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Swine colibacillosis, caused by colonization of the piglet small intestine with enterotoxigenic
strains of Escherichia coli, imposes a significant economic burden on the swine industry. Due to
high mortality rates and the emergence of antimicrobial resistance, it is considered one of the
major welfare concerns in the livestock industry. This study elucidated the genetic basis and
expression patterns of key antibiotic resistance genes in porcine E. coli isolates with colibacillosis.
Intestinal contents from five affected piglets were subjected to high-throughput sequencing,
revealing 26 resistance genes across seven antibiotic classes. Four strains (428, 430, 432, 433)
were further analyzed for mRNA expression levels of six resistance genes (blaTEM, tetA, tetB,
tetM, qnrB, and gnrS) under exposure to ampicillin, tetracycline and ciprofloxacin at three
concentrations (0.01, 0.001, 0.0001% w/v). Our findings revealed five distinct expression
patterns: (1) dose dependent upregulation/downregulation, (2) inverse response to
concentration changes, (3) maximal downregulation at intermediate dose, (4) minimal down-
regulation at intermediate dose, and (5) sustained upregulation. Strain 428 uniformly followed
pattern one for all resistance genes, in strain 430, tetB followed pattern three while blaTEM
matched pattern one, strain 432 exhibited patternstwo for all tetracycline- and B-lactam-
resistance genes, and pattern four for qnrB; strain433 showed patternsthree for both
fluoroquinolone-resistance genes, pattern four for tetB, and patternfive for blaTEM. These
findings highlighted strain-specific and dose-dependent gene expression responses in swine
colibacillosis. This work underscored the need for tailored antibiotic strategies, targeted
interventions and well-validated monitoring frameworks for antibiotic resistance in veterinary.

© 2026 Urmia University. All rights reserved.

Introduction

Swine enteric colibacillosis is a globally prevalent

the nursing stage are more susceptible to ETEC infection.
The weaning period is considered a critical time for
colibacillosis  pathogenesis, as piglets experience

bacterial infection caused by colonization of the piglet
small intestine with specific pathogenic strains of
Escherichia coli! After oral ingestion of enterotoxigenic
strains of E. coli (ETEC), these bacteria adhere to the
intestinal absorptive epithelial cells by using their
specific fimbriae and secrete several enterotoxins. Heat-
labile toxin, heat-stable toxin A and B , and verotoxin
(Shiga-like toxin or Shiga toxin) are mainly produced
enterotoxins, inducing hypersecretion of fluid and
electrolytes into the intestinal lumen.2

Due to the immaturity of gut microbiota and immune
system in piglets, post-weaning neonatal pigs, and those in
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considerable environmental stress during this period, such
as facing dietary changes and maternal separation. Also,
the reduction in the maternal antibodies intake through
milk makes them more susceptible to colonization of
ETEC.3 Infected piglets typically exhibit a variety of clinical
manifestations, including severe watery diarrhea, metabolic
acidosis and edema disease.* Thus, increased mortality
rates along with reduced weight gain in affected piglets
impose a significant economic burden on swine industry,
highlighting the need for effective management strategies.

Antibiotics are widely prescribed to treat colibacillosis
in animal husbandry, however, there is a growing concern
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about the emergence of antimicrobial resistance, arising
from inappropriate and excessive use of antibiotics.
Currently, a significant challenge in treating swine coli-
bacillosis is the high prevalence of antibiotic resistance
among ETEC strains, which often makes it difficult to select
an effective antibiotic.6 The development of antibiotic
resistance in E. coli is driven by several intrinsic
mechanisms, including genetic mutations that alter
antibiotic targets, reduce drug uptake or induce the
expression of antibiotic-inactivating enzymes and efflux
pumps. Furthermore, antibiotic resistance genes (ARGs)
can spread rapidly among pig herds through horizontal
gene transfer which is the ability to acquire genes from
other bacteria via mobile genetic elements such as
plasmids and integrons.” Specific ARGs, like blaTEM and
blaCTX-M (conferring resistance to beta-lactams [Bla]),
various tet genes (mediating resistance to tetracyclines
[Tet]), gnr genes (responsible for resistance to quinolones
and fluoro-quinolones [Flq]), sul genes (the sulfonamide
resistance genes), and mcr-1 (mediating resistance to
colistin), have been frequently detected in E. coli isolates
from swine colibacillosis. Moreover, the high rates of
multidrug resistance in swine ETEC isolates represent a
significant issue, limiting the effectiveness of available
treatments for colibacillosis.®? Swine colibacillosis is
considered an epidemiological challenge not only for
livestock farming but also for public health, since ETEC
strains might be transmitted to humans.*

The widespread occurrence of antimicrobial resistance
in the context of swine colibacillosis treatment signifies a
major obstacle and a primary motivation for the
exploration of alternative therapeutic and preventive
strategies.10 This study aimed to elucidate the genetic basis
and dynamics of ARGs expression in E. coli strains isolated
from the intestinal contents of piglets infected with
colibacillosis. Through molecular screening under
antibiotic exposure, we investigated how resistance genes
respond to commonly used antimicrobial treatments in
swine farming and identified distinct expression patterns
across different E. coli strains. These findings may inform
more targeted and effective antibiotic therapies for swine
enteric colibacillosis as well as improve resistance
monitoring strategies in veterinary medicine.

Materials and Methods

This study was conducted from September 2024 to
May 2025. Sample collection was performed by FSBSI
All-Russian Veterinary Research Institute of Pathology,
Pharmacology and Therapy, Voronezh, Russia.
Molecular analyses were carried out at the laboratory of
meta-genomics and food biotechnology and the
Department of Biochemistry and Biotechnology,
Voronezh State University of Engineering Technologies,
Voronezh, Russia.

Sample collection and culture. All animal procedures
were approved by the Institutional Ethics Board of
Voronezh State University (Protocol No. 42-01; January 16,
2023). Intestinal contents from piglets (n = 5) diagnosed
with colibacillosis were collected on farms in the Voronezh
region. The piglets ranged in age from 2 to 5 days old and
in the weaning and post-weaning periods, exhibiting
clinical signs of colibacillosis, including severe watery
diarrhea, dehydration, subcutaneous edema and reduced
weight gain. The piglets were euthanized via an intra-
venous injection of sodium pentobarbital (Bioveta,
Ivanovice na Hané, Czech Republic) at a dosage of 120 mg
kgl Immediately after euthanasia, approximately 1.00 -
2.00 g of intestinal content was aseptically collected from
the affected segment of the small intestine, adjacent
mesenteric lymph nodes were tied off with ligatures and,
when available, also submitted. Samples were placed in
sterile, sealed containers together with a brief case note
and transported to the laboratory at 4.00 °C within 24 hr
of collection. In the laboratory, each intestinal sample
(=0.50g) was suspended in 10.00 mL of sterile 0.85%
NaCl solution, mixed thoroughly, and allowed to settle for
10 - 15min at room temperature. The resulting
supernatant was aseptically inoculated onto Endo agar
(Diaem, Moscow, Russia) and Levine’s medium (Diaem)
for the general recovery of E. coli. Prior to streaking, the
surface of each plate was briefly overlaid with 96.00°
ethanol to inhibit the swarming of Proteus species. In
parallel, samples were also plated onto Sorbitol
MacConkey agar (Diaem) to specifically screen for
non-sorbitol-fermenting serovars 0157:H7 and 0157:H-.
Plates were then incubated at 37.00 °C for 18 - 24 hr. After
incubation, typical E. coli colonies that appeared as
reddish-pink on Endo agar, dark violet on Levine’s medium,
and as non-sorbitol-fermenting (colorless) colonies on
Sorbitol MacConkey agar were selected, sub-cultured onto
nutrient agar, Gram-stained and subjected to standard
biochemical tests for definitive identification.

DNA isolation. A single colony of E. coli was
transferred to Luria-Bertani broth (LB; Diaem) and
incubated overnight at 37.00 °C. Genomic DNA was
extracted using PROBA-GS Reagent Kit (DNA Technology,
Moscow, Russia) according to the manufacturer’s protocol,
quantified using the Nano-500 Micro-Spectrophotometer
(Allsheng, Hangzhou, China).

High-throughput sequencing. To identify ARGs in
different strains of E. coli isolated from swine colibacillosis,
high-throughput sequencing was performed. To prepare
libraries, DNA was fragmented using the MGIEasyFast FS
LibraryPrepModule kit (MGI Tech Co. Ltd., Shenzhen,
China). Adapter ligation was performed using MGIEasy
UDB Adapter setA (MGI). The quality of the resulting
libraries was assessed using the commercially available
Qubit dsDNA HS Assay Kit (Invitrogen, Waltham, USA) on
a Qubit 3.0 fluorometer (Invitrogen). Circularization was
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performed using the MGIEasy Dual Barcode
Circularization Module (MGI). The libraries were
combined and sequenced using the sequencing platform
MGI DNBSEQ-G50 (MGI) with the DNBSEQ-G50RS: FCL
sequencing flow cell model (MGI). DNA nanoballs (DNBs)
was generated using the DNBSEQ-G50RS kit. The quality of
raw data was assessed using FastQC version 0.11.9
(Babraham Bioinformatics, Cambridge, UK). Reads
containing bases with quality scores below Q30 were
discarded as low quality. The identification of antibiotic
resistance genes (ARGs) was carried out using the
software GROOT version 1.1.2 (University of Birmingham,
Birmingham, UK) with a pre-calculated Antibiotic
Resistance Gene-ANNOTation (ARG-ANNOT) index. The
method combines a graphical representation of gene sets
with a locally sensitive indexing scheme to provide rapid
classification of metagenomic reads based on sequence
similarity. To identify ARGs, aligned sequences were
compared against reference ARG sequences extracted
from a single clustered database.

Detection of ARGs. According to the sequencing data,
four target strains (428, 430, 432, 433) were selected for
further analysis. Genomic DNA was extracted from all
isolates as described above. Isolates were screened for
blaTEM, blaCTX-M, and blaSHV (Bla resistance); tetA, tetB,
and tetM (Tet resistance); qnrA, qnrB, and qnrS (Flq
resistance). Primer sequences used in this study are listed
in Table 1, and PCR reactions were performed using the
C1000 Touch™ Thermal Cycler - CFX96™ Real-Time
System (Bio-Rad, Hercules, USA). The PCR conditions
included an initial denaturation at 94.00 °C for 4 min,
followed by 40 cycles of denaturation at 94.00 °C for 20
seconds, annealing for 30 sec (temperature specific to each
primer set), extension at 72.00 °C for 50 sec, and a final
extension at 72.00° C for 9 min. The PCR amplification
products were visualized on 2.00% agarose gels (Helicon,

Table 1. List of primers used in this study.

Moscow, Russia), stained with ethidium bromide (PanReac
AppliChem, Darmstadt, Germany), and compared to a
100+ bp DNA ladder (Evrogen JSC, Moscow, Russia).

RNA isolation and expression of ARGs. To determine
target genes for antibiotic treatment evaluation, the
expression of detected resistance genes was quantified at
the mRNA level using Real-time PCR. Total RNA was
extracted from the LB broth cultures of selected strains
grown without antibiotics using the RNA Isolation Reagent
Kit - RNA-Extran Kit (Syntol LLC, Moscow, Russia),
following the manufacturer’s instructions. Cultures were
incubated at 37.00 °C for 16 - 20 hr with shaking at 200
rpm, reaching an optical density at 600 nm of 0.80 - 1.00 (=
108 colony forming unit mL1), at which point RNA was
extracted. The RNA integrity and the absence of genomic
DNA contamination were confirmed by PCR using the
primer sets listed in Table 1, with visualization on a 2.00%
agarose gel. Complementary DNA was synthesized using
the Reverse Transcription Reagent Kit (Syntol), according
to the instructions provided by the manufacturer. The
gPCR was conducted on the C1000 Touch™ Thermal
Cycler - CFX96™ Real-Time System (Bio-Rad), using 5.00 X
qPCRmix-HS SYBR (Evrogen) and the primers listed in
Table 1. Gene expression levels were normalized to 16S
rRNA as the endogenous control.

Antibiotic treatment test. Based on molecular
analysis, four E. coli strains (428, 430, 432, 433) were
exposed to three target antibiotics including ampicillin,
tetracycline, and ciprofloxacin (Sintez O]SC, Kurgan,
Russia) at three concentrations: 0.01, 0.001, 0.0001%
(w/v). For each strain, the LB broth cultures with and
without antibiotics (at a final concentration of 16.00 pg
mL1) were prepared and incubated at 37.00 °C for 16 - 20
hr with shaking at 200 rpm. Following the protocol
described above, RNA was extracted in technical
duplicates from each culture to minimize experimental

Genes Primer sequence Temperature (°C) Fragment length (bp) References
blaTEM R 5-GATACGGGAGGGCTTAGCAT-3 5300 78 12
wocrxw  FITCTOCCGCTONE S . *
blastv R 5 GCTGGCCACATCCATTTCTA Y 5300 77 12
enr LSOO : s
teth-F R CATATOTCCTGGCATATC Ay 5600 159 14
et R 5 TACGTGANTITATTGCTTCGOAS 5600 206 15
war LGSO X
aurB-F R 5UTTCCCACAGCTCGCACTTITC Y 5600 134 16
qnrS-F F: 5'-TCAAGTGAGTAATCGTATGTA-3’ 56.00 157 16

R: 5-AGTCTGACTCTTTCAGTGAT-3'
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variability. Six target genes (blaTEM, tetA, tetB, tetM,
qnrB, qnrS) were selected for gene expression analysis
based on qPCR screening results. Quantitative PCR data
were analyzed using CFX Manager® Software version
3.1 (Bio-Rad). Expression levels were normalized to 16S
rRNA as an endogenous control, and relative expression
was calculated using the 2-2ACT method to assess fold
changes in the gene expression in response to
antibiotic exposure.

Antimicrobial susceptibility testing by broth
microdilution. The minimum inhibitory concentrations
(MICs) were determined for E. coli isolates (Entero-
bacterales) by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST, Vaxjo, Sweden) reference
broth microdilution in cation-adjusted Mueller-Hinton
broth using two-fold dilution panels, a standardized
inoculum of 5.00 x 10° colony forming unit mL?! (from a
0.50 McFarland suspension) and incubation at 37.00 °C for
18 hr. Two-fold serial dilutions spanned: Ampicillin 0.25 -
64.00 mg L1, ciprofloxacin 0.002 - 1.00 mg L1, and
tetracycline 0.25 - 64.00 mg L. The MICs were read
visually per EUCAST; optical density at 600 nm (blank-
subtracted) < 0.05 was considered as no growth and used
to confirm visual calls. Discrepancies were resolved by
repeat testing. Each run included an antibiotic-free growth
control, a sterility control, and the quality control (QC)
reference strain E. coli ATCC 25922; runs were accepted
only if all QC MICs fell within the EUCAST QC ranges
(EUCAST QC tables version 15.0).

Statistical analysis. All statistical analyses were
performed using SPSS Software (version 26.0; IBM Corp,,
Armonk, USA), and graphical representations were
generated with GraphPad Prism (version 8.0; GraphPad
Software Inc., San Diego, USA). Data were first assessed for
normality using the Shapiro-Wilk test. As the assumptions
of normality were not met, nonparametric tests were
employed. Statistical comparisons were performed
separately for each resistance gene and antibiotic
concentration. Differences among treatment groups and
the untreated control were evaluated using the Kruskal-
Wallis test, followed by Dunn'’s post hoc comparisons with
p-value adjustment for multiple testing. All tests were two-
sided, and a significance threshold of a = 0.05 was applied.
Results are presented as boxplots showing the median,
interquartile range, and 10t - 90t percentile whiskers.
Statistically significant differences relative to the control
were considered as * p < 0.05 and ** p < 0.01.

Results

High-throughput sequencing analysis. Following
high-throughput sequencing, bioinformatic analysis was
conducted to identify ARGs in five E. coli strains (428, 429,
430, 432, 433) isolated from swine colibacillosis. In total,
twenty-six resistance genes were detected, belonging to

seven antibiotic classes: Aminoglycosides, Bla, Flq,
sulfonamides, Tet, diaminopyrimidines and phenicols.
Table 2 represents the number of sequencing reads
mapped to each resistance gene in each strain. Only genes
with =10 reads in at least one strain are shown (0=no
detection). Alignments required =90.00% identity and
>80.00% coverage. Gene names are preceded by
abbreviations indicating antibiotic classes: amino-
glycosides (AGly), B-lactams (Bla), fluoroquinolones (Flq),
phenicols (Phe), sulfonamides (Sul), tetracyclines (Tet),
and trimethoprim (Tmt).

Table 2. Antibiotic resistance gene profiles (reads per sample) in
five Escherichia coli strains by high-throughput sequencing.

E. coli strains

Antibiotic resistance genes 428 429 430 432 433

(AGly)Aac6-Aph2 0 0 0 88 0
(AGly)Aacé-If 0 158 0 0 0
(AGly)StrA 61 0 0 49 154
(AGly)StrB 79 0 0 47 110
(Bla)AmpC1_Ecoli 0 0 0 1261 O
(Bla)OXA-10 1,042 O 0 0 0
(Bla)OXA-14 898 0 0 0 0
(Bla)OXA-16 796 0 0 0 0
(Bla)Penicillin_Binding_Protein 0 0 0 1958 0
(Bla)TEM-143 0 0 0 493 0
(Bla)TEM-166 0 0 0 495 0
(Bla)TEM-215 0 0 0 0 118
(Bla)TEM-76 0 0 0 503 0
(Bla)TEM-95 0 0 0 490 0
(Flq)QnrB19 153 0 472 0 13,753
(Flq)QnrB5 0 0 0 0 13,940
(Flq)QnrD 0 39925 0 0 0
(Flq)Qnrvc4 740 0 0 0 0
(Phe)CmiA1 1,714 0 0 0 0
(Phe)FIoR 99 0 0 0 0
(Phe)CmlA5 2040 0 0 0 0
(Sul)Sull 0 416 0 0 0
(Tet)TetD 0 287 0 0 0
(Tmt)DfrA1 0 284 0 0 0
(Tmt)DfrA14 712 0 0 0 0
(Tmt)DfrA27 0 113 0 0 0

Gene expression analysis. To determine gene
expression patterns under antibiotic exposure, six ARGs
(blaTEM, tetA, tetB, tetM, qnrB, qnrS) were analyzed.
Quantification of gene expression was performed using
the AACt method, normalized to the housekeeping gene
165 rRNA and the untreated control. Results are
reported as the base-2 logarithm of the fold change
(log,FC = -AACt). Each qPCR assay was performed in
technical duplicates, and the mean Ct of technical
replicates was used to represent each biological replicate.
Differences between treatment groups and controls were
assessed using the non-parametric Kruskal-Wallis test
with Dunn’s post hoc comparisons.
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Following tetracycline treatment, the expression of
tetA significantly increased in strains 428 and 432 in
response to lower antibiotic concentrations (0.001 and
0.0001%). However, at the highest concentration (0.01%),
the two strains exhibited contrasting responses: Strain
428 showed the highest relative expression of tetA —
approximately 162-fold higher than the control, whereas,
strain 432 demonstrated a significant decrease in tetA
expression (p < 0.01). Strains 430 and 433 did not express
tetA. Regarding the tetB gene, significant overexpression
was observed in both strains 428 and 432 at all tested
concentrations, especially in strain 428 — showing a 293-
fold elevation compared to the control (<0.01). In
contrast, tetB expression was significantly decreased in
strain 433 (p <0.01). Strain 430 also demonstrated a
relative reduction in tetB expression; however, the
changes were not statistically significant. Analysis of the
tetM gene revealed a similar expression pattern to tetA in
strain 432, with a significant increase in tetM expression
at lower antibiotic concentrations (0.001 and 0.0001%).
However, at the highest concentration (0.01%),
expression was decreased significantly (p<0.01). No
tetM expression was detected in the other strains - 428,
430, and 433 (Figs. 1A - 1G). Following ciprofloxacin
treatment, a significant downregulation of gnrB was
observed in strain 432 at all tested concentrations, while
strain 428 showed decreased gnrB expression only at the
lowest concentration (0.0001%). Notably, in strain 428,
we observed a significant increase in the tetB expression at
the 0.001% concentration - approximately 291-fold
higher than the control (p < 0.05). Strain 433 also showed
a relative decrease in gnrB expression, but the changes
were not statistically significant. No gnrB expression was
reported in strain 430. Regarding gnrS expression, a sharp,
significant 705-fold increase was detected in strain 428 at
the 0.001% concertation (p < 0.01). While gnrS expression
was undetectable in strains 430 and 432, significant
downregulation was observed in strain 433 (p<0.05).
Exposure of strain 428 to 0.01% ciprofloxacin was
bactericidal under our conditions: No culturable bacteria
were recovered after treatment and repeated RNA
extraction attempts returned yields below the assay
detection limit, so RNA could not be harvested for
expression analysis. Therefore, expression measurements
at this concentration for strain 428 were missing and were
excluded from statistical analyses (Figs. 1H - 1L). After
exposure to ampicillin, the expression of blaTEM was
significantly increased in strain 428 - approximately 4.50-
fold higher than the control, at the two higher
concentrations (0.01 and 0.001%). However, at the lowest
concentration (0.0001%), expression was decreased
significantly (p <0.05). Strain 433 also demonstrated
significant increases in blaTEM expression - about 6.00-
fold higher than the control, but without a clear dose-
response trend; the smallest increase occurred at 0.001%

concentration (p <0.05). In contrast, in strain 430 blaTEM
expression was decreased significantly at all
concentrations, with the greatest reduction observed at
0.0001% (p<0.05). Moreover, strain432 exhibited
significant downregulation of bIaTEM at the higher
concentrations (0.01 and 0.001%). However, at the lowest
concentration (0.0001%), this strain showed a significant
upregulation - approximately 2.95-fold above control
(p<0.05; Figs. 1 M - 1P).

Gene expression patterns. Based on our findings, we
identified five distinct patterns of gene expression across
all E. coli isolates treated with antibiotics (tetracycline,
ciprofloxacin, and ampicillin). In pattern one, gene
expression was increased proportionally with rising
antibiotic concentrations and decreased as concentrations
were lowered. Conversely, in pattern two we observed
that gene expression was decreased as antibiotic
concentrations increased and risen when concentrations
were reduced. Gene expression was decreased overall in
pattern three, without a clear trend across concentrations,
with the greatest reduction at 0.001% concentration. In
pattern four, gene expression was also decreased without
a consistent trend, however, the smallest reduction
occurred at 0.001%. In pattern five, gene expression was
consistently upregulated across all concentrations,
maintaining levels well above baseline despite minor
decreases at the intermediate concentration (0.001%).
Gene expression analysis in different E. coli strains
revealed that strain 428 followed pattern one for all Flq -,
Tet -, and Bla -resistance genes (qnrB, gnrS, tetA, tetB, and
blaTEM). Regarding blaTEM, expression peaked at inter-
mediate/high concentration and declined at the lowest
concentration, aligning with patternone. In strain 430,
tetB was the only Tet-resistance gene expressed, following
pattern three, while blaTEM followed pattern one. However,
strain 432 exhibited two different patterns: The expression
of all Tet -resistance genes (tetA, tetB, and tetM) and
blaTEM corresponded to patterntwo, whereas, qnrB
followed pattern four. Distinct expression patterns for Flq -
and Tet -resistance genes were also detected in strain 433:
Both Flq -resistance genes (qnrB, gnrS) conformed to
pattern three, the sole Tet-resistance gene expressed by
this strain (tetB) to pattern four, and blaTEM remained
consistently upregulated, aligning with pattern five (Fig. 2).

Minimum inhibitory concentration-qPCR
integration: phenotype-genotype links. According to
EUCAST v15.0 guidelines, Enterobacterales breakpoints
were as follows: ciprofloxacin S (Susceptible) < 0.25 mg
L1, T (Susceptible, increased exposure) = 0.50 mg L1, R
(Resistant) > 0.50 mg L-1; ampicillin S < 8.00 mg L, R >
800 mg L1 Because EUCAST provides no
Enterobacterales clinical breakpoint for tetracycline, its
results were interpreted using CLSI M100 (2025)
breakpoints (S < 4.00 mg L; I (Susceptible, increased
exposure) = 8.00 mg L ;; R 2 16.00 mg L-1).11
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Fig. 1. Boxplots illustrating the relative expression levels (log, fold change) of antibiotic resistance genes in Escherichia coli isolates from
swine colibacillosis, following treatment at three antibiotic concentrations (Regimen 1 [R1] = 0.01%, R2 = 0.001%, R3 = 0.0001%) relative
to the untreated control (K). Panels show: A) tetA in strain 432 under tetracycline; B) tetA in strain 428 under tetracycline; C) tetM in
strain 432 under tetracycline; D) tetB in strain 428 under tetracycline; E) tetB in strain 430 under tetracycline; F) tetB in strain 432 under
tetracycline; G) tetB in strain 433 under tetracycline; H) gnrB in strain 428 under ciprofloxacin; I) gnrB in strain 432 under ciprofloxacin;
J) qnrB in strain 433 under ciprofloxacin; K) gnrS in strain 428 under ciprofloxacin; L) gnrS in strain 433 under ciprofloxacin; M) blaTEM
in strain 428 under ampicillin; N) bIaTEM in strain 430 under ampicillin; O) blaTEM in strain432 under ampicillin; P) blaTEM in
strain 433 under ampicillin. Boxes represent the interquartile range; the horizontal line indicates the median and whiskers extend from
the 10th to the 90t percentile. Data are from four biological replicates (n = 4). Statistical significance versus K was determined by Kruskal-
Wallis test with Dunn’s post hoc comparisons: * p < 0.05, ** p <0.01.
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Fig. 2. Heatmap of antibiotic-resistance gene expression in
Escherichia coli strains 428, 430, 432, and 433 isolated from
swine colibacillosis. Each cell shows the expression pattern for a
given gene-strain pair, color-coded as follows: pattern one
(orange) - expression increases with higher antibiotic
concentrations, pattern two (green) - expression decreases with
higher concentrations, pattern three (yellow) - overall decrease,
largest drop at 0.001%; pattern four (light blue) - overall
decrease, smallest drop at 0.001%; pattern five (dark blue) -
expression consistently upregulated at all concentrations; (no
expression) NE (grey) - no expression detected. Patterns are based
on treatments with tetracycline, ciprofloxacin, or ampicillin.

Integrated MIC-qPCR analysis showed high-level
tetracycline resistance in all strains (MIC > 64.00 mg L),
which concorded with strong induction of tetA and tetB in
strain 428 (up to ~162-fold and ~293-fold, respectively),
and with tetA/tetB induction plus tetM up-regulation in
strain 432; by contrast, strains 430 and 433 showed no
expression of tetA (with strain 433 also significantly
downregulating tetB), suggesting that their tetracycline
resistance likely arises from non-assayed tet determinants
or multidrug efflux. For ciprofloxacin, strain 428 was
resistant (MIC = 1.00 mg L1), coinciding with a sharp gnrS$
rise at the intermediate concentration and gnrB co-
induction at the same dose, whereas strain 430 remained
susceptible (MIC = 0.008 mg L) with no gnr expression
detected. Strains 432 and 433 were resistant (MIC = 1.00
mg L1) despite gnrB/qnrS down- or non-expression,
implicating alternative resistance mechanisms (e.g.,
quinolone resistance-determining region [QRDR]
mutations or the AcrAB-TolC multidrug efflux pump
system). After ampicillin exposure, all strains were
resistant (MIC > 64.00 mg L-1); this aligned with blaTEM
up-regulation in strains 428 (~4.50-fold), 433 (~6.00-
fold), and 432 (~3.00-fold at the lowest dose), while
strain 430 exhibited consistent blaTEM down-expression,
which suggests reliance on other [(-lactamases,
permeability, or target changes.

Discussion

The economic impact of colibacillosis in pigs, caused by
pathogenic strains of E. coli, poses a significant economic
burden on the global swine industry.l” In swine farming,
antibiotics are frequently administered during the post-

weaning period to control colibacillosis, which promotes
the emergence of antibiotic resistance in piglets.* Recent
studies have shown alarming levels of resistance in
porcine E. coli isolates. In South Africa, for instance, 100%
of isolates were R to ampicillin and tetracycline, 94.00% to
amoxicillin-clavulanate, and 81.00% to chloramphenicol.18
In China, 97.00% of extraintestinal pathogenic E. coli
(EXPEC) isolates from pigs were multidrug-R, including to
third- and fourth-generation cephalosporins.’® These
findings underscore the need for detailed examination of
resistance mechanisms, gene expression patterns, and the
immediate implementation of alternative, non-antibiotic
control strategies.

Antibiotic resistance mechanisms in E. coli from pigs
are frequently mediated by mobile genetic elements.2 One
of the key resistance genes is the B-lactamase gene
(blaTEM), which is widely distributed and often carried on
plasmids. In South Africa, studies have reported that the
most common variants of blaTEM in pig isolates are
blaTEM-1, blaTEM-1B, and blaTEM-105.* These enzymes
hydrolyze f-lactam antibiotics, including penicillins and
cephalosporins, making them ineffective against a wide
range of pathogens. The genes tetA and tetB encode efflux
pumps, whereas, gene tetM confers ribosomal protection.
These genes are among the most prevalent resistance
genes in porcine E. coli, reflecting extensive use of
tetracyclines in pig farming in the past. In south Africa,
tetA, tetB, and tet34 were the dominant Tet resistance
determinants,8 while in China, tet genes were ubiquitous
among ExPEC isolates.1?

Recent studies have provided insights into gene
expression dynamics of ARGs in E. coli isolated from swine.
Zhao et al, discovered that composite transposons in E.
coli from Tibetan pig farms increase the expression of
resistance genes like blaTEM, qnr, and dfr, suggesting
strain-specific expression mechanisms.2! Peng et al,, noted
109 ARGs like tetA and gnrS in multidrug-R E. coli from pig
farms, highlighting selective pressures that may modulate
expression.2? Scicchitano et al, documented 176 ARGs
conferred resistance to 18 antibiotic classes, and
multidrug-R E. coli in swine farms, pointing to potential
expression dynamics linked to ARG abundance.z

Based on our gene expression analysis, we observed
that different E. coli strains showed variable responses to
antibiotic concentrations, which can reflect two key
factors. First, strain-specific genetic variability: Molecular
analyses revealed that strains possessed diverse genetic
characteristics and  utilized distinct resistance
mechanisms. More specifically, strain-specific mutations
influenced baseline expression levels of resistance genes,
including those encoding efflux pumps, antibiotic-
inactivating enzymes, and other resistance determinants,
thereby, modulating antibiotic susceptibility. In this
regard, Lipworth etal. analyzed a large number of E. coli
genomes (around 2,875 samples) with corresponding MIC
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data to quantify how specific resistance genes and
mutations influence antibiotic susceptibility. They found
that even when E. coli strains carry the same resistance
genes, differences in their genetic backgrounds and the
presence of other resistance factors can significantly affect
how sensitive they are to antibiotics.24

Second, the threshold effect: according to
investigations, in some strains, high antibiotic
concentrations inhibit bacterial growth and block
transcriptional machinery, suppressing resistance gene
expression; conversely, sub-inhibitory concentrations of
antibiotics activate stress response pathways, leading to
increased expression of resistance mechanisms. For
instance, Karoui et al, demonstrated that sub-inhibitory
antibiotic levels can randomly activate stress pathways
like the SOS (global DNA damage) response, which help
bacteria survive.?> Moreover, the study conducted by
D'Aquila et al, revealed that low concentrations of
antibiotics (ampicillin, gentamicin, and ciprofloxacin)
induce both epigenetic and transcriptomic changes
associated with adaptive resistance.26 Collectively, these
are pieces of evidence that suggest gene regulation
depends on antibiotic concentration.

The public health threat is further compounded by the
fact that R E. coli strains from pigs can serve as donors of
ARGs to human pathogens. Genomic evidence
demonstrates that swine-derived EXPEC and commensal
lineages are often closely related to human clinical isolates,
and that plasmid-mediated horizontal gene transfer
(HGT) permits dissemination of clinically important
ARGs (e.g., mcr-1, blaCTX-M, blaTEM, and tetA) across
host species without the need for clonal expansion.1927
Large-scale single nucleotide polymorphism (SNP)-based
analyses have identified extensive putative transmission
events between swine and humans (= 10,000 events, <
10 SNPs), and farm-level metagenomic surveys have
reported gradients of colistin resistance from pigs to
handlers and community contacts (for example, mcr-1.1
prevalence in pigs = 62.10%), indicating multiple
spillover routes via direct contact, the food chain and
environmental vectors.228 In low- and middle-income
countries , where intensive antimicrobial use (AMU),
weak regulation and socioeconomic factors persist,
reported pork contamination with extended-spectrum (-
lactamase (ESBL)-producing E. coli ranges from 2.30 -
75.00%, and filth flies and other vectors have been
implicated in ARG dissemination (colonization 0.80 -
72.50%), all of which amplify the risk of community-
acquired R infections and contribute to the global
antimicrobial resistance (AMR) burden.2930

While ETEC strains that cause swine colibacillosis are
generally host-adapted and may be less frequently
implicated in direct zoonotic disease than commensal or
EXPEC strains, their carriage of clinically relevant ARGs
enables them to contribute indirectly to the human

resistome through gene transfer to human-associated
bacteria.3! Taken together, these observations reinforce
the need for integrated one health surveillance, stringent
antimicrobial stewardship to reduce use of critically
important drugs in livestock, and targeted interventions,
such as improved biosecurity, strengthened hygiene
across the food chain, and development of non-antibiotic
alternatives, to mitigate cross-species dissemination of
resistance determinants.?’

Although swine colibacillosis is a frequent disease in
commercial pig herds, this study deliberately focused on a
small, well-characterized cohort of five clinically affected
piglets to allow high-throughput sequencing and gene-
expression analyses under controlled conditions. This
choice was driven by logistical, ethical, and resource
considerations: Collecting intestinal contents from
clinically affected piglets requires coordination with on-
farm veterinary teams in the Voronezh region and
adherence to strict animal welfare protocols, limiting the
number of cases that can be ethically and practically
sampled in a single field season. However, by
incorporating both biological and technical replicates, we
maximized the precision and reproducibility of our gene-
expression patterns. Our study was configured as a
mechanistic, in vitro investigation of ARG expression
dynamics rather than an epidemiological prevalence
survey. By restricting sampling to a single region
(Voronezh) and controlling for local farming practices and
antibiotic-use protocols, we minimized environmental
confounders to isolate the effects of antibiotic exposure on
gene expression. We acknowledge the principal limitations
(small sample size and limited geographic scope), but note
that this targeted design enabled high-resolution genetic
and expression profiling and is concordant with focused
Russian AMR investigations.3233 National and multi-region
studies underscore the broader resistance burden and the
need for representative surveillance: For example, a 2024
citizen-science survey of 1,111 farm animal fecal samples
(including 109 pig samples from Voronezh) reported
widespread carriage of ARGs including vanA, vanB and
mcr-1 alongside phenotypic resistance to multiple
antibiotic classes,3 while earlier multi-region sampling
found very high multidrug resistance rates in commensal
isolates,* and large etiological surveys have characterized
regional serogroup diversity.3*

Comprehensive farm-level AMU metadata in Russian
swine production remain scarce, herd sizes and mg kg
biomass are rarely reported. Globally, pig AMU averaged
approximately 193 mg per population correction unit
(PCU) in 2017 and is projected to rise,35 with Russian
usage forecast to increase by 11.50% by 2030, about
45.00% driven by pig production. Our findings of strain-
specific,dose-dependent resistance gene expression aligned
with reports of widespread resistance determinants in pig
feces from Voronezh and other regions and with
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emerging evidence linking livestock AMU to
environmental spread of ESBL-producing E. coli To
translate mechanistic findings into policy-relevant
evidence, future work must combine larger, geographically
representative sampling with detailed AMU metadata to
validate expression patterns, quantify transmission risk
and inform targeted One Health interventions.

Given the challenges posed by antibiotic resistance,
there is a significant focus on exploring non-antibiotic
therapeutic =~ approaches for  managing  swine
colibacillosis.3¢ Vaccination is one of the most promising
strategies, aiming to induce active or passive immunity in
piglets to improve the clinical complications of this
infection.3” Dors et al, demonstrated that maternal
vaccination of gilts with E. coli fimbrial antigens confers
lactogenic protection and reduces neonatal diarrhea under
field conditions.38 Moreover, in weaners, oral live avirulent
E. coli F4/F18 vaccination improved performance and was
associated with reduced AMU during the post-weaning
period.?? In addition to vaccines, a variety of non-antibiotic
strategies have been explored to manage swine coli-
bacillosis. Non-antibiotic interventions include probiotics/
prebiotics  (including synbiotics);!  bacteriophages/
endolysins;* phytogenic and organic acids;*4! and
selected feed-based immunobiotics,*? which show variable
but practical efficacy and complement traditional
antibiotics for managing swine colibacillosis, enhancing
piglet health and productivity while reducing dependence
on antimicrobial agents.

The prevalence of multidrug-R E. coli strains in porcine
colibacillosis, confirmed by numerous global studies, poses
a significant threat to therapeutic efficacy, animal health,
and potentially public health through the transfer of
resistance genes. The identification of complex patterns of
resistance gene expression underscores the need to shift
from basic gene detection towards understanding their
regulation to optimize antibiotic use in veterinary
medicine. However, it is evident that antibiotics alone are
insufficient for the sustainable control of colibacillosis.
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