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Background: Pathogenic Escherichia coli (E. coli) causes a wide range of infections in humans and animals, imposing a significant
global health burden. While metabolic flexibility is critical for E. coli fitness to host environments, the role of secondary carbon
sources like 1 -Sorbose remains poorly characterized.

Methods: The functional importance of | -Sorbose metabolism in E. coli CFT073 was investigated under acidic conditions simulating
gastrointestinal and urinary tract environments. A AsorD mutant, with deletion of a key gene in | -Sorbose catabolism, was generated,
and its growth, viability, virulence factors, proton motive force (PMF), oxidative stress levels, and transcriptomic profiles under acidic
pH (3.5-5.5) were assessed. Virulence was further tested using a Galleria mellonella infection model.

Results: Deletion of sorD caused severe growth defects, loss of virulence factors (flagella and fimbriae), disrupted PMF, and oxidative
stress accumulation under acidic conditions. Transcriptomic analysis revealed dysregulation of energy metabolism pathways and
downregulation of virulence-associated genes in the AsorD mutant. Importantly, |-Sorbose metabolism deficiency significantly
attenuated bacterial survival at pH 3.5 and reduced virulence in the G. mellonella model.

Conclusion: These findings demonstrate that ; -Sorbose metabolism is essential for E. coli to maintain energy homeostasis, virulence,
and acid resistance. Targeting this pathway may offer a novel therapeutic strategy against pathogenic E. coli infections.
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Introduction
Escherichia coli (E. coli) is the predominant opportunistic pathogen in the human gut microbiome and exhibits both
commensal and pathogenic potential.'" While commensal E. coli strains generally coexist harmlessly with their host,
specific strains or serotypes have evolved distinct virulence factors that enable them to colonize new ecological niches
and cause diseases such as enteric infections, urinary tract infections, sepsis, and meningitis.2 The rise of these
pathogenic strains, coupled with increasing antibiotic resistance,” > has become a significant global health challenge,
highlighting the urgent need for alternative therapeutic strategies beyond traditional antibiotics.

A key factor in the success of pathogenic E. coli is its ability to colonize the host gut® as a foodborne bacterium, most
E. coli strains, including enteropathogenic E. coli (EPEC) and uropathogenic E. coli (UPEC), rely on gut colonization to
establish infection, except for enteroinvasive E. coli (EIEC), which can invade host cells directly.”® During colonization,

Infection and Drug Resistance 2025:18 3071-3086 3071
Received: 27 March 2025 © 2025 Qiu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 20 May 2025 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 20 June 2025


http://orcid.org/0009-0005-3311-5829
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Qiu et al

E. coli encounters various complex environmental stressors in the host gastrointestinal (GI) tract, including gastric acid,
bile salts, antimicrobial peptides, short-chain fatty acids, and nutrient limitations.”'! Overcoming these challenges and
outcompeting resident microbiota is crucial for successful colonization and persistence.

Pathogenic E. coli employs various strategies to gain competitive advantages, including inducing host inflammation
and occupying unique ecological niches.'*'* Metabolic flexibility plays a pivotal role, enabling pathogenic strains to
utilize secondary carbon sources like galactose, hexuronates, and ethanolamine, which commensal strains cannot
metabolize.'*'> Additionally, pathogenic E. coli can modify siderophores to evade host iron restriction mechanisms,
further enhancing its survival.'®!” Similar metabolic adaptation has been observed in in vitro studies.'® Under moderate
acid stress (pH 5.0-5.7), E. coli upregulates genes involved in the transport and metabolism of secondary carbon sources,
such as sorbitol and galactitol. These carbon sources produce fewer acidic byproducts than glucose, reducing extra-
cellular acidification and benefiting acid-stressed cells. Notably, the small intestine environment typically maintains a pH
range (pH 4.0-6.0), which is similar to moderate acid stress conditions due to organic acids produced by the resident
microbiota.'® In addition to nutrient acquisition, E. coli must effectively adapt to this mildly acidic environment to
establish a competitive advantage for successful colonization and persistent survival.>° These findings underscore the
importance of specific metabolic pathways, particularly secondary carbon source utilization, in promoting E. coli survival
and persistence in the gut environment, as well as the impact of mildly acidic conditions.

L-Sorbose is a rare sugar found in plants, feed, and dietetic foods, and it serves as a secondary carbon source
frequently utilized by E. coli.*' Previous studies have demonstrated the widespread ability of pathogenic E. coli strains to
metabolize -Sorbose, as evidenced by comparative analyses of -Sorbose utilization capabilities and transcriptional
levels of the | -Sorbose metabolic operon (sor) among different pathotypes. Notably, most serotypes of EIEC are unable
to utilize [-Sorbose, further underscoring the link between |-Sorbose metabolism and intestinal colonization.*?
Additionally, computational simulations suggest that E. coli strains capable of metabolizing | -Sorbose possess a selective
advantage within the human gut microbiota®® Furthermore, studies have shown that among two E. coli strains isolated
from the same patient, the one with stronger fitness to the gut and urinary tract exhibits a greater ability to utilize |-
sorbose.?* These findings imply that insights into the impact of ; -Sorbose metabolic pathways on gut fitness could inform
the development of novel therapeutic strategies targeting pathogenic E. coli infections. However, experimental evidence
on the role of [ -Sorbose metabolism in E. coli’s gut fitness and virulence remains limited.

This study demonstrates that | -Sorbose metabolism significantly enhances E. coli’s fitness and virulence under
moderate acidic stress (pH 4-5.5), simulating environments such as the host gastrointestinal and urinary tract.
Moreover, under more acidic conditions (pH 3.5), it improved E. coli’s survival ability.

Materials and Methods

Bacterial Strains and Culture Media

All studies were performed in the well characterized UPEC CFT073%° (with the ability to metabolize | -Sorbose), and
derived isogenic deletion mutants. Bacteria were grown in Luria—Bertani (LB) broth, LBS (LB+2% -Sorbose), LBG
(LB+0.5% glucose), E minimal medium (0.8 mM MgSO,, 10 mM citric acid, 57.5 mM K,HPO,, 16.7 mM NaNH;HPO,,
0.5% glucose, 2% L-Sorbose),26 M9 minimal medium (M9+2%/4% { -Sorbose) or on LB agar at 37 °C. The medium pH
was adjusted by the addition of hydrochloric acid (HCI) (The pH of LB medium without added HC1 was approximately
6.5), Select the pH conditions based on experimental requirements and the availability of reagents. Antibiotics were used
at the following final concentrations: ampicillin, 100 pg/mL; kanamycin, 50ug/mL; spectinomycin, 100ug/mL.

Strain Construction

The chromosomal gene sorD was deleted by CRISPR—Cas9-mediated genome editing in E. coli CFT073 as previously
described, with appropriate modifications.” Briefly, three 20-bp spacer fragments targeting sorD were digested with
BsmBI (Thermo Scientific) and inserted into pgRNA (Addgene #44251). Primers Cri-sorD-up-homo-5F/Cri-sorD-up-
homo-3R and Cri-sorD-down-homo-5F/Cri-sorD-down-homo-3R were used to clone two 500-bp homologous arms from
the E. coli CFT073 genomic template. Two homologous arms were fused together using overlap PCR. For generating
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electrocompetent cells, bacterial cells were resuspended in 100 uL of 10% glycerol solution, and after electroporation
(2500 V, 200 Q, 25 pF, 5 ms pulse duration), they were incubated in LB medium for 3 hours at 30°C and then plated on
LB agar plates containing 100 pg/mL spectinomycin and 100 pg/mL ampicillin. The initial validation of the mutant
strain CFT073AsorD was performed using primers Validation-5F/Validation-3R, followed by confirmation through
Sanger (DNA) sequencing.

To construct the complemented strain of CFT073AsorD, primers SORD-5F/SORD-3R were used to clone the sorD
DNA fragment from the E. coli CFT073 genomic template. The pgRNA was linearized using primers pgRNA-SC-5F/
pgRNA-SC-3R, and then seamlessly fused with the sorD DNA fragment using a seamless cloning kit (Beyotime). The
pgRNA-sorD was then transformed into the CFT073AsorD recipient strain. After electroporation (2500 V, 200 €, 25 pF,
5 ms pulse duration), the bacterial cells were incubated in LB medium for 3 hours at 37°C, followed by plating on LB
agar plates containing 100 pg/mL ampicillin. The complemented strain was confirmed by Sanger (DNA) sequencing.

The primer sequences used in the study are shown inSupplementary Table S1.

Growth Curve Assays

Strains were grown overnight in LB medium to mid-log phase. The cultures were centrifuged at 6000 rpm for 5 min and
washed twice with 0.9% sodium chloride (NaCl). All samples were normalized to an ODgo of 1.0 in 0.9% NaCl. Fresh
LBS medium was adjusted to pH 5.5, 4.5, and 4.0 using HCI. For the assay, 2 pL of culture was added to 198 pL of LBS
medium (pH 6.5, 5.5, 4.5, 4.0) in a 96-well plate. When indicated, 20 pL of culture was added to 180 pL of M9 medium.
Absorbance values were measured every 30 min using a BioTek microplate reader. Each strain was tested in triplicate
(three independent biological replicates).

In vitro Competition Assays

The relative fitness of E. coli CFT073, CFT073AsorD, and CFT073AsorD::sorD strains was determined using in vitro
competition assays. Appropriate modifications were made to the previously described method.”® These strains were
competed against E. coli MG1655, which carried the kanamycin-resistant plasmid pACYCD-J23119-sfGFP. Colony-
forming unit (CFU) was counted on LB agar plates and kanamycin-resistant LB agar plates to assess changes in CFU
during the competition. The assays were performed in triplicate (three independent biological replicates) in M9 medium
adjusted to different pH levels with 2% [-Sorbose added. Overnight cultures were grown in LB medium with the
appropriate antibiotics (ampicillin for CFT073AsorD.:sorD and kanamycin for MG1655), then centrifuged at 6,000 rpm
for 5 min, washed three times with 0.9% NaCl, and all samples were normalized to an ODggg of 1.0 in 0.9% NaCl. The
CFT073, CFT073AsorD, and CFT073AsorD::sorD strains were mixed at a 1:1 ratio with MG1655, and 300 pL of the
mixture was added to 2700 pL of M9 medium at different pH levels (pH 4.5, 5.5, 6.5). CFU counting was performed
before competition to determine initial ratios. The mixtures were incubated at 37°C with shaking to start the competition.
CFU counting was conducted at 24 and 48 h post-competition to determine the strain CFU ratios of the competing
strains. The relative fitness was calculated using the appropriate formula.

Relative fitness = lgCFU—
<C CFT073 ) Start

FUniG16ss

Acid Tolerance Assays
Acid tolerance assays of logarithmic-phase cells were conducted with slight modifications to previously described
methods.”® Briefly, overnight cultures were grown in LB medium with antibiotics as necessary (ampicillin for
CFTO073AsorD::sorD), then diluted 1:100 into 3 mL of fresh LB medium and incubated with shaking until mid-
logarithmic-phase (ODggo of 0.7-0.8). After centrifugation at 6,000 rpm for 5 min, cells were washed twice with 0.9%
NaCl.

To determine survival, all samples were normalized to an ODggo of 1.0 in 0.9% NaCl before serial dilution and spot-
plating for CFU prior to acid exposure. Fresh LBS medium was adjusted to the target pH with HCI, and the bacterial
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suspension was diluted 1:50 into this acidic medium and incubated without shaking at 37°C for either 30 or 120 min.
After incubation, 1.5 mL of acid-treated samples underwent serial dilution and CFU plating. Survival rates were
calculated from three independent biological replicates by dividing CFU/mL after acid stress by CFU/mL from the
initial sample.

Flow Cytometry-Based Bacterial Viability Assays

Bacterial viability following acid stress was quantified using the LIVE/DEAD® BacLight™ Bacterial Viability and
Counting Kit (Thermo Fisher Scientific, MA, USA), which stains cells as red (dead), green (alive) or double staining
(dying). The detailed experimental steps are as follows:

The acid-stressed sample (1 mL) was centrifuged with untreated E. coli CFT073 (for the live-cell suspension) at
10000 rpm for 5 min. The supernatant was discarded, and cells were resuspended in 1 mL of 0.9% NaCl. Another aliquot
of untreated E. coli CFT073 was prepared and resuspended in 1 mL of 70% isopropanol after centrifugation (for the
dead-cell suspension). The samples were incubated at room temperature for 30 min, mixing the suspension every 15 min.
After incubation, all samples were centrifuged at 10000 rpm for 5 min, the supernatant was discarded, and cells were
washed twice with 1 mL 0.9% NaCl. To the flow cytometry analysis tube, 977 pL of 0.9% NaCl was added. Then, 1.5 pL
of 3.34 mM SYTO 9 nucleic acid stain and 1.5 uL of 30 mM propidium iodide were added to the flow cytometry tube.
The bacterial suspension (10 pL) was added to the staining solution. The samples were incubated in the dark at room
temperature for 15 min. The stained bacteria were analyzed using flow cytometry.

Testing Acid Resistance (AR) Systems

The test of AR1-3 has been appropriately modified based on the methods described in previous studies.>® For ARI,
cultures were grown overnight at 37°C in LB medium at pH 5.5. The negative control samples were grown overnight at
37°C in EG medium at pH 7.0. The overnight cultures were centrifuged at 6,000 rpm for 5 min and washed twice with
0.9% NaCl before serial dilution and spot-plating for CFU prior to acid exposure. Cultures were then diluted 1:1000 into
EG medium at pH 3.5 and pH 7.0, while the negative control was diluted 1:1000 into EG medium at pH 3.5. All diluted
cultures were incubated at 37°C for 2 h, followed by CFU counting to determine survival rates.

For AR2 and AR3, cultures were grown overnight at 37°C in LBG medium at pH 6.5 (glucose represses the RpoS-
dependent oxidative system). The overnight cultures were centrifuged at 6,000 rpm for 5 min to discard the medium and
washed twice with 0.9% NaCl before serial dilution and spot-plating for CFU prior to acid exposure. Cultures were then
diluted 1:1000 into EG medium at pH 3.5 (negative control) and EG medium at pH 3.5 supplemented with 1.5 mM
glutamic acid (for AR3, 1 mM arginine was added instead). All diluted cultures were incubated at 37°C for 2 h, followed
by CFU counting to determine survival rates.

Survival rates were calculated by dividing the CFU/mL after acid stress by the CFU/mL from the initial sample.

Quantitative RT-PCR

The relative mRNA levels of key virulence factor genes in E. coli CFTO73 were detected. These genes include type 1
fimbriae (fimH), P fimbriae (papG-II), hemolysin (hlyA), biofilm formation (csgA), capsular polysaccharide (kpsM, rcsA),
enterotoxin A (entA), iron acquisition (iroN, chuA), and lipopolysaccharide (LPS) biosynthesis ({pxC, msbA). The general
procedures are as follows: Total RNA was isolated from bacterial culture using Bacteria RNA Extraction Kit (Vazyme)
according to the manufacturer’s instructions. Removal of genomic DNA and synthesis of cDNA was carried out using
Evo M-MLV RT Mix Kit with gDNA Clean for gPCR Ver.2 (Accurate Biology). qRT-PCR was conducted using SYBR™
Green Premix Pro Taq HS qPCR Kit II (Accurate Biology). Housekeeping gene rpoA was used as a reference control to
normalize total RNA quantity of different samples. The relative difference of mRNA level was calculated using the AACt
method.>' Each sample was subjected to three independent biological replicates for qRT-PCR analysis.

Galleria Mellonella Infection Model
The Galleria mellonella infection model was used to assess the in vivo virulence of CFT073, CFT073AsorD, and
CFTO073AsorD::sorD under neutral and weakly acidic conditions. G. mellonella larvae (Corn worm farm) were stored in
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the dark and used within three days of shipment. Prior to inoculation, all strains were treated for two hours at pH 6.5 and
pH 5.5, following the acid tolerance assay protocol. Then, wash the bacterial suspension with sterile PBS and dilute it to
107 CFU/mL. A 10 pL volume of the bacterial suspension was injected into the hemocoel of each larva through the rear
left pro-leg.**>® Ten larvae per group were randomly selected for inoculation, and the experiment was repeated three
times. After injection, the larvae were incubated at 37°C, and their survival was monitored daily for four days. Larvae
were considered dead when they no longer responded to touch. Kaplan-Meier survival curves were used for data analysis.
Three control groups were included in the experiment: Group 1, 10 larvae injected with 10 pL of sterile PBS; Group 2, a
mock injection to ensure that larvae did not die from physical trauma; and Group 3, with no injection. No larval deaths
were observed in the control groups.

Transcriptomic Analysis

Following the acid tolerance assay protocol, the samples were treated at pH 3.5 for 30 min, the RNA sequencing (RNA-
seq) analysis of CFT073, CFT073AsorD, and CFT073AsorD::sorD were conducted. Raw data were filtered and trimmed
using fastp.>* Clean reads from each sample were mapped to the reference genome using HISAT2 to identify the source
genes of the reads, generating SAM files that stored the mapping information. SAM files were then converted to the
binary BAM format using SAMtools,*® followed by sorting based on reference coordinates and index construction.
Transcripts were assembled and quantified using StringTie,’’ normalizing the data with Fragments Per Kilobase of
transcript per Million mapped reads and Transcripts Per Million metrics. The raw counts of gene expression were
calculated using prepDE.py.

For downstream analysis, differential gene expression (DEGs) between samples was assessed using the DESeq2
package, followed by clustering analysis and functional annotation.>® Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses were performed to identify enriched functions and pathways of the
DEGs. Data visualization was carried out using the R package ggplot2. RNA-seq analysis was performed on three
independent biological replicates for each strain.

ATP, Inorganic Phosphate and NAD/NADH Level Detection

Following the acid tolerance assay protocol, E. coli samples were immediately placed on ice for pre-cooling.
Subsequently, intracellular ATP and inorganic phosphate concentrations were quantified using the ATP assay kit
(Beyotime) and malachite green phosphate assay kit (Cayman Chemical), respectively. Additionally, the NAD'/NADH
ratio was determined following the manufacturer’s instructions provided with the assay kits (Beyotime). All measure-
ments were performed in accordance with the standardized protocols outlined in the respective kit manuals. Each strain
and condition was tested in triplicate, with three independent biological replicates.

Analysis of Bacterial Proton-Motive Force (PMF)

A flow cytometry-based assay was utilized to measure the proton motive force using the BacLight™ Bacterial Membrane
Potential Kit (Invitrogen), as per manufacturer’s instructions. Briefly, all strains subjected to acid tolerance assays were
diluted in phosphate-buffered saline (PBS) to a final concentration of approximately 10° cells/mL. Subsequently, 1 mL of
each bacterial suspension was transferred to flow cytometry tubes. Two additional tubes containing 1 mL of CFT073
bacterial suspension were prepared as membrane potential disrupted and unstained controls. For the membrane potential
disrupted control, 10 pL of 500 uM CCCP was added and mixed thoroughly. To all tubes except the unstained control, 10
pL of 3 mM DiOC2(3) was added and mixed thoroughly. The samples were incubated at room temperature for 30 min.
The stained bacteria were analyzed using flow cytometry. The intracellular pH was determined using a fluorescence-
based method as previously described in the literature.*® Briefly, following the acid tolerance assay protocol, 5 mM
BCECF-AM (Beyotime) was added to the bacteria. The samples were then incubated in the dark at 37°C for 1 hour. The
fluorescence intensity was measured using a BioTek microplate reader (excitation/emission wavelengths: 488/535 nm).
Each strain and condition was tested in triplicate, with three independent biological replicates.
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Flow Cytometry

Flow cytometric analysis was performed using a Gallios™ Flow Cytometer (Beckman Coulter Life Sciences) with
excitation at 488 nm and emission detected in both the red (630 nm) and green (515 nm) channels. The data were
analyzed using the Kaluza software (Beckman Coulter Life Sciences) and visualized with GraphPad Prism.

Scanning Electron Microscope (SEM) Analysis

SEM observation was performed according to previously published methods with slight modifications.** In brief, after
treatment of E. coli following the acid tolerance assay protocol, the bacterial suspensions were washed twice with sterile
PBS. The samples were then fixed with 2.5% glutaraldehyde at 4°C overnight, followed by washing and dehydration
through a graded ethanol series (30-100%). After critical point drying, the samples were sputter-coated with gold and

examined using a scanning electron microscope.

Motility Assays

The motility assays were performed following the protocol described in previous studies.*’ The swimming plates were
prepared using 0.3% (w/v) LBS agar (supplemented with 2% [ -Sorbose), and the pH was adjusted to the appropriate
level by adding HCL. E. coli was grown overnight in fresh LB medium, centrifuged at 6,000 rpm for 5 min, and washed
twice with 0.9% NaCl. The cultures were then normalized to an ODggg of 1.0 with 0.9% NaCl. Subsequently, 1 puL of the
culture was inoculated onto the swimming plates by submerging pipette tips into the cultures and pricking the center of
the plates. The plates were incubated for 18 h, and the swimming motility zone was measured. Each strain and condition
was tested in triplicate, with three independent biological replicates.

Fluorescence Microscope Based ROS Detection

The fluorescence microscope was used to determine the levels of intracellular ROS using Reactive Oxygen Species
Assay Kit (Beyotime) following the manufacturer’s instructions. Briefly, the different treatment groups were stained with
10 pmol/L H,DCFDA and incubated at 37°C for 20 min in a dark environment. Then, the bacteria were photographed
using an upright microscope (Olympus BX63).

Sensitivity Assays

Following the instructed acid tolerance treatment, E. coli cultures were serially diluted. An 8 pL aliquot of each dilution
was then spotted onto LB agar plates, as well as LB agar plates supplemented with specified concentrations of sodium
dodecyl sulfate (SDS) and ethylenediaminetetraacetic acid (EDTA). The plates were incubated at 37°C for approximately
20 h.

Biofilm Assays

Biofilm formation was detected using the crystal violet staining method.** All strains were grown overnight in LB
medium. The cultures were then centrifuged at 6,000 rpm for 5 min, washed twice with 0.9% NacCl, and normalized to an
ODgoo of 1.0. Fresh LBS medium was adjusted to pH 5.5 and 4.5 using HCI. In a 96-well plate, 198 uL of LBS medium
(pH 4.5, 5.5, 6.5) was inoculated with 2 pL of the adjusted culture and incubated statically at 37°C for 48 h. After
incubation, the planktonic cells and medium were gently removed, followed by washing the wells three times with PBS.
The adherent cells in each well were fixed with 100 pL. of methanol for 15 min, after which the methanol was removed,
and the wells were air-dried. Each well was then stained with 200 pL of 1% crystal violet solution for 20 min. The wells
were then washed three times with PBS to remove unbound crystal violet and air-dried at room temperature. The crystal
violet bound to the biofilm was solubilized with 200 puL of 95% ethanol, and absorbance was measured at 590 nm.
Biofilm formation assays were performed in triplicate (three independent biological replicates) with three technical

replicates per biological replicate.
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Data Availability
RNA sequencing data obtained in this study are available at the NCBI Sequence Read Archive under accession
PRINA1183564.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism (version 8.0.2; GraphPad Software). Statistical signifi-
cance for comparisons between two groups was determined using Student’s ¢ tests, while the log rank test was employed
for multiple comparisons. The exact P-values and sample sizes are indicated in each figure legend. A P-value of <0.05
was considered statistically significant.

Results
Inhibiting | -Sorbose Metabolism Reduces the Adaptability and Survival Capacity of E.

coli in Acidic Environments

To explore the role of | -Sorbose metabolism in E. coli, a sorD knockout strain (CFT073AsorD) and a complemented
strain (CFT073AsorD::sorD) were generated and confirmed by growth on [-Sorbose as the sole carbon source
(Figure S1A and B). Growth characteristics were then evaluated across a permissive pH range (4.0-6.5). At pH 6.5,
CFT073 and CFT073AsorD exhibited comparable growth rates, whereas the complemented strain displayed mild growth
retardation. This observed fitness cost likely stems from the metabolic burden associated with maintaining the plasmid
carrying both the sorD gene and ampicillin resistance marker. Such growth impairment represents a well-documented
phenomenon in plasmid-bearing strains, especially in the absence of antibiotic selection, as cellular resources are
continuously allocated to plasmid maintenance and resistance gene expression.*’ Progressive growth defects in
CFTO073AsorD were observed at pH 5.5-4.0 (Figure 1A). As acidity increased (pH 5.5-4.0), CFT073AsorD displayed
progressively severe growth deficiencies compared to CFT073 and CFT073AsorD::sorD (Figure 1B-D). Competitive
fitness under acidic conditions was assessed through in vitro competition assays against E. coli MG1655. At pH 6.5,
CFT073 and CFT073AsorD showed no significant fitness differences. However, under acidic conditions (pH 5.5 and
4.5), CFT073 consistently demonstrated a significant fitness advantage over CFT073AsorD within 48 hours. Notably, at
pH 4.5, CFT073AsorD::sorD surpassed CFT073AsorD in fitness after 48 hours (Figure 1E).

The impact of | -Sorbose metabolism on bacterial survival was further examined under extreme acidity (pH 3.5),
where growth is unfeasible. CFT073AsorD exhibited significantly reduced survival at pH 3.5 compared to wild-type and
complemented strains, with SYTO09-PI staining confirming membrane damage (Figures 1F-H and S1C-E). Importantly,
L-Sorbose metabolism’s protective effect under strong acidity was independent of the classic acid resistance systems
(Figure S1F and G).

These results suggest that | -Sorbose metabolism can enhance the adaptability and survival of E. coli in acidic
environments, independent of the classic acid resistance systems of the bacterium.

Inhibition of |-Sorbose Metabolism Results in Decreased Virulence of E. coli Under
Acidic Conditions

The relationship between | -Sorbose metabolism and E. coli virulence was investigated by quantifying the relative mRNA
levels of key virulence genes in CFT073AsorD under different pH conditions. While virulence gene expression in
CFTO073AsorD remained unchanged at pH 6.5, >50% of tested genes (eg, fimH, papG-1I) were downregulated at pH <
5.5, whereas biofilm-associated genes (csgAd, rcsA) were upregulated (Figure 2A-D).

Further validation was performed using a Galleria mellonella infection model. After pretreatment at pH 6.5, larvae
infected with CFT073AsorD had lower survival rates (20%) compared to the wild type CFT073 (60%) at 96 hours
(Figure 2E). At pH 5.5, survival rates for CFT073AsorD (40%) were higher than the wild type (0%) (Figure 2F).
Notably, the wild type exhibited higher virulence under acidic conditions (Figure 2E and F).

Overall, the deficiency in ;-Sorbose metabolism leads to a significant reduction in E. coli virulence under weakly
acidic conditions.
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Figure | Inhibiting  -Sorbose metabolism mediates survival and growth defects in E. coli under acidic conditions. (A-D) Growth of CFT073 (yellow), CFT073AsorD (green),
and CFT073AsorD::sorD (purple) in LBS medium at pH 6.5 (A) 5.5 (B), 4.5 (C) and 4.0 (D) (E) Relative fitness for CFT073, CFT073AsorD, and CFT073AsorD::sorD in in vitro
competition against MG 1655 strain. (F and G) CFT073, CFT073AsorD, and CFT073AsorD::sorD were incubated in either LBS or LB medium at pH 3.5 for 30 min, followed by
serial dilution on LB agar plates, and the bacteria were grown at 37°C, a representative result from three independent experiments is shown (F); percent survival in acid is
calculated as the number of CFU after acid treatment, relative to the untreated control (G). (H) After staining with SYTO9 and propidium iodide, the survival rate was
statistically analyzed and expressed as the percentage of SYTO9-positive (alive) cells. Data are presented as the mean * SD of three biological replicates. Student’s t tests
were performed to determine the statistical significance for two group comparisons (ns, no significance; *, P < 0.05; *¥, P < 0.01; ¥, P < 0.001; **** P < 0.0001).

Abnormal Energy Metabolism, Oxidative Stress, and a General Downregulation of

Virulence Factor Expression in E. coli with Deficient | -Sorbose Metabolism
Transcriptomic analysis was conducted to elucidate the impact of | -Sorbose metabolism on CFT073, CFT073AsorD, and
CFT073AsorD::sorD under pH 3.5 acid stress. This approach allowed us to investigate the molecular mechanisms
underlying the observed defects in acid adaptability and survival. KEGG and GO analyses were first employed to
investigate pathways at the systemic level. KEGG pathway enrichment analysis for the | -Sorbose metabolism inhibition
strain CFTO073AsorD revealed significant impacts on oxidative phosphorylation, flagellar assembly, and bacterial
chemotaxis pathways (Figure 3A). These pathways are all highly associated with energy metabolism. Similarly, GO
analysis highlighted significant enrichment in carbohydrate metabolism and organic substance transport pathways, further
emphasizing changes in energy metabolism. Oxidoreductase activity-related pathways were also significantly enriched
(Figure 3B). At the gene level, respiratory chain and TCA cycle-related genes were upregulated (Figure 3C and D), while
virulence factors (eg, fimH, papG-II) were downregulated (Figure 3F), consistent with qRT-PCR results. Concurrently,
oxidative stress response genes exhibited elevated expression (Figure 3E). These transcriptomic data reveal the char-
acteristics of metabolic dysregulation, oxidative stress, and weakened virulence in CFT073AsorD under acidic
conditions.
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Figure 2 Inhibition of | -Sorbose metabolism lead to a reduced virulence of E. coli under acidic conditions. (A—C) qRT-PCR analysis of the relative mRNA levels of virulence
factor genes (fimH,papG-Il, hiyA, csgA, kpsM, rcsA, entA, chuA, iroN, IpxC, and msbA) in CFT073, CFT073AsorD, and CFT073AsorD::sorD after 2 hours of treatment at pH 6.5 (A),
pH 5.5 (B), and pH 3.5 (C). (D)Relative mRNA levels of virulence factors in CFT073AsorD after 2 hours of treatment at pH 6.5, pH 5.5, and pH 3.5. (E-F) Kaplan Meier
curves showing the survival rates of G. mellonella infected with CFT073, CFT073AsorD, and CFT073AsorD::sorD over 96 hours. (E and F) Survival rates of G. mellonella
infected with CFT073, CFT073AsorD, and CFT073AsorD::sorD after 2 hours of treatment at pH 6.5 (E); survival rates after 2 hours of treatment at pH 5.5 (F). Data (A-D)
are presented as the mean * SD of three biological replicates. Student’s t tests were performed to determine the statistical significance for two group comparisons; survival

curves were plotted using the Kaplan-Meier method and statistical analysis was performed using the log rank test for multiple comparisons (ns, no significance; *, P<0.05; **,
P < 0.01; ¥ P < 0.001; *¥** P < 0.0001).

Inhibition of | -Sorbose Metabolism Leads to Abnormal Energy Metabolism and ROS
Accumulation in E. coli Under Acidic Conditions

To extend our transcriptomic analysis of energy metabolism, intracellular ATP and Pi levels were measured in E.
coli under pH 3.5-6.5. At pH 6.5, CFT073AsorD and the wild type showed no significant ATP differences. However,
CFTO073AsorD exhibited a sharp ATP drop below pH 5.5, with levels at pH 3.5 nearly tenfold lower than the wild type,
and it is noteworthy that the survival of all strains under extreme acidic conditions is accompanied by ATP consumption
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Figure 3 Inhibition of |-Sorbose metabolism results in transcriptional signatures of abnormal energy metabolism, oxidative stress, and reduced virulence in E. coli under
acidic conditions. Transcriptome sequencing was performed on CFT073, CFT073AsorD, and CFT073AsorD::sorD after treatment at pH 3.5 for 30 min. (A) Top five enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for all differentially expressed genes (DEGs). (B) Enriched Gene Ontology (GO) terms of upregulated genes.
The x-axis represents the gene ratio, which indicates the proportion of DEGs associated with a specific pathway relative to the total number of DEGs in the dataset. The
y-axis shows the negative log scale of the adjusted p-values [-log|o (adjusted p-value)], reflecting the significance level of the differential expression. (C—F) Upregulation and
downregulation of genes involved in the respiratory chain (C), glycolysis and the tricarboxylic acid (TCA) cycle (D), oxidative stress and DNA repair (E), and key virulence
factors (F). All transcriptomic heat maps display log, fold changes. For data in (A) and (B), the significance was tested using the hypergeometric test, with correction using
the Benjamini-Hochberg method. Source data are provided in the Source Data file.

(Figures 4A and S2). Intracellular Pi levels increased with decreasing pH, with CFT073AsorD showing significantly
higher Pi levels below pH 6.5 compared to other strains (Figure 4B). PMF analysis showed stable membrane potential
above pH 3.5 in all strains, while CFT073AsorD exhibited elevated ApH. Complete PMF disruption was observed in
CFT073AsorD at pH 3.5 (Figures 4C-E and S3), coinciding with impaired ATP synthesis. Subsequent SEM examination
showed intact membranes but complete absence of fimbriae and flagella in CFT073AsorD at pH 3.5 (Figure 4F),
suggesting a loss of adhesion to host cells and a reduced chemotactic ability to chemicals. Motility assays confirmed
weakened movement in CFT073AsorD at pH 4.5-5.5, with near-complete loss at pH 4.0 (Figures 4G and S4).
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Figure 4 Inhibition of | -Sorbose metabolism disrupts energy metabolism-related functions and induces ROS accumulation in E. coli under acidic conditions. (A=D) CFT073,
CFT073AsorD, and CFT073AsorD::sorD were incubated for 30 min in LBS medium at pH 6.5, 5.5, 4.5, and 3.5. After incubation, multiple physiological parameters were
assessed as described in the Materials and Methods section: intracellular ATP content (A), the increment of inorganic phosphate levels (B), ApH (C), and membrane
potential alterations (D). (E) After staining with DIOC,(3), membrane potential of E. coli was assessed using flow cytometry following a 30 min incubation at pH 3.5. (F)
Scanning electron microscopy (SEM) images of all strains exposed to pH 6.5 and 3.5 for 30 min. (G) The swimming diameters of the strains at pH 6.5, 5.5, and 4.5. (H) The
NAD*/NADH ratios of all strains at pH 6.5, 5.5, 4.5, and 3.5. (I and J) ROS detection: Representative fluorescence images of H,DCFDA-stained cells at pH 4.5 and 4.0
(green indicates ROS-positive cells) (I); Quantitative analysis of fluorescence intensity (J). Data are presented as the mean + SD of three biological replicates. Student’s t-tests
were performed to determine the statistical significance for two-group comparisons (ns, no significance; *, P < 0.05; **, P < 0.01; **¥ P < 0.001; ** P < 0.0001).

Consistent with upregulated TCA cycle genes in transcriptomic data, the NAD'/NADH ratio in CFT073AsorD
significantly decreased at pH < 4.5 (Figure 4H), indicating TCA cycle activation. This was accompanied by ROS
accumulation. At a pH above 4.5, no fluorescence was detected in any strain. However, within the pH range of 4.5 to 4.0,
all strains showed ROS-positive cells, with CFT073AsorD exhibiting a significantly higher number of ROS-positive cells
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and stronger fluorescence signals (Figure 41 and J). Increased detergent sensitivity in CFT073AsorD post-acid treatment
confirmed ROS-induced outer membrane damage (Figure S5).

Biofilm formation, a critical bacterial survival strategy against environmental stress, is closely linked to various stress
responses.** Strikingly, CFT073AsorD exhibited significantly enhanced biofilm formation across all tested pH conditions
compared to the wild type, with further augmentation under acidic conditions (pH 5.5 and 4.5). In contrast, both the wild
type and complemented strains maintained relatively stable biofilm levels regardless of pH fluctuations (Figure S6).

In summary, under acidic conditions, CFT073AsorD exhibited dysregulated energy metabolism and hyperactive
biofilm formation. While this may represent a compensatory survival strategy, it ultimately reduced bacterial fitness due
to ROS accumulation and increased membrane permeability in host-relevant pH environments.

Discussion

UPEC distinguishes itself from intestinal pathogenic E. coli (IPEC) by colonizing diverse acidic host environments,
including the gastrointestinal tract (pH 1.5-9),*° vagina (pH 3.8-5), and urinary tract (pH 5.5-7).%’ Recent advances in
microbial pathogenesis have highlighted metabolic flexibility as a cornerstone of bacterial survival and virulence,
enabling pathogens to exploit niche-specific nutrients and outcompete commensal microbiota.***” While ethanolamine
utilization (eut operon) and siderophore-mediated iron acquisition are well-characterized metabolic strategies in E.

1748 the role of rare sugars like | -Sorbose remained unclear, despite evidence of its widespread utilization by

coli,
pathogenic E. coli.”* This study demonstrates that | -Sorbose metabolism is indispensable for UPEC’s acid tolerance,
virulence, and host colonization. Deletion of sorD, a key gene in  -Sorbose catabolism, severely impaired acid adaptation
in UPEC. Under mild acidity (pH 4.0-5.5), CFT073AsorD exhibited severe growth retardation and a loss of competitive
fitness, while exposure to extreme acidity (pH 3.5) resulted in catastrophic survival failure due to disrupted PMF and
ATP depletion (Figures 1 and 4).

Acid stress in the sorD-deficient strain causes a breakdown in energy homeostasis—the balanced production and
utilization of cellular energy (primarily ATP). This impairment may manifested through three interlinked mechanisms:
(1) L-Sorbose functions as a secondary carbon source, feeding into glycolysis and the TCA cycle to support ATP
production, (2) its metabolism mitigates intracellular acidification, thereby preserving the PMF essential for ATP
synthase activity, (3) transcriptomic analysis revealed downregulation of oxidative phosphorylation genes in
CFT073AsorD (Figure 3A) further exacerbating energy deficits. The consequent PMF collapse not only reduced ATP
levels (Figure 4A) but also impaired protein export systems, leading to loss of flagella and fimbriae (Figure 4F and G).
These metabolic and structural deficiencies collectively explain the strain’s colonization failure in acidic host environ-
ments, which is a prerequisite for UPEC pathogenicity.**-°

RT-qPCR analysis further revealed that, under acidic stress, the mutant exhibited significant downregulation of key
virulence genes (eg, fimH, papG-II) and upregulation of biofilm-associated genes (csgA, rcsA) (Figure 2B-D). Although
increased biofilm formation is confirmed phenotypically (Figure S6), it does not compensate for the observed virulence
attenuation or loss of fitness. Notably, the complemented strain CFT073AsorD::sorD exhibited even higher csg4 mRNA
levels than the wild-type (Figure 2A and C), suggesting complex regulatory cross-talk between | -Sorbose metabolism
and biofilm formation. This paradoxical increase may reflect compensatory adaptations to metabolic stress, as supported
by three mechanistic insights: First, the metabolic burden associated with plasmid maintenance may activate the general
stress response sigma factor RpoS, which is known to upregulate csgA expression, particularly under acidic conditions.”'
Second, plasmid introduction and the associated metabolic perturbations may lead to increased intracellular levels of the
secondary messenger c-di-GMP, a potent inducer of csgA transcription through several regulatory pathways.>* Third, the
enhanced biofilm formation observed in the CFT073AsorD mutant implies that sorD negatively regulates biofilm-related
genes; thus, in the complemented strain, the reintroduction of sorD may restore this repression, and the elevated csg4
mRNA levels may reflect a transient transcriptional overshoot during regulatory rebalancing. These findings highlight the
multifaceted role of | -Sorbose in bacterial survival and pathogenicity, aligning with emerging paradigms in microbial
pathogenesis, where metabolism is increasingly recognized as a virulence determinant.'>>*->* The loss of flagella and
fimbriae in CFT073AsorD, as observed by SEM (Figure 4F), further underscores this connection. These structures are
critical for motility, chemotaxis, and host adherence, and their disappearance likely results from a triad of acid-induced
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defects: (1) energy deprivation due to PMF collapse and ATP depletion (Figure 4A), impairing the Type III secretion
system required for flagellar assembly;>> (2) oxidative damage from accumulated ROS (Figure 41 and J) degrading
structural proteins®® and (3) transcriptional repression of the FINDC regulatory cascade.’” This contrasts with pathogens
like Vibrio cholerae, where catabolism of other rare sugars directly fuels motility,>® emphasizing the unique role of |-
Sorbose in maintaining UPEC’s structural integrity under stress. These findings extend current understanding by
demonstrating that | -Sorbose metabolism is not only required for energy homeostasis and acid resistance but also
contributes to oxidative stress mitigation (Figure 4). This positions  -Sorbose catabolism as a promising antimicrobial
target in the treatment of UPEC infections.

Given the increasing prevalence of multidrug-resistant UPEC strains, new therapeutic strategies are urgently needed.*>®
Traditional therapies targeting virulence factors (eg, fimbriae, toxins) face challenges due to functional redundancy.” In
contrast, | -Sorbose metabolism offers a unique vulnerability: its essentiality in acidic host environments and conservation
across UPEC isolates. Inhibiting SorD could simultaneously disrupt gut persistence (a reservoir for recurrent UTIs) and reduce
urinary tract virulence.”® This strategy mirrors the success of metabolic inhibitors like the antifolate drug trimethoprim,®® but
with enhanced specificity, as humans lack homologous | -Sorbose metabolic pathways. Unlike broad-spectrum antibiotics (eg,
B-lactams, fluoroquinolones), which act on universally essential bacterial processes and thereby promote resistance,>"'
targeting | -Sorbose metabolism may reduce resistance risk. This is due to its non-essentiality under neutral pH, limiting
selective pressure in non-acidic niches, and the absence of analogous pathways in host cells, minimizing off-target effects.
Nevertheless, this strategy has inherent limitations: it would primarily affect UPEC and other | -Sorbose-utilizing pathogens
(eg, Shigella strains),? necessitating companion diagnostics for precise deployment. Additionally, compensatory mutations in
other sugar utilization pathways (eg, sorbitol, galactitol)'® could theoretically restore fitness. Despite these challenges, the
combination of [ -Sorbose inhibitors with conventional antibiotics may offer synergistic effects by disrupting both basal

viability and environment-specific virulence, thereby reducing the emergence of resistance.®

Conclusion

These findings establish | -Sorbose metabolism as a critical adaptive mechanism for UPEC, integrating energy produc-
tion, oxidative balance, and virulence under acidic conditions. The elucidated pathway provides a foundation for
developing targeted antimicrobials that selectively disrupt pathogen survival while preserving commensal microbiota.
This represents a significant advancement in the fight against multidrug-resistant infections, offering a promising
alternative to traditional antibiotic therapies.
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