& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Juan A. Ayala,
Autonomous University of Madrid, Spain

REVIEWED BY
Sangita Dixit,

Siksha O Anusandhan University, India
Valentine Usongo,

Health Canada, Canada

*CORRESPONDENCE

Qingcao Li
lgc_lab@163.com

Guangliang Wu
wuguangliang2024@126.com

RECEIVED 03 July 2024
ACCEPTED 09 October 2024
PUBLISHED 18 October 2024

CITATION

Yang Y, Zhang H, Zhao R, Qiu X, Ye J, Lu W,
Li Q and Wu G (2024) Distribution diversity
and expression regulation of class 1 integron
promoters in clinical isolates of Morganella
morganii.

Front. Microbiol. 15:1459162.

doi: 10.3389/fmicb.2024.1459162

COPYRIGHT

© 2024 Yang, Zhang, Zhao, Qiu, Ye, Lu, Li and
Wu. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 18 October 2024
pol 10.3389/fmicb.2024.1459162

Distribution diversity and
expression regulation of class 1
integron promoters in clinical
iIsolates of Morganella morganii

Ye Yang?, Hui Zhang? Rongqing Zhao?, Xuedan Qiu?, Jinglu Ye?,
Wenjun Lu?, Qingcao Li'* and Guangliang Wu**

!Department of Clinical Laboratory, The Affiliated LiHuiLi Hospital of Ningbo University, Ningbo,
China, 2Department of Clinical Laboratory, Ninghai County Chengguan Hospital, Ningbo, China,
*Department of Intensive Care Units, The Affiliated LiHuiLi Hospital of Ningbo University, Ningbo,
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Background: Morganella morganii is an emerging nosocomial opportunistic
pathogen with increasing multidrug resistance. Antibiotic resistance, driven
primarily by the horizontal transfer of resistance genes, has become a global
health crisis. Integrons, mobile genetic elements, are now understood to
facilitate the transfer of these genes, contributing to the rapid proliferation
of resistant strains. Understanding the regulatory role of integrons in drug
resistance gene expression is crucial for developing novel strategies to combat
this pressing public health issue.

Objective: To investigate the distribution of promoter types in the variable
regions of class 1 integrons isolated from clinical isolates of M. morganii and
their regulatory role in the expression of downstream drug resistance gene
cassettes.

Methods: Ninety seven clinical isolates of M. morganii were screened for the
presence of class 1 integrons (int/1) using polymerase chain reaction (PCR). Gene
cassettes within the variable regions of positive isolates were characterized, and
the gene cassette promoter Pc variants and downstream auxiliary promoter P2
were identified. Enterobacterial repetitive intergenic consensus (ERIC)-PCR was
employed for homology analysis. Recombinant plasmids containing different
variable region promoters and gene cassettes were constructed to evaluate
drug resistance genes and integrase (int/l1) expression levels using reverse
transcription-quantitative PCR (RT-qPCR) and antimicrobial susceptibility
testing.

Results: Of the clinical isolates, 28.9% (n=28/97) were positive for class 1
integrons. 24.7% (n =24/97) of these isolates carried gene cassettes encoding
resistance to aminoglycosides and trimethoprim. Three Pc promoter types
(PcH1, PcS, and PcW) were identified, while all P2 promoters were inactive with
a 14-base pair spacing between the —35 and —10 regions. ERIC-PCR analysis
classified the integron-positive strains into 6 genotypes, with high consistency
in promoter types and gene cassettes within each genotype. RT-qPCR and
antimicrobial susceptibility testing demonstrated that strong promoters
significantly enhanced the expression of downstream drug resistance gene
cassettes compared to weak promoters. Additionally, RT-gPCR revealed a
negative correlation between intl1 expression and Pc promoter strength.
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Conclusion: Class 1 integrons are prevalent in M. morganii. The promoter types
within these integrons are diverse, and promoter strength is closely linked to
downstream gene cassette expression. Integron-positive strains exhibit high
homology, suggesting horizontal gene transfer and dissemination in clinical

settings.
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1 Introduction

Morganella morganii, a member of the Enterobacteriaceae family,
has historically been detected infrequently in clinical settings (Agrawal
et al, 2021). While traditionally associated with urinary tract
infections, wound infections, and bloodstream infections (Laupland
et al., 2022; Shi et al., 2022; Gameiro et al., 2023; Kvopka et al., 2023;
Li et al.,, 2023; Yesil et al., 2023; Alsaadi et al., 2024), its clinical
isolation rate has been rapidly increasing in recent years, leading to
severe invasive infections (Zaric et al., 2021; Alelyani et al., 2022;
Behera et al., 2023a; Elmi et al., 2024). Due to its high mortality rates
in specific patient populations, the World Health Organization has
designated M. morganii as a globally prioritized pathogen (Behera
et al.,, 2023b). Some clinically isolated strains of M. morganii have
acquired resistance to multiple antibiotics through the carriage of
various drug resistance genes, posing serious challenges for clinical
infection control (Liu et al, 2016). Horizontal transfer of drug
resistance genes, facilitated by mobile genetic elements such as
integrons, is a common mechanism for acquiring resistance in
bacteria (Leverstein-van Hall et al., 2002; von Wintersdorff et al., 2016;
Coluzzi et al., 2023). However, the role of integrons in M. morganii
resistance has been largely understudied.

Current evidence suggests that integrons, typically consisting of
three main components: a 5" conserved region, a variable region
containing various drug resistance gene cassettes, and a 3" conserved
region that varies with integron type, play a pivotal role in the
horizontal transfer of drug resistance genes among bacteria (Hall and
Stokes, 1993). They are natural cloning and expression vectors,
capturing and disseminating gene cassettes through site-specific
recombination (Hall and Collis, 2006). One of the most extensively
studied integron types is class 1 integrons, which include the Pc
promoter in the 5" conserved region. As most gene cassettes lack
promoters, the Pc promoter plays a crucial role in regulating the
expression of downstream gene cassettes within integrons (Hanau-
Bercot et al.,, 2002; Tseng et al., 2014). In some cases, the Pc promoter
complements the auxiliary promoter P2, forming a Pc-P2 dual
promoter configuration that further influences gene regulation (Stokes
et al, 1997). The strength of the promoter, determined by
transcriptional dominance, varies among different Pc variants defined
by their —35 and —10 hexamer sequences. The most common Pc
promoters in clinical and natural settings are Pc strong (PcS), Pc weak
(PcW), Pc Hybrid 1 (PcH1), and Pc Hybrid 2 (PcH2) (Fonseca and
Vicente, 2022). The transcription level of genes within integrons
largely depends on the regulatory role of these promoters (Novaci¢
et al., 2022), influenced by factors such as promoter strength and
proximity to the gene cassette (Jacquier et al., 2009). Integron-positive
M. morganii can express resistance to relevant drug resistance genes
within the integron, and the expression of these genes is primarily
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dependent on the regulation of the variable region Pc promoter. The
horizontal transmission of drug resistance genes between different
bacterial strains, facilitated by integron-carrying M. morganii, poses a
significant challenge in clinical settings. To investigate the relationship
between variable region promoters of class 1 integrons in M. morganii
and the regulation of drug resistance gene expression, this study
analyzed antibiotic resistance data from non-duplicated clinical
isolates collected from November 2015 to August 2021 at the Affiliated
LiHuiLi Hospital of Ningbo University. The findings of this study
provide valuable insights into the mechanism and expression
regulation of drug resistance genes in integron-positive M. morganii,
which has significant clinical implications for the prevention and
treatment of this rare pathogen.

2 Materials and methods
2.1 Strains and plasmids

Ninety seven non-duplicated clinical isolates of M. morganii were
collected from urine, bile, and other specimen types at the Affiliated
LiHuiLi Hospital of Ningbo University between November 2015 and
August 2021. Strains lacking complete clinical data were excluded.
This study was approved by the Medical Ethics Committee of the
Affiliated LiHuiLi Hospital of Ningbo University. Escherichia coli
DHb5a served as the integron-negative control strain, Proteus mirabilis
47437 as the class 1 integron-positive control strain, E. coli JM109 as
the competent strain, and E. coli ATCC25922 as the control strain for
antimicrobial susceptibility testing. Plasmid pACYC184 was used as
the cloning and expression vector. All strains and plasmids were
maintained in our laboratory.

2.2 Detection of integron-positive strains
and variable gene cassettes

DNA templates were extracted from experimental strains using
the boiling method. PCR amplification was performed using intl1
screening primers (intF & P2R, Table 1) at an annealing temperature
of 55°C. PCR products were analyzed by agarose gel electrophoresis
to identify positive bands. Sequencing analysis was conducted to
confirm the presence of class 1 integrons in the positive strains. Gene
cassettes within the variable regions of class 1 integron-positive strains
were amplified using specific primers (5CS & 3CS, Table 1) at an
annealing temperature of 55°C. Positive bands were visualized by
agarose gel electrophoresis, and sequencing of the PCR products was
followed by comparison with the BLAST database to determine the
composition of variable gene cassettes in these strains.
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TABLE 1 Oligonucleotide primers used in this study.
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Primer Sequence (5’ — 3) Target gene References
intF CCAAGCTCTCGGGTAACATC intl1 Lu et al. (2022)
P2R GCCCAGCTTCTGTATGGAAC Lu et al. (2022)
5CS GGCATCCAAGCAGCAAG Variable region Lu et al. (2022)
3CS AAGCAGACTTGACCTGA Lu et al. (2022)
ERIC2 AAGTAAGTGACTGGGGTGAGCG ERIC-PCR Lu et al. (2022)
dfrA17R GGATATCAGGACCACTACCGATTAC Pc, P2 This study
aac(6)R GAAGCCAACCCATCAGACAG This study
dfrA12R GATAAATGCGTACTGATTCCGAGTTC This study
aadBR CAATGTGACCTGCGTTGTGTC This study
dfrA32R GGAATATCAGGACCACTACCGATTAC This study
aadAIR CTACCTCTGATAGTTGAGTCGATACTTC This study
aacA4R CAACGTGTTTTGAAGGCCTTC This study
dfrA7R GAGTAACTGCTCACCTTTTGCTG This study
dfrA15R CTGCCATTAGTGATAGTTTCACGATAC This study
aadA2R GCTTAGCACCTCTGATAGTTGGTTC This study
aadF2 CGATGAGCGAAATGTAGTG aadA2 Wei (2010)
aadR2 AAGACGGGCTGATACTGG Wei (2010)
QCMF GGAGTGAATACCACGACG cat Wei (2010)
QCMR GGATTGGCTGAGACGAA Wei (2010)

2.3 The distribution of promoters and their
relationship with resistance in class 1
integron-positive strains

To identify Pc and P2 promoters in class 1 integron-positive
strains, reverse primers were designed based on the sequences of the
first gene cassettes at the 5-conserved sequence (5CS) end, in
conjunction with the forward primer intF (Table 1). PCR was
conducted with annealing temperatures ranging from 52°C to 56°C
for 35cycles. Amplified products were visualized by agarose gel
electrophoresis, and positive bands were sequenced to determine the
promoter types. Clinical isolates were categorized according to their
integron promoter types. A retrospective analysis of antibiotic
resistance data was performed for each group of isolates, followed by
a comparative analysis to evaluate differences in antibiotic resistance
profiles among the various integron promoter-based groups.

2.4 ERIC-PCR detection of
integron-positive strains

Enterobacterial repetitive intergenic consensus (ERIC) sequences
are non-coding and highly conserved regions originally discovered in
Enterobacteriaceae. Enterobacterial repetitive intergenic consensus-
polymerase chain reaction (ERIC-PCR) involves the design of primers
based on the conserved ERIC region for PCR amplification. The
number and size of ERIC bands in the bacterial genome are then
determined, and the degree of bacterial relatedness is calculated for
typing purposes. Compared to other typing methods, ERIC-PCR is a
popular choice due to its lower cost and faster operation (Meacham
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et al,, 2003; Banoub et al,, 2022). In the present study, integron-
positive strains were subjected to ERIC-PCR analysis (using primer
ERIC2, Table 1, annealing temperature 40°C, 40cycles) to assess
homology. Positive bands and their positions on agarose gel
electrophoresis of PCR products were recorded, photographed, and
compiled into a matrix table. NTsys 2.10e software was used to
generate a clustering dendrogram. Additionally, integron-positive
strains were genotyped, and homology analysis was conducted in
conjunction with Pc promoter and drug resistance gene cassettes in
the variable region.

2.5 Constructing strains containing
recombinant plasmids

Two sets of recombinant plasmids were constructed based on
different promoter types and gene cassettes within the variable region.
The first set employed various variable region promoters while
maintaining the same gene cassette, while the second set utilized the
same variable region promoter and gene cassette but varied the
distance from the Pc promoter. The pACYC184 plasmid, which
confers chloramphenicol resistance, served as the vector. HindIIIT and
Asel restriction enzymes were chosen to digest the plasmid, replacing
the tet promoter to avoid interference with the integron promoters in
the recombinant gene fragment (Figure 1). The larger fragment of the
digested plasmid was then purified. A synthetic gene fragment,
encompassing the integrase intI1 to 3CS region (including the variable
region promoter), was ligated to this purified plasmid fragment. The
resulting recombinant plasmids were confirmed through sequencing
and subsequently transformed into competent E. coli J]M109 cells.
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2.6 RT-gPCR and antimicrobial
susceptibility testing of constructed strains

Total RNA was extracted from the logarithmic growth phase of
the constructed strains. The extracted RNA was purified and subjected
to reverse transcription (RT) to obtain cDNA templates, which were
then diluted to appropriate concentrations for subsequent quantitative
PCR (qPCR) detection. qPCR was performed using specific primers
targeting the genes of interest in the constructed strains. The
PACYC184 plasmid-encoded cat gene was used as an internal
reference gene. Relative expression levels of genes were calculated

using the 2744

method. The expression levels of the target gene and
the integrase gene intll were analyzed to compare transcriptional
differences among the various constructed strains.

Antimicrobial susceptibility testing and interpretation of
experimental results was conducted following Clinical and Laboratory
Standards Institute (CLSI) guidelines (M-100, Ed 2022) (CLSI, 2022).
The broth microdilution method was used to determine the minimum
inhibitory concentrations (MICs) of antibiotics mediated by drug
resistance gene cassettes in the variable region. Chloramphenicol
(mediated by the internal reference gene cat) and tetracycline
(mediated by gene tet) were also tested in each constructed strain.
E. coli ATCC25922 served as the quality control strain for susceptibility
testing, and E. coli JM109 was used as the negative control strain. The
Kirby-Bauer (K-B) disk diffusion method was employed to validate
the results obtained from MIC determination, allowing for a
comparison of resistance differences among the constructed strains.

2.7 Statistical analysis

In this study, the comparison of drug resistance rates between
different groups was analyzed using Fisher’s exact test (two-sided)
with SPSS 25.0 software, considering a significance level of p <0.05.
Gene relative expression levels in qPCR were analyzed using one-way
ANOVA for multiple comparisons among strains with GraphPad
Prism 8.0 software, using a significance level of p <0.05.

3 Results

3.1 Detection of class 1 integrons and gene
cassettes of variable regions

We identified 28 out of 97 clinical isolates of M. morganii as positive
for intI1, resulting in a positivity rate of 28.9% (Supplementary material:
Sequence of intI1). Among these intI1-positive isolates, 10 different
types of gene cassettes were amplified, while 4 isolates did not amplify
any gene cassettes (Supplementary material: Sequence of variable
region). The amplified gene cassettes primarily conferred resistance to
aminoglycosides and trimethoprim, as shown in Table 2.

3.2 Distribution of promoters and their
relationship with antibiotic resistance in
Morganella morganii

Among the 28 strains positive for class 1 integrons, three types of
Pc promoters were detected: PcH1 (n=19), PcS (n=5), and PcW
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(n=4). PcS exhibited stronger promoter activity, PcW showed weaker
activity, and PcH1 demonstrated intermediate strength. All
downstream P2 promoters were inactive types, spaced 14 base pairs
apart from the —35 to —10 regions (Supplementary material: Sequence
of promoter). Based on the different types of variable region promoters
in the integrons, the positive strains were categorized into three groups.
Retrospective analysis of drug resistance data was conducted among
strains containing different types of variable region promoters.
Although there were no significant differences in resistance rates to
cotrimoxazole, gentamicin, or tobramycin among the groups (p>0.05),
strains in the PcS group exhibited higher resistance rates to all
antibiotics compared to the PcHI1 and PcW groups, while the PcW
group demonstrated the lowest resistance rates among the three groups
(Figure 2).

3.3 ERIC-PCR typing results

ERIC-PCR fingerprinting of the 28 class 1 integron-positive
strains was encoded and organized into a matrix table
(Supplementary Figure S1; ERIC-PCR electrophoretogram). N'Tsys
2.10e software was used to generate a dendrogram with a reference
line set at 75% similarity (Bakhshi et al., 2018). Based on this analysis,
the positive strains were classified into 6 distinct genotypes (A, B, C,
D, E, F). Genotype A was the most prevalent, with 11 strains, followed
by genotype C with 7 strains. The predominant type of variable region
promoter Pc was PcH1. Gene cassette dfrA was the dominant gene in
the variable region of type A isolates, which exhibited high resistance
to trimethoprim. Type B isolates primarily carried the PcH1/dfrA17-
aadA5 combination, associated with resistance to aminoglycosides
and trimethoprim. Type C isolates predominantly had the PcS
promoter and showed relatively high resistance rates to various
antibiotics. The distribution of gene cassettes was concentrated,
primarily consisting of aminoglycoside and trimethoprim drug
resistance gene cassettes. Specific details are illustrated in Figure 3.

3.4 Construction of strains containing
recombinant plasmids

Based on five class 1 integron-positive strains of M. morganii
(MM-6, MM-26, MM-41, MM-62, MM-86), each containing the
aadA2 gene cassette in the variable region, the Pc promoters were
PcH1, PcH1, PcH1, PcW, and PcS, respectively. The P2 sequences were
uniformly inactive, spanning 14 base pairs between the —35 and —10
regions. Gene fragments containing integrase, promoters, variable
region gene cassettes, and inter-cassette sequences were synthesized
according to actual sequencing results (Supplementary material: The
gene synthesis of target segment in recombinant plasmids). These gene
fragments were used to recombine plasmids, resulting in the creation
of five recombinant strains named JM-6, JM-26, JM-41, JM-62, and
JM-86, as listed in Table 3.

3.5 Real-time quantitative PCR results of
aadAZ2 and intll1 in constructed strains

The five constructed strains were divided into two groups based
on their Pc promoter and aadA2 gene cassette configurations:
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_-cat promoter
pACYC184
4245 bp
\
CEET (2002)
(2119) (FIITIes] tet promoter
5'CS : variable region
FIGURE 1
PACYC184 plasmid map and the sites of enzyme digestion Hindlll and Asel. The pACYC184 plasmid map shows the positions of Hindlll and Asel. The
tet promoter has been disrupted by enzymatic cleavage. The map of the recombinant gene fragment that was integrated into the digested plasmid:
the map includes the complete sequence from intl1 to 3CS. tet: tetracycline resistance gene, cat: chloramphenicol resistance gene.

TABLE 2 Variable region gene cassette distribution.

Number of Length (bp) Gene cassette of
strains variable region
9 1,393 dfrA17-aadA5

3 474 dfrA17

3 792 aadA2

2 1,697 dfrAl12-aadA2

2 474 dfrA7

1 1,442 aacA4-orfD-aadB

1 474 dfrAl5

1 2,966 aadB-aadA2-cmlA6

1 2,763 dfrA32-ereAl-aadA2
1 1,149 aac(6’)-1b-cr-arr-3

4 - ND

Group 1 comprised strains JM-41, JM-62, and JM-86, which had
different Pc promoters but all carried the aadA2 gene cassette.
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Group 2 included strains JM-6, JM-26, and JM-41, which had the
same Pc promoter but varied in the distance between the aadA2 gene
cassette and the Pc promoter. In the qPCR analysis, strain JM-41
served as the reference strain. Multiple comparisons among the
strains revealed that JM-86 exhibited the highest relative expression
of the aadA2 gene compared to the other four strains, with a
significant statistical difference (p <0.0001). The relative expression
in JM-86 was approximately 100 times higher than that in JM-62,
which had the lowest expression. The relative expression of the intl1
gene followed the order JM-62 >JM-41 >JM-86, with statistically
significant differences among the strains (p <0.001). JM-62 showed
approximately 50 times higher expression than JM-86, which had the
lowest expression level. For further details, please refer to Figure 4.

3.6 Results of antimicrobial susceptibility
testing for constructed strains

Antibiotic susceptibility testing was conducted on the five
constructed strains carrying aminoglycoside and trimethoprim
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TOB: tobramycin.
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The comparison of antibiotic resistance rates among different promoter groups in Morganella morganii isolates. STX, cotrimoxazole; GEN, gentamicin;
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resistance gene cassettes using the microbroth dilution method for
streptomycin, amikacin, chloramphenicol, and tetracycline. The
results revealed streptomycin MIC values obtained by microbroth
dilution were in the order J]M-86 > JM-41>JM-26 >JM-6 >]M-62. The
K-B assay confirmed this trend, with inhibition zone diameters for
streptomycin aligning closely with the microbroth dilution results
(JM-86 <JM-41<JM-26<JM-6=]JM-62). Amikacin showed no
variation in MIC values or inhibition zone diameters among the
constructed strains, indicating susceptibility across all strains. All
constructed strains exhibited resistance to chloramphenicol. Only
JM-86 demonstrated intermediate resistance to tetracycline in both
microbroth dilution and K-B assays, while the other strains were
sensitive. The antibiotic sensitivity testing results for the quality
control strain E. coli ATCC25922 and the negative control E. coli
JM109 fell within the effective range, as shown in Table 4.

4 Discussion

M. morganii, the sole species within the genus Morganella, is a
widely distributed bacterium that serves as a significant reservoir
for the cloning and dissemination of various antibiotic resistance
genes. In recent years, antibiotic resistance in M. morganii has been
rapidly increasing, primarily driven by exogenous genetic elements
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such as transposons and integrons (Luo et al., 2022). While previous
research on M. morganii has primarily focused on case analyses for
treatment, epidemiology, and broad-spectrum f-lactamase analysis
(Shrestha et al., 2020; Marado and Guerra, 2022; Alsaadi et al.,
2024), studies investigating the correlation between its resistance
mechanisms and the expression regulation of drug resistance gene
cassettes within integrons are limited. This study employed clinical
isolates of M. morganii positive for class 1 integrons collected over
the past 6 years from our hospital. We initially screened these
strains for drug resistance gene cassettes and promoters in the
variable region, then analyzed the correlation between strain
resistance and variable region promoters in integrons. Additionally,
we constructed strains containing different types of promoters and
gene cassettes in the variable region to conduct qPCR and
antimicrobial susceptibility tests, thereby analyzing the regulatory
role of variable region promoters in class 1 integrons on gene
cassette expression.

Studies on class 1 integrons are more prevalent in Enterobacteriaceae
bacteria such as E. coli, Klebsiella pneumoniae, and non-fermenting
bacteria like Pseudomonas aeruginosa and Acinetobacter baumannii
(Han et al., 2008; Wei et al., 2013; Bocharova et al., 2020; Farajzadeh
Sheikh et al., 2024). In contrast, few studies have focused on M. morganii
and class 1 integrons. Among the 97 non-duplicated clinical isolates of
M. morganii in this study, the prevalence of class 1 integron-positive
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FIGURE 3
The dendrogram of ERIC-PCR. The solid magenta line represents the 75% homologous gene typing reference line. On the right side of the dendrogram
are serial numbers of strains, variable region promoter Pc and gene cassettes of integrons successively.

TABLE 3 Distribution of variable region promoters and gene cassettes of 5 isolates and 5 constructed strains.

Strains Pc

—35 region —10 region

The activity of P2

Variable region
gene

MM-6 TGGACA TAAACT PcH1 Inactive dfrAl12-aadA2
MM-26 TGGACA TAAACT PcH1 Inactive dfrA32-ereAl-aadA2
MM-41 TGGACA TAAACT PcH1 Inactive aadA2

MM-62 TGGACA TAAGCT PcwW Inactive aadA2

MM-86 TTGACA TAAACT PcS Inactive aadA2

JM-6 TGGACA TAAACT PcH1 Inactive dfrAl12-aadA2
JM-26 TGGACA TAAACT PcH1 Inactive dfrA32-ereAl-aadA2
JM-41 TGGACA TAAACT PcH1 Inactive aadA2

JM-62 TGGACA TAAGCT PcW Inactive aadA2

JM-86 TTGACA TAAACT PcS Inactive aadA2

aadA2: gene of adenosine transferase for aminoglycosides.

strains was 28.9%, lower than that observed in common
Enterobacteriaceae bacteria. This lower prevalence might be attributed
to the relatively lower detection rate of M. morganii in clinical settings.
Wei et al. reported a detection rate of class 1 integrons in clinical isolates
of E. colias 72% (Wei et al., 2013), and in another study of K. preumoniae,
the positivity rate of class 1 integrons was 31.5% (Farajzadeh Sheikh
etal,, 2024). The host bacteria in these studies exhibited relatively higher
levels of antibiotic resistance compared to the M. morganii isolates in
the current study. The detected variable region gene cassettes in class 1
integron-positive strains primarily included aminoglycoside resistance
genes (aadA, aacA4, aadB) and the trimethoprim resistance gene

(dfrA), consistent with findings from other genera with class 1
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integron-positive strains (Xiao et al., 2019; Li et al., 2022). In this study,
some integron-positive strains failed to amplify gene cassettes, possibly
due to atypical gene cassettes in the variable region. This could
be attributed to gene recombination or insertion mutations in
transposons, leading to the absence of the 3" conserved segment or an
excessive number of gene cassettes in the variable region. The latter may
have exceeded the capability of conventional PCR amplification,
resulting in amplification failure. Further validation using inverse PCR
(Green and Sambrook, 2019; Figueroa-Bossi et al., 2024) techniques is
necessary to address this issue (Odetoyin et al., 2017).

Extensive research has confirmed that promoters are crucial in
regulating gene expression (Carrier et al., 2018; Brandis et al.,
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TABLE 4 The antimicrobial sensitivity test results of constructed strains to each antibiotic.

Strains\ MIC (pg/ml)

antibiotics CHL

TM-6 8 0.25 32 1 13 22 6 25
JM-26 16 0.25 32 1 11 23 6 26
IM-41 32 0.25 32 4 10 22 6 20
TM-62 4 0.25 32 4 13 21 6 23
JM-86 128 0.25 32 8 6 22 6 14
25922 4 05 2 1 20 23 27 23
JM109 1 0.25 4 2 15 21 25 26

STR, streptomycin; AK, amikacin; CHL, chloramphenicol; TE, tetracycline.

2021). Consequently, the expression of gene cassettes within
integrons is significantly influenced by the variable region
promoters. In this study, the predominant Pc promoter type in class
1 integron-positive strains was PcH1, a relatively weak promoter.
The detection rates of PcS and PcW were lower than that of PcHI.
The detection rate of PcH1 was also relatively high in other class 1
integron-positive Enterobacteriaceae. For instance, a study of class
1 integron-positive isolates of Proteus revealed a detection rate of
PcHI as high as 51%, making it the most common type (Xiao et al.,
2019). Another study on the molecular characterization of class 1
integrons in carbapenem-resistant Enterobacteriaceae showed that
PcHI was also the predominant Pc (Wang et al, 2023). All
downstream P2 promoters, containing 14 bases between the —35
and —10 regions, were inactive. Retrospective analysis of antibiotic
resistance data in class 1 integron-positive strains did not reveal
significant  statistical ~differences in resistance rates to
aminoglycosides or trimethoprim among strains with different Pc
strengths. However, strains with stronger Pc promoters exhibited

numerically higher resistance rates to these antibiotics than those
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with weaker Pc promoters. This observation reflects the fact that
integrons contribute only partially to the host bacterium’s drug
resistance genes. Furthermore, the expression and level of drug
resistance genes may be influenced by various internal and external
factors. Most integrons are located on plasmids or transposons
(Liebert et al., 1999), which can potentially impact the resistance of
the host bacterium, though not necessarily dominantly. To
minimize interference and further explore the effect of variable
region promoters within integrons on downstream gene expression,
we used the low-copy plasmid pACYC184 as the vector.
Recombinant plasmids were constructed to include variable region
promoters and gene cassettes from class 1 integrons. Gene segments
were synthesized based on actual sequencing results from
experimental strains, preserving the natural configuration of
integrons in these strains to a great extent. Additionally, HindIII
and Asel were selected as the sites of enzyme digestion to replace
the original tet promoter on the plasmid, positioning them away
from the internal cat reference gene. This design allows the inserted
gene segments to maximize the expression of drug resistance genes.
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The strength of promoters and their distance from gene cassettes
are primary factors influencing the transcription of downstream gene
cassettes (Fonseca and Vicente, 2022). This project found significant
differences in the expression efficiency of the antibiotic resistance gene
cassette aadA2 mediated by promoters of different strengths. gPCR
results confirmed that stronger Pc promoters in integrons corresponded
to higher transcription levels of downstream gene cassettes. In
antimicrobial susceptibility tests, only strain JM-86, carrying a strong
promoter, exhibited intermediate resistance to tetracycline in both
microbroth dilution and K-B methods, whereas other strains remained
sensitive. This suggests that the Pc promoter within the recombinant
plasmid may regulate the downstream tet gene to some extent,
highlighting the substantial impact of promoter strength on regulating
gene expression. Interestingly, contrary to expectations based on other
studies (Jacquier et al., 2009; Souque et al., 2021), the distance of Pc to
downstream gene cassettes did not similarly affect gene expression in
our experiment. Under the condition of identical Pc types, strains JM-6
and JM-26, located farther from Pc, exhibited higher relative expression
levels of aadA2 compared to the closer strain JM-41. Previous research
in class 2 integrons has suggested that functional promoters of gene
cassettes, like ereA located at the second position in the array, may
enhance the expression of adjacent gene cassettes (Fonseca and
Vicente, 2022), potentially explaining the increased expression of
aadA2 in strain JM-26 at a distance. Additionally, the copy number of
plasmids within engineered bacteria also influences gene cassette
expression levels (Stokes and Hall, 1989). Furthermore, the gene
segments used in this study were derived from clinical strains
containing unknown functional sequences within integrons that might
also regulate the expression of gene cassettes in the variable region,
warranting further investigation. Notably, the expression levels of intI1
in strains with different Pc strengths exhibited an inverse relationship
with aadA2 expression: stronger Pc promoters correlated with higher
expression levels of antibiotic resistance genes in the variable region but
lower expression levels of intI1. This suggests that the integrase’s ability
for integration and excision may decrease, maintaining bacterial
stability internally, consistent with the literature (Wei et al.,, 2011).
Differences in streptomycin MICs observed among engineered strains
using microbroth dilution indicate varied regulatory effects of different
promoter expressions, whereas no differences were observed for other
aminoglycoside antibiotics like amikacin. This discrepancy likely stems
from the product of aadA2 being an aminoglycoside adenylyl
transferase, which confers resistance to streptomycin and
spectinomycin but not necessarily to other aminoglycosides (Bito and
Susani, 1994; Walker et al., 2001).

The horizontal transfer of drug resistance genes is the fastest and
most common way to spread clinical resistant strains (Warnes et al.,
2012; Mathers et al., 2015), making homogeneity analysis of integron-
positive strains particularly important. Herein, ERIC-PCR was used
to analyze the homogeneity of 28 non-repetitive clinical isolates of
M. morganii positive for class 1 integrons, using a similarity cutoff of
0.75. The results revealed three main genotypes: A, B, and C,
comprising 11, 5, and 7 isolates, respectively. The distribution of
promoter types and gene cassettes in the variable region was relatively
concentrated within these genotypes. Furthermore, analysis of the
strain data indicated that integron-positive M. morganii strains were
predominantly found in the ICU and urology departments. This
distribution is likely associated with the working environment of these
departments. Factors such as surgical procedures in the ICU, critically
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ill patients, a high frequency of medical devices, and frequent
operations increase the risk of cross-infection. Similarly, urological
procedures involving catheterization and intravenous administration
are invasive, contributing further to this risk. Therefore, it is crucial to
enhance disinfection and sterilization of departmental environments
and surgical instruments, as well as to standardize medical procedures
such as intravenous administration and catheterization to minimize
or prevent cross-infection. These measures aim to reduce the potential
for clonal spread of integrons within hospitals.

Mobile genetic elements play a role in the horizontal transfer of
drug resistance genes. Under antibiotic stress, class 1 integrons can
capture gene cassette-like structures from DNA fragments ingested by
bacteria and integrate them into attI1 sites through upregulation of
integrase expression. Attempted transcription and translation of
reading frames present in gene cassettes occur through variable region
promoters and the mechanisms of translation termination-reinitiation
coupling. Regardless of whether the reading frame in the gene cassette
has a promoter or ribosomal binding site, if the expression product of
the reading frame can confer resistance to the antibacterial agent, the
strain can survive. The captured drug resistance gene cassettes can
be disseminated through the proliferation and horizontal transfer of
strains, leading to the emergence and dissemination of bacterial
resistance (Guerin et al., 2009).

5 Conclusion

In summary, integron promoters exhibit a diverse distribution,
predominantly carrying drug resistance gene cassettes for
aminoglycosides and trimethoprim. The strength of the class 1
integron variable region promoters significantly correlates with the
expression levels of downstream gene cassettes. It is likely that the
clonal spread of class 1 integron-positive M. morganii occurs within
our local healthcare setting. This study aimed to investigate the
promoter distribution characteristics of class 1 integrons and their
regulatory effects on drug resistance genes in M. morganii isolates,
providing a theoretical basis for the prevention and treatment of
infections with M. morganii in clinical practice. Additionally, this
study may offer new insights for addressing other rare clinical bacteria
with increasing drug resistance in the future. The effect of antibiotic
factors on integrons will be studied in our future work.
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