpta and 
K12ΔpoxB (Fig. S9B) further supports this observation.

To elucidate the differential genes and associated 
metabolic pathways, a KEGG enrichment analysis 
was conducted to further investigate the pathways 
and genes linked to cytidine synthesis, as illustrated 
in Fig. S9 C and Figs. S6–S12, which present the 
GO and KEGG functional enrichment maps for the 
comparative groups. In comparison to the K12 strain, 
the upregulated DEGs in K12ΔpoxB were primarily 
enriched in pathways such as nucleotide metabolism, 
energy metabolism, and carbon metabolism. Conversely, 
the downregulated DEGs were predominantly enriched 
in signal transduction pathways, suggesting that the 
knockout of poxB induces a redistribution of carbon 
metabolic fluxes within E. coli [31]. This redistribution 
likely results in an enhancement of nucleotide and energy 
metabolism, with a shift in intracellular carbon fluxes 
towards cytidine synthesis due to the downregulation of 
genes involved in acetate metabolism. In K12ΔpoxBΔpta, 
the upregulated DEGs were chiefly linked to pathways 
involved in energy metabolism, carbon metabolism, 
and nucleotide metabolism. The downregulated DEGs 
were predominantly enriched in pathways related to 
carbon metabolism, lipid metabolism, and amino acid 
metabolism. The double knockout of the poxB and 
pta genes led to further metabolic reorganization in E. 
coli, marked by a significant upregulation of pathways 
supporting cytidine synthesis, including energy and 
nucleoside metabolism. Concurrently, pathways related 
to cytidine catabolism, such as amino acid synthesis and 
glycolysis, were notably downregulated. These results 
suggest that the deletion of poxB and pta may enhance 
cytidine production by modulating the reduction in 
byproduct formation and promoting carbon flux toward 
cytidine biosynthesis. Compared to K12ΔpoxB, the genes 
upregulated in K12ΔpoxBΔpta were predominantly 
associated with nucleotide biosynthesis and carbon 
metabolism, while downregulated genes were mainly 
involved in carbon metabolism, energy metabolism, and 

amino acid metabolism. Comparative transcriptomic 
analysis between wild-type and knockout strains revealed 
significant changes in gene expression, excluding pta 
and poxB, which may play pivotal roles in regulating 
carbon flux networks. Further bioinformatics analysis 
highlighted the potential links between these genes 
and central metabolic pathways, offering new targets 
for metabolic engineering. Additionally, alterations 
in transcription factors associated with carbon flux 
regulation were identified, suggesting the existence of 
previously unexplored regulatory mechanisms. These 
observations not only provide deeper insights into the 
regulatory network of central carbon metabolism in E. 
coli, but also offer novel perspectives for systems biology 
research and metabolic engineering applications.

Differential gene expression was analyzed through 
KEGG functional enrichment to investigate the 
metabolic pathways involved in cytidine synthesis at 39 
h of fermentation (Fig.  4). The resulting map of DEGs 
highlights the involvement of key genes in the glycolytic 
pathway. In K12ΔpoxB, all genes related to glycolysis 
were upregulated to varying degrees compared to the 
K12 strain, indicating that the knockout of poxB impacts 
the entire glycolysis pathway. Specifically, the acs gene 
was activated, helping to maintain the cellular acetic 
acid metabolic state. In contrast, in the K12ΔpoxBΔpta 
strain, the pgi gene was significantly downregulated 
relative to the K12 strain, suggesting that changes 
in acetic acid metabolism may affect the activity of 
glucose-6-phosphate isomerase, potentially hindering 
the conversion of glucose to glucose-6-phosphate and 
conserving carbon sources [32]. PRPP, a critical precursor 
in cytidine synthesis [33], was found to be upregulated in 
the poxB and pta knockout strains, thereby enhancing 
cytidine production. However, no significant differences 
in gene expression were observed for other glycolytic 
enzymes between K12ΔpoxBΔpta and K12ΔpoxB, 
indicating that pta deletion does not alter alternative 
glycolytic pathways. Energy metabolism pathways linked 
to glycolysis in K12ΔpoxBΔpta remained unchanged, 
with carbon flux redirected toward cytidine synthesis 
pathways, while glycolytic energy production remained 
constant. These results align with the findings of Liu 
et al. [19] and the residual sugar measurements reported 
previously, further confirming the enhanced cytidine 
production. Additionally, the majority of glycolysis-
related genes were downregulated in K12ΔpoxBΔpta 
relative to K12ΔpoxB, with the most notable 
downregulation observed in the pgi and acs genes. These 
results suggest that the deletion of pta compromises 
the functionality of glucose-6-phosphate isomerase 
and reduces acetic acid production, thereby stabilizing 
the cellular environment and redirecting carbon flux 
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Fig. 4  Pathway map of differentially expressed genes involved in cytidine synthesis across the comparison groups: A glycolytic pathway; B TCA 
cycle; C cytidine synthesis pathways. Each pathway is colour-coded to reflect the corresponding comparison groups. In the figure, K denotes 
strain K12, B denotes strain K12ΔpoxB, and A denotes strain K12ΔpoxBΔpta. “UP” indicates upregulation of gene expression, and “DOWN” indicates 
downregulation of gene expression
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towards cytidine biosynthesis. These observations are 
consistent with the pH assay and cytidine measurement 
results discussed earlier. In the TCA cycle, most genes 
associated with this pathway were upregulated in 
K12ΔpoxB compared to K12. This suggests that poxB 
knockout enhances cytidine production by modulating 
energy metabolism and substrate synthesis. This is 
consistent with our earlier findings indicating that 
increased ATP production during glycolysis plays a 
significant role in boosting cytidine synthesis. Further 
comparison between K12ΔpoxBΔpta and K12 revealed 
upregulation of the sucABC and sdhABCD genes involved 
in the succinate synthesis pathway, suggesting that the 
double knockout of poxB and pta genes disrupts the 
TCA cycle, thereby affecting succinate production. As a 
result, cofactors such as NADH and ATP are produced 
in higher quantities, which in turn promotes an increase 
in cytidine production. These findings are consistent 
with our previous results (Fig.  3D). When comparing 
K12ΔpoxBΔpta to K12ΔpoxB, the upregulation of 
the frdBC gene, associated with fumarate synthesis, 
was observed. This gene regulates the conversion of 
fumarate to succinate, implying a potential increase in 
succinate—a key substrate for cytidine biosynthesis. 
Furthermore, the downregulation of the fumC gene 
indicates a corresponding reduction in malate, which 
is known to be cytotoxic. This is consistent with earlier 
observations from the growth curve (Fig.  3B) [34]. 
Taken together, these results suggest that the knockout 
of acetate metabolism genes in E. coli may not only 
promote cytidine biosynthesis but also enhance 
cellular environment stability. In the context of cytidine 
biosynthesis, K12ΔpoxB displayed downregulation 
of several key genes, particularly the cdd gene, which 
encodes cytidine/deoxycytidine deaminase. This 
resulted in a reduced conversion of cytidine into its 
metabolic byproduct, uracil. These results suggest that 
the knockout of the poxB gene may increase cytidine 
production by disrupting the uracil synthesis pathway. 
However, the increase in cytidine production was not 
substantial, likely due to the activation of the uracil 
production pathway, which consequently depletes 
cytosine. This suggests a compensatory mechanism 
whereby the activation of uracil biosynthesis consumes 
cytosine, limiting the increase in cytidine production. 
To maintain pyrimidine and nucleoside homeostasis, 
the cell compensates by enhancing the consumption 
and metabolism of cytidine. A comparison of K12 and 
K12ΔpoxBΔpta also revealed significant downregulation 
of the udk gene, which is responsible for the catabolism 
of cytidine to cytidine monophosphate. In contrast, the 
ndk gene, which catalyzes the conversion of CTP to 
CDP and UDP to UTP, was significantly upregulated. 

These results suggest that the pta gene knockout in E. 
coli facilitates an increase in cytidine production by 
reducing the reverse reaction of cytidine metabolism. 
This reduction in reverse isomerization enhances the 
flow of carbon metabolism toward cytidine synthesis, 
further supporting the hypothesis that pta deletion 
promotes cytidine production. The alteration of the 
cellular pH environment may contribute to this change, 
consistent with previous research [35]. Comparison of 
K12ΔpoxBΔpta with K12ΔpoxB revealed, in addition 
to changes in the udk and ndk genes, a downregulation 
of codA, which mediates the conversion of cytosine to 
uracil. These results suggest that pyrimidine metabolism 
in the cells reached equilibrium, corroborating our 
previous findings (Fig.  3D). RT-qPCR validation of the 
DEGs (gltA, pgi, udk, cdd, and acs) shown in Fig. S13 
demonstrated that the expression trends and statistical 
significance were consistent with transcriptomic data, 
supporting the reliability of the transcriptomic analysis. 
In summary, knockout of the poxB gene likely altered 
the energy metabolism of E. coli, while the double 
knockout of poxB and pta may have shifted the carbon 
metabolic flux, promoting cytidine production. The 
transcriptomic data could provide a foundation for 
subsequent investigations aimed at optimizing carbon 
and energy fluxes through targeted modification of the 
tricarboxylic acid cycle pathway in E. coli. This strategy 
requires a comprehensive understanding and precise 
regulation of metabolic pathways, particularly the key 
enzymes and regulators involved in cytidine biosynthesis. 
Furthermore, identifying genes such as sucABCD, 
pyrB, fumABC, and acnABC, which are critical for 
cytidine synthesis, is essential for enhancing cytidine 
production efficiency through metabolic engineering. 
This process involves not only improving precursor 
supply and intermediate conversion efficiency but also 
addressing bottlenecks in the metabolic pathways, along 
with optimizing cytidine transport and accumulation 
[36]. However, the underlying mechanisms driving the 
observed effects on cytidine synthesis require further 
investigation.

Metabolomic analysis reveals distinct metabolic control 
of poxB and pta deletion in E. coli
To explore the causes and mechanisms underlying 
the changes in cytidine production in E. coli following 
knockout of the poxB and pta genes, metabolomics was 
employed to identify differentially abundant metabolites 
at the conclusion of fermentation (39 h). Analysis revealed 
that the metabolomic data were highly predictive, 
providing valuable insights for subsequent trials (see Figs. 
S14–S18 for metabolomics quality control results). Fig. 
S19 illustrates the classification of differentially abundant 
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metabolites and KEGG functional enrichment across 
various comparison groups. The differentially abundant 
metabolites primarily include carboxylic acids and 
their derivatives, fatty acids, organic oxides, pyrimidine 
nucleosides, quinolines, and their derived steroids (Fig. 
S19A, B). These metabolites are essential for regulating 
intracellular pH, controlling energy metabolism, and 
facilitating cellular signaling. They also play a significant 
role in maintaining the balance between redox and 
carbon metabolism, synthesizing pyrimidine nucleosides, 
and modulating membrane transport functions in E. 
coli cells. These results suggest that the knockout of 
the acetate metabolism genes poxB and pta primarily 
disrupts acetate metabolism, nucleoside metabolism, 
and carbon metabolic flux in E. coli, consistent with the 
conclusions of our previous studies (Fig. S9C).

To further elucidate the primary biological functions of 
the differentially abundant metabolites, KEGG functional 
enrichment analysis was performed across several 
categories, including cellular processes, environmental 
information processing, genetic information processing, 
and metabolism. This analysis aimed to investigate 
the functions and roles of the differentially abundant 
metabolites across distinct comparison groups (Fig. 
S20). The KEGG functional enrichment map of these 
metabolites revealed predominant enrichment in 
the categories of cellular environmental information 
processing and metabolism. Notably, the key differentially 
abundant metabolites involved in environmental 
information processing were primarily associated with 
the ABC transporter system, which governs membrane 
transport. This suggests that knockout of the poxB and 
pta genes in E. coli may enhance cytidine production 
by altering cell membrane permeability and modulating 
intracellular energy metabolism. Increased membrane 
permeability facilitates the transfer of metabolites, 
thereby boosting cytidine production [37], a finding 
that aligns with a previous study (Fig.  3B, C; Fig. S9C). 
Furthermore, Fig. S20 highlights a significant number 
of differentially abundant metabolites associated with 
E. coli metabolism, indicating that disruption of key 
acetate metabolism genes can substantially alter the 
metabolic processes of E. coli. Compared to the K12 
strain, the differentially abundant metabolites in the 
K12ΔpoxB strain were primarily associated with amino 
acid metabolism (n = 20), nucleotide metabolism (n = 17), 
pyrimidine metabolism (n = 9), carbon metabolism 
(n = 7), and the tricarboxylic acid cycle (n = 3). These 
results suggest that poxB gene knockout enhances 
cytidine production by modulating amino acid synthesis, 
nucleotide formation, and carbon metabolic flux in E. 
coli. In contrast, the differentially abundant metabolites 
in K12ΔpoxBΔpta were predominantly linked to amino 

acid metabolism (n = 17), nucleotide metabolism (n = 9), 
pyrimidine metabolism (n = 6), and cofactor biosynthesis 
(n = 13). This suggests that the combined knockout 
of both poxB and pta genes may reduce intracellular 
acetate metabolism, while enhancing energy flow and 
carbon metabolism, thus promoting cytidine production. 
Compared to K12ΔpoxB, the differentially abundant 
metabolites in K12ΔpoxBΔpta were notably enriched in 
amino acid metabolism (n = 10), nucleotide metabolism 
(n = 8), pyrimidine metabolism (n = 5), carbon 
metabolism (n = 6), and the TCA cycle (n = 3). This 
further corroborates the notion that pta gene knockout 
facilitates a more efficient redirection of cellular carbon 
flux toward cytidine synthesis. Metabolomic analysis 
also revealed that in the poxB and pta double knockout 
strains, E. coli activates the corresponding acid backfill 
pathways. These pathways are typically induced under 
acidic stress to neutralize accumulated acids and protect 
the cell from damage. In the poxB and pta knockout 
strains, these pathways lead to increased synthesis 
of acidic amino acids (e.g., aspartate and glutamate) 
and nucleotides (e.g., phosphorylated adenosine and 
guanosine). The accumulation of these metabolites 
lowers the pH of the culture medium, thus creating 
a more favorable environment for bacterial growth 
[21, 38, 39]. These results are consistent with prior 
transcriptomic studies and provide additional insight 
into how disruption of key genes involved in acetic 
acid metabolism can enhance cytidine production 
by modulating carbon flux and intracellular energy 
dynamics. However, the precise mechanisms underlying 
these effects and their interactions require further 
investigation.

To examine the metabolic diversity before and after 
gene knockout, a heatmap of differentially abundant 
metabolites was constructed to highlight the principal 
metabolites affected. As shown in Fig. S21A, compared 
to the K12 strain, the metabolites significantly elevated 
in K12ΔpoxB were primarily amino acids and their 
derivatives, nucleosides and nucleotide derivatives, along 
with a few alkaloids. Amino acids and their derivatives 
are involved in regulating nitrogen metabolism and 
maintaining cellular stability. The heatmap illustrates an 
increase in the synthesis of glutamate-related amino acid 
derivatives or dipeptides, suggesting enhanced activity 
in the glutamate biosynthesis pathway in K12ΔpoxB. 
This may be a key factor driving the increased cytidine 
production in this strain. Additionally, cytidine itself 
is a markedly upregulated metabolite, consistent with 
the previous cytidine measurements. On the other 
hand, the significantly downregulated metabolites in 
this comparison were predominantly amino acids and 
their derivatives. These results suggest that the poxB 
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gene knockout in E. coli induces a reorganization of 
both carbon and nitrogen fluxes, effectively redirecting 
metabolic pathways to support cytidine biosynthesis. In 
the K12ΔpoxBΔpta strain, as shown in Fig. S21B, cytidine 
was again identified as a prominently upregulated 
metabolite, confirming the earlier cytidine measurement 
data. The downregulated metabolites primarily consisted 
of organic acids, including acetic acid, suggesting that 
the reduced flux through organic acid metabolism may 
contribute to the slower pH decline and the increase in 
bacterial growth observed in Fig. 3A, B. Additionally, the 
downregulation of other amino acid metabolites further 
supports the notion that both carbon and nitrogen 
sources are redirected toward cytidine production. This 
redirection likely plays a significant role in the enhanced 
cytidine synthesis observed following the knockout of 
both poxB and pta (Fig. S22). In summary, the sequential 
knockout of the critical poxB and pta genes in E. coli’s 
acetic acid metabolism can substantially boost cytidine 
production by limiting the accumulation of byproducts 
like acetic acid. Further investigation is required to 
pinpoint the specific metabolic pathway alterations 
responsible for this effect.

Figure  5 illustrates the differentially abundant 
metabolites in the cytidine synthesis pathway across 
strains K12, K12ΔpoxB, and K12ΔpoxBΔpta, with the 
multiplicity of differences in the metabolites indicated 
alongside the respective compounds. Compared to 
the K12 strain, the principal upregulated metabolites 
in K12ΔpoxB were 2-phosphoglycerate, pyruvate, 
and acetyl-CoA, all of which play critical roles in 
energy metabolism and carbon cycling. The major 
downregulated metabolite was acetic acid, indicating 
that the poxB gene knockout enhances glycolytic 
capacity and enriches the pool of energy and organic 
carbon, a result consistent with previous research 
[39]. In K12ΔpoxBΔpta, metabolism of fructose-6-
phosphate, acetyl phosphate, and acetic acid decreased 
markedly, whereas the metabolism of triose phosphate 
significantly increased. These alterations suggest an 
enhancement in ATP and cofactor synthesis in this 
strain. The observed increase in cytidine production 
is linked not only to the reduction in acetic acid 
production but also to the elevation in cofactor levels 
and other key metabolites (Fig. S9C). When comparing 
K12ΔpoxB and K12ΔpoxBΔpta, the downregulated 
metabolites in K12ΔpoxBΔpta were primarily acetic acid 
and acetyl phosphate. Pyruvate and acetyl-CoA were 
also downregulated, though not significantly different 
from the K12 strain, likely due to the upregulation of 
corresponding metabolites in K12ΔpoxB. This aligns 
with previous transcriptomic and pH measurement data. 
In the TCA cycle, the synthesis of citric and malic acids 

was higher in K12ΔpoxB compared to K12, suggesting 
that the enhanced energy synthesis in this strain may 
be a key factor driving increased cytidine production. 
Additionally, the elevated fumaric acid content and 
reduced succinic acid content in K12ΔpoxBΔpta relative 
to K12 indicate that the pta knockout increases both 
intracellular energy and carbon flux in E. coli, further 
supporting our earlier results. Based on these findings, 
the synthesis substrate for cytidine, succinic acid, was 
found to be elevated in K12ΔpoxBΔpta compared to 
K12ΔpoxB, corroborating previous transcriptomic and 
cytidine measurement data. This confirms that poxB gene 
knockout enhances cytidine production by improving 
precursor synthesis and optimizing carbon source 
utilization within the cellular environment (Fig.  3C). 
However, corresponding increases in the levels of uridine 
and uracil, metabolic byproducts, were also observed, 
suggesting activation of the cytidine conversion pathway 
to maintain cellular nucleoside and nitrogen metabolic 
homeostasis. This activation likely stems from alterations 
in cell membrane permeability. In comparison with K12, 
K12ΔpoxBΔpta exhibited a significant 7.78-fold increase 
in cytidine levels, coupled with a decrease in CMP and 
uridine, indicating inhibition of the reverse reaction 
in cytidine synthesis. Moreover, the deamination of 
cytidine, which requires acidic conditions, contributed 
to a marked reduction in uridine production. As a result, 
side reactions in cytidine biosynthesis in E. coli were 
minimized, leading to enhanced cytidine accumulation. 
In contrast to K12ΔpoxB, K12ΔpoxBΔpta showed a 
pronounced upregulation of cytidine and a significant 
downregulation of CMP and uridine, suggesting that 
modifications in carbon metabolic flux due to the poxB 
and pta knockouts promote the biosynthetic yield of 
cytidine. In conclusion, the classification and enrichment 
of differentially abundant metabolites demonstrated 
that the knockout of poxB and pta genes in E. coli 
significantly enhances cytidine synthesis, which is linked 
to the redirection of carbon metabolism toward cytidine 
biosynthesis.

Conclusion
This study investigates the sequential knockout of the 
poxB and pta genes in E. coli, both critical to acetic acid 
metabolism, revealing a significantly slower decrease in 
pH, a substantial reduction in acetic acid production, and 
a notable increase in cytidine synthesis. Transcriptomic 
and metabolomic analyses demonstrated that these 
alterations are linked to changes in intracellular pH 
and a reorganization of carbon flux within the cell. 
These findings underscore the pivotal role of acetic acid 
metabolism in regulating cytidine biosynthesis in E. coli, 
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Fig. 5  Pathway diagrams of differential metabolites related to the cytidine synthesis pathway in the comparison groups: A glycolytic pathway; B 
TCA cycle; C cytidine synthesis pathways. Each pathway is colour-coded to reflect the corresponding comparison groups. In the figure, K denotes 
strain K12, B denotes strain K12ΔpoxB, and A denotes strain K12ΔpoxBΔpta. “UP” indicates upregulation of metabolite levels, and “DOWN” indicates 
downregulation of metabolite levels



Page 14 of 15Ye et al. Microbial Cell Factories           (2025) 24:36 

providing novel insights and strategies for optimizing E. 
coli as a cell factory for cytidine production. However, 
several limitations exist in this study, particularly in the 
application of computational biology. Theoretical yield 
calculations for cytidine synthesis were not accurately 
determined, and the functional role of the pta gene was 
not thoroughly dissected through a single knockout 
experiment, leaving its specific impact on cytidine 
production unresolved. Future studies may focus on 
further modifying the amino acid and nucleotide 
metabolic pathways in E. coli, aiming to completely 
dismantle the acid-suppressed metabolic pathways and 
thereby enhance cytidine production.
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