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Examining the impact of zinc 
on horizontal gene transfer 
in Enterobacterales
Daniel Ekhlas 1,2, Arturo B. Soro 2,3, Finola C. Leonard 2, Edgar G. Manzanilla 2,4 & 
Catherine M. Burgess 1*

Antimicrobial resistance is one of the main international health concerns for humans, animals, and 
the environment, and substantial efforts have focused on reducing its development and spread. 
While there is evidence for correlations between antimicrobial usage and antimicrobial resistance 
development, specific information on the effect of heavy metal/antimicrobial usage on bacterial 
conjugation is more limited. The aim of this study was to investigate the effects of zinc and 
antimicrobials in different concentrations on horizontal gene transfer of an ampicillin resistance 
gene, using a multi-drug resistant Escherichia coli donor strain and three different Salmonella enterica 
serovars as recipient strains. Differences in conjugation frequencies for the different Salmonella 
recipients were observed, independent of the presence of zinc or the antimicrobials. Selective pressure 
on the recipient strains, in the form of ampicillin, resulted in a decrease in conjugation frequencies, 
while, the presence of rifampicin resulted in increases. Zinc exposure affected conjugation frequencies 
of only one of the three recipient strains, thus the effect of zinc on conjugation frequencies seemed 
to be concentration and strain dependent. Furthermore, differences in growth rates due to plasmid 
carriage were observed for one of the Salmonella strains.

Bacterial conjugation plays an important role in the persistence and adaption of bacteria to different 
environments1. Transferred mobile genetic elements, such as conjugative plasmids, can harbour various traits, 
including virulence factors and antimicrobial resistance genes (ARGs), which can increase the overall fitness of 
bacteria2. This can be problematic in clinical and agricultural settings where human and animal health is reliant 
on the effectiveness of antimicrobials3. Moreover, in these settings heavy metals and antimicrobials are used for 
prevention and treatment of infectious disease. For example, therapeutic levels of zinc oxide (2500–3000 ppm) 
are frequently administered during weaning on commercial pig farms to prevent infection with enteric patho-
gens. Such usage was banned by the European Union from June 20224–6. In the last decade, increasing evidence 
indicates that the use of antimicrobials and heavy metals can be associated with the development and spread 
of antimicrobial resistance (AMR)2,7. Although the effects of antimicrobials and heavy metals on bacterial con-
jugation are not fully understood, links between antimicrobial and heavy metal use with AMR transfer pose a 
high risk in settings where their use is common, such as in primary production. Inappropriate excessive use of 
antimicrobials and heavy metals could promote AMR transfer, thus contributing to the development of multi-
drug resistant pathogens, which limits treatment options, increases the associated economic burden of treatment 
costs, and is potentially a hazard to public health8.

A study by Beaber et al.9 reported  evidence that the bacterial SOS response promotes horizontal gene transfer 
(HGT). Since then, several studies have focused on the associations between bacterial conjugation and bacterial 
stress, particularly those induced by exposure to antibiotics and heavy metals, with varying results10–13. There is a 
lack of clarity about the factors influencing the rate of HGT between strains and species, although some evidence  
suggests that sub-inhibitory concentrations of antimicrobials can promote HGT. Treatment of animals in primary 
production with antimicrobials, some of which are often not fully absorbed due to their low bioavailability, can 
result in antimicrobial residues  in livestock manure which may subsequently be used as fertiliser. This may lead 
to the further distribution of sub-inhibitory concentrations of antimicrobials into soil or aquatic systems in the 
form of water runoff from agricultural land14,15. There are several different routes connecting animals, humans, 
and the environment, which may not only allow the distribution of antimicrobial residues but also the associated 
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development and spread of AMR in potential pathogens7. It is therefore necessary to gain a greater understanding 
on how antimicrobial residues may affect the spread and development of AMR and how to prevent it, as part of 
a multi-sectorial One Health approach to tackle AMR16.

The aim of this study was to elucidate the effect of sub-inhibitory concentrations of zinc, in comparison to 
selected antimicrobials, on HGT in E. coli, using multiple Salmonella recipient strains. Furthermore, conjugation 
transfer was monitored temporally to assess how sub-inhibitory concentrations of zinc affect HGT at different 
stages of bacterial growth. Additionally, this study investigated the effects of plasmid carriage on growth as an 
indicator of bacterial fitness.

Methodology
Bacterial strains.  One E. coli donor and three Salmonella recipient strains were selected from the culture 
collection in the Food Safety Department at Teagasc Food Research Centre Ashtown in Dublin, based on pre-
liminary experiments. An extended-spectrum beta-lactamase (ESBL) carrying Escherichia coli isolate (serotype: 
O9:H17) from avian faeces was selected as a donor strain. Three Salmonella enterica strains, S. Infantis (origin: 
pig faeces; serotype: ?:r:1,5), S. London (origin: pig feed bin; serotype: 3,10:l,v:1,6), and S. Enteriditis (origin: 
poultry; serotype: 9:g,m:-) were selected as recipient strains.

Preparation of rifR recipient mutants.  To aid enumeration, rifampicin-resistant (rifR) mutants of the 
wild type (WT) recipient strains were raised based on the method described by Blackburn and Davies17. Briefly, 
overnight cultures (ONCs) of the recipient strains were prepared, diluted to a concentration of 7 log10 CFU/
mL and transferred into three Eppendorf tubes per WT recipient strain, containing 1 mL Tryptone Soya Broth 
(TSB, Oxoid, United Kingdom) with an initial rifampicin (reagent grade 95%, Sigma-Aldrich, Ireland) concen-
tration of 12.5 µg/mL, which were incubated for 24 h at 37 °C without shaking. Tubes that showed growth were 
selected and suspensions diluted as for the ONCs. Dilutions were transferred again into fresh TSB with 25 µg/mL 
rifampicin, incubated, and repeated with increasing rifampicin concentrations until growth in TSB with 200 µg/
mL rifampicin was observed. Dilutions of this suspension were plated on Tryptone Soya Agar (TSA, Oxoid, 
United Kingdom), containing 200 µg/mL rifampicin and incubated for 24 h at 37 °C. For each recipient strain 
rifR mutants were isolated and stored on cryogenic beads (Technical Service Consultant Ltd., United Kingdom) 
at − 20 °C.

The mutants were analysed for the stability of the mutation which conferred rifampicin resistance. ONCs of 
the mutants were prepared and sub-cultured twice a day in TSB for 7 days and incubated at 37 °C. After 7 days, 
dilutions of the bacterial suspensions were plated on TSA containing 200 µg/mL rifampicin to confirm they 
retained rifampicin resistance. The antimicrobial susceptibility profiles and minimal inhibitory concentrations 
(MICs) were determined for the rifR mutants as described below.

Antimicrobial resistance profiling.  Donor and recipient strains were analysed for antimicrobial suscep-
tibility using the Kirby–Bauer disc diffusion susceptibility test and MIC testing.

For the disc diffusion test, strains were streaked on TSA and incubated for 24 h at 37 °C. Subsequently, ONCs 
were prepared by transferring one colony of each strain into 10 mL TSB and incubated for 16 h at 37 °C without 
shaking. The ONCs were diluted 1:100 using Maximum Recovery Diluent (MRD, Oxoid, United Kingdom) to 
obtain a concentration of 7 log10 CFU/mL, which approximately matched the 0.5 McFarland turbidity standard. 
Bacterial suspensions were spread with cotton swabs on Mueller–Hinton Agar (MHA, Oxoid, United Kingdom) 
in duplicate. Subsequently, eight different antibiotic containing discs [trimethoprim (5 µg), nalidixic acid (30 µg), 
tetracycline (30 µg), meropenem (10 µg), cefotaxime (5 µg), ciprofloxacin (5 µg), streptomycin (10 µg), and chlo-
ramphenicol (30 µg), Oxoid, United Kingdom] were applied on the inoculated MHA plates and were incubated 
for 24 h at 37 °C. The reference E. coli strain ATCC 25922 was used as a control. After incubation the diameters 
of the inhibition zones were measured and interpreted according to breakpoint standards published by the Euro-
pean Committee on Antimicrobial Susceptibility Testing18 and the Clinical and Laboratory Standards Institute19.

For determination of the MIC, ONCs for all strains were prepared and diluted to obtain suspensions with a 
concentration of approximately 3 log10 CFU/mL. For each strain 100 µL of the bacterial suspension was trans-
ferred into 96-well plates and mixed with 100 µL Mueller–Hinton Broth (MHB, Oxoid, United Kingdom), 
containing decreasing concentrations of the test antimicrobial, which was in this case rifampicin, ampicillin 
sodium salt (Sigma-Aldrich, Ireland), or zinc nitrate hexahydrate (reagent grade 98%, Sigma Aldrich, Ireland). 
Prior to their use, test components were dissolved in sterile deionised water and filtered through aseptic 0.22 µm 
syringe filters (GVS, USA). Antimicrobial concentrations were two-fold diluted resulting in test ranges from 0.5 
to 12 mM of zinc nitrate for all strains; 0.125–16 µg/mL and 16–512 µg/mL of ampicillin for recipients, donor 
and transconjugants respectively; 0.25–16 µg/mL and 25–800 µg/mL of rifampicin for donor, recipients and 
transconjugants respectively. The strains were tested in triplicate in two independent experimental runs for each 
test component. The MIC assays were incubated for 24 h at 37 °C and MICs, defined as the lowest concentration 
at which no growth was observed, were determined via visual assessment.

Conjugation assay.  ONCs of the donor strain and rifR mutant strains were prepared and diluted to a con-
centration of approx. 6 log10 CFU/mL. One mL of each dilution of the donor and individual recipients were 
transferred into tubes with 8 mL TSB containing different concentrations of either Zn(NO3)2 (0 mM, 0.25 mM, 
1 mM), rifampicin (0 µg/mL, 2 µg/mL, 8 µg/mL), or ampicillin (0 µg/mL, 0.25 µg/mL, 0.5 µg/mL). One ONC 
served as an inoculum for two technical duplicates. As controls, pure cultures were prepared by adding 1 mL of 
donor or recipient dilutions to 9 mL TSB. All mixtures were vortexed and incubated for 24 h at 37 °C without 
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shaking. After incubation, bacterial suspensions were serial diluted and 100 µL plated on Xylose Lysine Deoxy-
cholate (XLD, Oxoid, United Kingdom) Agar, containing 100 µg/mL rifampicin and ampicillin, respectively.

Control cultures were also serial diluted and plated on either Tryptone Bile X-Glucuronide (TBX, Merck 
KGaA, Germany) Agar for the donor strain or XLD Agar, containing 100 µg/mL rifampicin for recipient strains. 
All XLD plates were incubated for 24 h at 37 °C, while TBX plates were incubated for 24 h at 44 °C. After incuba-
tion, plate counts for transconjugants and controls were obtained. Conjugation frequencies were calculated by 
dividing transconjugant numbers by recipient numbers (see Eq. 1).

Each conjugation experiment was repeated three times. Transconjugant colonies exposed to 0 mM and 1 mM 
Zn(NO3)2 were transferred into cryogenic tubes and stored at − 80 °C for subsequent analysis via whole genome 
sequencing (WGS). Additionally, transconjugants were analysed using the previously described Kirby-Bauer 
disc diffusion test and the MIC assay.

Impact of time on conjugation.  The effect of time on conjugation in the presence of Zn(NO3)2 exposure 
was assessed with S. London as the recipient. S. London and the donor ESBL E. coli strain were mixed together 
in the presence of different concentrations of Zn(NO3)2, using a similar protocol as for the previous conjugation 
assay. After inoculation of both strains, a sample was taken and plated immediately (t0). The tubes were incu-
bated for 24 h at 37 °C without shaking. Direct samples were then taken hourly for the first 8 h (t1-t8), and plated 
on double-selective XLD agar, containing 100 µg/mL rifampicin and ampicillin, respectively (for transconjugant 
numbers), mono-selective XLD agar, containing 100 µg/mL rifampicin (for recipient and transconjugant num-
bers), and non-selective TBX agar (for donor numbers). A final sample was taken after 24 h (t24). The experi-
ment was performed three times, running the conjugation set-up in duplicate per test concentration and plating 
in duplicate, respectively.

Comparison of bacterial growth.  ONCs of donor, rifR recipient strains, and stored transconjugants were 
prepared and diluted with MRD to give an approximate concentration of 4 log10 CFU/mL. From the dilutions, 
100 µL bacterial cell suspension was transferred to 96-well plates and mixed with 100 µL TSB. For the negative 
control 100 µL sterile TSB and 100 µL MRD were mixed together. Bacterial growth at 37 °C with continuous 
shaking was monitored for 24 h at an optical density of 595 nm (OD595 nm) using a Multiskan™ FC microplate 
photometer (ThermoFisher Scientific, UK) and the SkanIt Software (v4.1.0.43, ThermoFisher Scientific). The 
optical density was measured every 30 min. The Gompertz model was fitted to data points via the DMFit 3.5 
Microsoft Excel add-in to obtain fitted growth curves of  the donor, rifR recipient strains, and transconjugants. 
Furthermore, fitted growth curves were evaluated qualitatively using the regression coefficient R2 as a measures 
of goodness-of-fit. Growth model fitting and statistical evaluation of fitted models were in accordance with the 
equations used in a study by Soro et al.20.

Whole genome sequencing and analysis.  DNA of the stored transconjugants from the conjugation 
assay, rifR recipient strains, and the  donor strain was extracted using the DNeasy® Blood & Tissue kit from 
Qiagen (Germany, Cat. No. 69506). DNA extracts were checked for their purity using Nanodrop™ 1000 Spec-
trophotometer and were quantified using Qubit 4.0 Fluorometer (Invitrogen, ThermoFisher Scientific, United 
Kingdom). Subsequently, DNA extracts were sent to Novogene Co. Ltd. (United Kingdom) for WGS on the Illu-
mina® NovaSeq 6000 platform. Obtained raw sequences were cleaned in a 3-step filtering process in which: (1) 
adapters were removed, (2) reads containing more than 10% undetermined bases [N > 10%] were removed, and 
(3) low quality reads for which 50% of total bases had a Qscore below or equal to 5 (Qscore ≤ 5) were removed.

Cleaned raw reads were quality assessed using FastQC (v0.11.8) and MultiQC (v1.9)21,22. Strains were identi-
fied using Kraken 2 (v2.0.7 beta), using the standard Kraken 2 (last update: 2020-Apr-11) database23. Addition-
ally, serotypes were confirmed for the E. coli donor strain and for the S. enterica recipients, using the online 
tool SerotypeFinder 2.0 from the Center for Genomic Epidemiology and the online tool SISTR24,25. After strain 
confirmation with the cleaned raw reads, reads were assembled to contigs and scaffolds using SPAdes (v3.13.0) 
and its –careful option26. Assembly quality of scaffolds was assessed via QUAST (v5.1.0) in combination with 
MultiQC22,27. Genomic scaffolds were then used for prokaryotic genome annotation via Prokka (v1.14.6) and 
were aligned via ABRricate (v0.8; https://​github.​com/​tseem​ann/​abric​ate) against the ResFinder (last update: 
2020-Apr-16) and the PlasmidFinder (last update: 2020-Apr-16) databases, to screen for antimicrobial resistance 
genes and plasmids respectively28–30. Identified ARGs and plasmids were compared between donor, recipient  and 
transconjugant strains to determine which elements were transferred during the conjugation assay.

Subsequently, cleaned raw reads were again assembled using plasmidSPAdes (v3.13.0), in an attempt to recon-
struct the transferred plasmid that harboured ARGs conferring the observed ampicillin resistance in donor and 
transconjugants31. Assembled plasmid scaffolds were once more checked using QUAST (v5.1.0) and MultiQC22,27. 
Plasmid scaffolds were further analysed using Prokka (v1.14.6) and ABRicate (v0.8; https://​github.​com/​tseem​
ann/​abric​ate) as mentioned above28–30.

Visualization and statistical methods.  All results of the conjugation studies were analysed using 
R (v.4.0.2)32. Visualization of results was done using the “ggplot2” package in R33. The impact of Zn(NO3)2, 
rifampicin, and ampicillin on conjugation frequencies and transconjugant numbers in the conjugation assay 
was assessed using the Student’s T-Test (R function “t_test” in R package “rstatix”)34. Resulting p-values were 

(1)Conjugation frequency = log
10

(

Transconjugant numbers[CFUmL ]

Recipient numbers[CFUmL ]

)

https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
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adjusted via the Bonferroni correction and significance was set to α = 0.05. To allow statistical comparison when 
zero transconjugants were observed within the conjugation studies, the lower limit of detection was calculated 
as 1 CFU/mL, similar to Crane et al.11. Furthermore, the calculation of conjugation frequencies was omitted 
for data points with no detected transconjugants. Visualization of fitted growth curves and was done using 
GraphPad Prism 8 (v8.4.2) for Windows (GraphPad software Inc, San Diego, CA, USA). Growth curve param-
eters were compared using a one-way ANOVA together with the Tukey post-hoc test (α = 0.05) via Minitab 
17 (v17.1.0). The results of the bioinformatics analysis were used in combination with ApE—A plasmid Edi-
tor Software tool (http://​biolo​gylabs.​utah.​edu/​jorge​nsen/​wayned/​ape/) to reconstruct and visualize the primary 
transferred plasmid in the conjugation assay. Graphs were combined to figures and their quality optimised by 
using the vector graphics editor Affinity Designer (v1.8.5.703, Serif).

Results
Antimicrobial resistance profiling.  The MICs for ampicillin, rifampicin and Zn(NO3)2 for the donor, 
recipients and transconjugants are shown in Table 1. Furthermore, the donor strain was resistant to tetracycline, 
cefotaxime, streptomycin, and had an intermediate resistance to ciprofloxacin. The rifR recipient strains were 
resistant to rifampicin, while the transconjugants were resistant to rifampicin and ampicillin only, indicating that 
of the antimicrobials tested only resistance to ampicillin was transferred.

Conjugation assay.  In the conjugation studies, although all three rifR recipient strains belonged to the same 
species, differing transconjugant numbers were observed for the different serovars, independent of the exposure 
to potential selective pressure (Fig. 1 a,c,e). Of these serovars S. Enteriditis showed the lowest transconjugant 
numbers, while S. London showed the highest (Fig. 1a,c,e). S. Infantis showed similar transconjugant numbers 
to S. London. Conjugation frequencies correlated with observed transconjugant numbers (Fig. 1b,d,f).

In the presence of ampicillin, transconjugant numbers and conjugation frequencies for S. Infantis and S. 
London decreased (p < 0.01) with increasing ampicillin concentration, in contrast to S. Enteriditis which was 
unaffected (Fig. 1a,b). In the presence of Zn(NO3)2 no effect on either transconjugant numbers or conjugation 
frequencies was observed for all three recipient strains, except for the conjugation frequency for S. London which 
was reduced at lower concentrations of Zn(NO3)2 (0.25 mM, p < 0.05). This effect was also observed for transcon-
jugant numbers, but without reaching significance. Furthermore, a slight increase of transconjugant numbers 
and conjugation frequencies were observed for the highest concentration of Zn(NO3)2 (1 mM) in comparison 
to no exposure to Zn(NO3)2, although this increase was not significant. The presence of rifampicin increased 
conjugation frequencies at 2 µg/mL, but decreased conjugation frequencies (p < 0.05) at higher concentrations 
(8 µg/mL) for S. Infantis and S. Enteriditis. Interestingly, S. London was affected differently by higher concen-
trations of rifampicin than the other two recipient strains, showing non significant increases in transconjugant 
numbers and conjugation frequencies (p > 0.05).

Table 1.   Antimicrobial resistance profiles identified via MIC testing of donor, recipients, and transconjugants.

Strains Ampicillin [µg/mL] Rifampicin [µg/mL] Zn(NO3)2 [mM]

Donor

ESBL E. coli 512 8 1

WT Recipients

S. Infantis 0.5 16 1

S. London 0.5 16 1

S. Enteriditis 0.5 8 1

Raised rifR recipients

S. Infantis rifR C5 0.5  > 800 1

S. London rifR C8 0.5  > 800 1

S. Enteriditis rifR C2 0.5  > 800 1

S. Infantis Transconjugants

Conjugation with 0 mM Zn(NO3)2 256  > 800 1

Conjugation with 0.25 mM Zn(NO3)2 256  > 800 1

Conjugation with 1 mM Zn(NO3)2 256  > 800 1

S. London Transconjugants

Conjugation with 0 mM Zn(NO3)2 512  > 800 1

Conjugation with 0.25 mM Zn(NO3)2 512  > 800 1

Conjugation with 1 mM Zn(NO3)2 512  > 800 1

S.  Enteriditis Transconjugants

Conjugation with 0 mM Zn(NO3)2 128  > 800 1

Conjugation with 0.25 mM Zn(NO3)2 128  > 800 1

Conjugation with 1 mM Zn(NO3)2 128  > 800 1

http://biologylabs.utah.edu/jorgensen/wayned/ape/
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Transconjugants from one run were investigated by WGS analysis, as well as by antimicrobial susceptibility 
testing. AMR profiles of these transconjugants showed no changes in resistance to rifampicin and Zn(NO3)2 
when compared to the original rifR recipient strain. However, all transconjugants showed increased resistance to 
ampicillin (Table 1). Furthermore, the MICs for ampicillin were different for each transconjugant strain, with S. 
Enteriditis showing the lowest ampicillin MIC (128 µg/mL), while S. Infantis, which had the highest conjugation 
frequency of all three recipient strains, showed the highest MIC for ampicillin (512 µg/mL) (Table 1; Fig. 1a,c,e).

Impact of time on conjugation.  To obtain a deeper understanding of the impact of Zn(NO3)2 on con-
jugation and its timing, another conjugation assay was set up with hourly sampling for 8 h and a final sampling 
24 h post-inoculation. The rifR recipient strain S. London was used, as this recipient was the only one showing 
differences in conjugation frequencies during exposure to Zn(NO3)2 (Fig.  1d). The observed donor and rifR 
recipient numbers were the same for each time sample (t0–t24), independent of the concentration of Zn(NO3)2 
(Fig. 2a–c).

The first transconjugants were obtained 4 h post-inoculation (t4), followed by an exponential increase of 
transconjugant numbers which slowly declined 5–6 h post-inoculation, similar to a bacterial growth curve. 
Higher transconjugant numbers and conjugation frequencies were observed in the absence of Zn(NO3)2 exposure 
until 8 h (t8) post-inoculation, but were not significantly different (Fig. 2d,e). After 24 h the same pattern as the 

Figure 1.   Transconjugant numbers and calculated conjugation frequencies, observed at different concentrations 
of ampicillin (a,b), Zn(NO3)2 (c,d), and rifampicin (e,f). Pairwise comparison of transconjugant numbers and 
conjugation frequencies at different concentrations was perform via the Student’s T-test. P-values were adjusted 
using the Bonferroni correction. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. Boxplot in brackets (f) 
indicates that the calculation of conjugation frequencies for some data points was omitted due to no observed 
transconjugants.
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original conjugation assay for S. London were seen, in which transconjugant numbers and conjugation frequen-
cies were negatively affected by lower concentrations (0.25 mM) of Zn(NO3)2, but not by higher concentrations 
(1 mM). In contrast to the original conjugation assay, these differences were not significant (p > 0.05), which 
could be due to experimental conditions and biological variability.

Comparison of bacterial growth.  To assess differences between the strains used, as well as to assess 
if the fitness of transconjugants was impacted by the transferred plasmid, the growth of donor, recipient, and 
transconjugant strains were compared and growth data was fitted using the Gompertz equation. Comparison of 
the donor and recipient strains showed that all four strains grew similarly to each other. However, the maximum 
growth rate (µmax) of the donor was higher than the S. London recipient strain (Table 2). Furthermore, the lag 
phase (λ) of the donor strain was shorter compared to all recipient strains. The final concentration (YEnd) of 
donor and the S. Enteriditis recipient strain were both similar to each other and higher compared to the other 
two recipient strains. Fitted growth curves of all strains can be seen in Fig. 3.

When comparing transconjugant strains with their parent recipient strain, differences can be seen for the lag 
phase of S. Enteriditis, with the lag phase of the S. Enteriditis transconjugants longer than their parent recipient 
strain. No differences in the maximum growth rates were observed between the transconjugants and their cor-
responding recipient strains but the maximum growth rate and lag phase were strain dependent.

Figure 2.   Transconjugant, donor, and recipient numbers during exposure to (a) 0 mM, (b) 0.25 mM, and (c) 
1 mM of Zn(NO3)2, from inoculation [t0]  measured hourly for 8 h [t8] and additionally measured after 24 h 
[t24]. (d) Transconjugant numbers and (e) conjugation frequencies at different concentrations of Zn(NO3)2. 
Pairwise comparison of transconjugant numbers and conjugation frequencies at different concentrations 
was performed via Student’s T-test. P-values were adjusted using the Bonferroni correction. No significant 
differences were observed.
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Evaluation of each fitted growth curve with the regression coefficient R2 as a measure of goodness-of-fit 
showed that each fitted curve represented the measured growth data well (Table 2).

Whole genome sequencing and analysis.  The purpose of the WGS analysis was to determine which 
plasmid and ARGs were transferred from the donor to the recipient strains. Resistance profiles were analysed 
using ResFinder (Fig. 4a), and plasmids were analysed with PlasmidFinder (Fig. 4b). Additionally, WGS results 
were further analysed in order to reconstruct the transferred plasmid that conferred ampicillin resistance in 
transconjugants (Fig. 4c).

While the ESBL E. coli donor harboured elements of 7 different plasmids, the recipients carried either no plas-
mids (S. London and S. Infantis), or 2 different IncF plasmids [IncFIB(S) and IncFII(S)] in case of S. Enteriditis, 

Table 2.   Growth curve parameters of fitted Gompertz models of donor, recipients, and transconjugants, with 
µmax (maximum growth rate), λ (lag phase), Y0 (initial concentration), YEnd (final concentration), and the 
regression coefficient R2 as a measure of goodness-of-fit. Parameters were compared using a one-way ANOVA 
and the Tukey post-hoc test with α = 0.05. Groups that differ significantly for each fitted parameter are denoted 
by different superscripts.

Strains µmax λ Y0 YEnd R2

Donor

ESBL E. coli 0.167 ± 0.017A 3.801 ± 0.405D − 0.040 ± 0.044C 1.013 ± 0.144A 0.994 ± 0.006

Raised rifR recipients

S. Infantis rifR C5 0.140 ± 0.034ABC 6.690 ± 0.261BC − 0.002 ± 0.005ABC 0.625 ± 0.050C 0.979 ± 0.012

S. London rifR C8 0.082 ± 0.010CD 6.024 ± 0.321C − 0.006 ± 0.006ABC 0.586 ± 0.113C 0.988 ± 0.005

S. Enteriditis rifR C2 0.110 ± 0.014ABCD 6.895 ± 0.208BC − 0.005 ± 0.009ABC 0.897 ± 0.221AB 0.994 ± 0.002

S. Infantis Transconjugants

Conjugation with 0 mM Zn(NO3)2 0.155 ± 0.061AB 8.318 ± 0.977B − 0.006 ± 0.027ABC 0.581 ± 0.084C 0.962 ± 0.032

Conjugation with 0.25 mM Zn(NO3)2 0.166 ± 0.073A 7.936 ± 0.462B 0.008 ± 0.013A 0.581 ± 0.082C 0.976 ± 0.012

Conjugation with 1 mM Zn(NO3)2 0.106 ± 0.071BCD 6.590 ± 2.008BC − 0.025 ± 0.030ABC 0.590 ± 0.194C 0.913 ± 0.068

S. London Transconjugants

Conjugation with 0 mM Zn(NO3)2 0.080 ± 0.004D 5.641 ± 0.549CD − 0.037 ± 0.029BC 0.530 ± 0.168C 0.978 ± 0.010

Conjugation with 0.25 mM Zn(NO3)2 0.082 ± 0.007CD 5.975 ± 0.520C − 0.024 ± 0.029ABC 0.554 ± 0.216C 0.980 ± 0.011

Conjugation with 1 mM Zn(NO3)2 0.071 ± 0.007D 5.856 ± 0.537C − 0.027 ± 0.027ABC 0.643 ± 0.232C 0.983 ± 0.008

S. Enteriditis Transconjugants

Conjugation with 0 mM Zn(NO3)2 0.114 ± 0.026ABCD 11.356 ± 1.486A 0.011 ± 0.006A 0.727 ± 0.115BC 0.996 ± 0.002

Conjugation with 0.25 mM Zn(NO3)2 0.114 ± 0.024ABCD 11.045 ± 2.474A 0.007 ± 0.021A 0.728 ± 0.100BC 0.993 ± 0.006

Conjugation with 1 mM Zn(NO3)2 0.124 ± 0.025ABCD 10.921 ± 1.699A 0.000 ± 0.037AB 0.752 ± 0.117BC 0.993 ± 0.008

Figure 3.   Gompertz-fitted growth curves of donor, recipients, and transconjugants with (a) comparisons of 
donor and recipient strain, (b–d) comparisons of transconjugants with their parent recipient strain.
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which were not found in the donor (Fig. 4a). The IncI1_1_Alpha plasmid was the only donor plasmid which was 
observed in all transconjugants assessed. Elements of the donor derived Col8282 and ColpVC plasmid elements 
were observed in some transconjugants, but not in the corresponding rifR recipient (Fig. 4a). When looking at 
the resistance profiles of all strains, it can be seen that all strains harboured the mdf(A) gene which encodes a 
multidrug efflux pump (Fig. 4b)35. The aminoglycoside resistance gene aac(6′)-Iaa was only observed in recipi-
ent and transconjugant strains36. For the donor strain 11 different resistance genes were identified, of which two 
encoded beta-lactamases (blaTEM-1B and blaSHV-12). Of these two beta-lactamase resistance genes only blaTEM-1B was 
found in all transconjugants. These results indicated that the plasmid IncI1_1_Alpha, harbouring the blaTEM-1B 
beta-lactamase resistance gene, was transferred from the donor to rifR recipient strains during conjugation. This 
assumption was confirmed after WGS data was used to reconstruct IncI1_1_Alpha (Fig. 4c).

Discussion
In this study, the IncI1_1_Alpha plasmid which contained the β-lactamase encoding gene blaTEM-1B was success-
fully transferred from a donor E. coli strain to all three Salmonella recipient strains. This β-lactamase has been 
described previously in several studies analysing Enterobacteriaceae isolates of human and animal origin37–39. 
TEM-1 β-lactamases are known to be one of the most common plasmid-encoded β-lactamases in Enterobac-
teriaceae, mainly found on Escherichia and Klebsiella plasmids40,41. As described in a review of Smet et al.42, 
TEM-1 β-lactamases are not ESBLs as they can inactivate penicillins such as ampicillin but are unable to confer 
cephalosporin resistance. The blaTEM-1 β-lactamases have been found on plasmids of the incompatibility groups 
IncB/O, IncL/M, IncHI2/IncP, and IncF, but no known association between IncI and TEM-1 β-lactamases has 
been reported to date43.

One of the most interesting observations of this study was that conjugation frequencies and transconjugant 
numbers for the three tested Salmonella recipients differed from each other, with S. Infantis and S. London 
showing similar values, while S. Enteriditis showed lower conjugation frequencies in the conjugation assay. 
Notably, S. Enteriditis was the only recipient strain that harboured two additional IncF plasmids [IncFIB(S)_1 

Figure 4.   Results of the WGS analysis via ABRicate, represented in the form of heatmaps, showing (a) 
comparison of observed plasmids and (b) antimicrobial resistance genes (highlighted in red) between donor, rifR 
recipients, and transconjugants of the conjugation assay with Zn(NO3)2. (c) Reconstruction of the transferred 
plasmid from donor to recipients (transposases highlighted in green; genes involved in plasmid replication 
highlighted in purple; genes involved in AMR highlighted in red).
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and IncFII(S)_1], thus plasmid incompatibility could have resulted in lower conjugation frequencies, as has been 
described previously44,45. However, in this study the IncF plasmids did not share the same replicon protein as the 
transferred plasmids, thus it is possible that other factors such as fitness costs associated with plasmid acquisition 
and carriage contributed to the observed differences in resistance and conjugation frequencies46.

When comparing growth of transconjugants with their parent recipient strains, S. London and S. Infantis 
were not impacted by carrying the transferred plasmid, while S. Enteriditis transconjugants showed an increased 
lag phase. As S. Enteriditis transconjugants carried evidence of elements from two other plasmids as well as 
the transferred plasmid, it is possible that carriage of multiple plasmids is associated with a fitness burden. No 
changes in the maximum growth rates were observed. During the lag phase, bacterial metabolic activity is dedi-
cated to the adaption to a new environment, including potential stressors, nutrient acquisition in preparation 
for growth and cell division, whereas the exponential phase is mainly associated with processes involved in cell 
division47. Therefore, expression of genes of the newly acquired IncI1_1_Alpha plasmid such as blaTEM-1B could 
be a greater burden during the lag phase than during exponential growth, which may explain why correlation 
between lag phase and maximum growth rates was not observed. Nevertheless, the length of the lag phase alone 
can be an indicator for cellular stress as described by Hamill et al.47 and could be associated with the differences 
in ampicillin resistance observed for the transconjugants. Furthermore, cellular stress associated with carriage of 
the IncI1_1_Alpha plasmid may also explain the lower conjugation frequencies of S. Enteriditis in comparison 
to the other recipient strains.

In the first conjugation assay, the effect of varying sub-inhibitory concentrations of Zn(NO3)2 and selective 
agents for the donor (rifampicin) and recipient strains (ampicillin) on conjugation frequencies was examined. 
While ampicillin decreased the conjugation frequencies for S. Infantis and S. London, rifampicin increased 
frequencies for these strains, although not significantly. Previous studies have shown that sub-inhibitory or sub-
lethal selective pressure by antibiotics such as ciprofloxacin and amikacin can increase conjugation frequencies8,11. 
A possible explanation for these observations was given by Beaber et al.9. Exposure to antibiotics, independent 
of their class, induce intracellular stress, resulting in a SOS response and the expression of proteins involved in 
DNA recombination and repair, such as RecA. The protein RecA may then mediate the cleavage of repressor 
proteins such as LexA or SetR, allowing the transcription of genetic elements on the plasmid involved in the 
process9,11,48. Therefore, pressure exerted on the donor by rifampicin may promote conjugation frequencies. This 
effect was not observed for S. Enteriditis, where decreased conjugation frequencies were observed in the pres-
ence of rifampicin. However, two recent studies by Liu et al.12 and Shun-Mei et al.49 reported that conjugation 
frequencies do not always correlate with the SOS response and can be affected by SOS-independent mechanisms.

On the contrary, ampicillin induced selective pressure reduced conjugation frequencies for S. Infantis and 
S. London, while S. Enteriditis was unaffected. Beta-lactams such as ampicillin inhibit cell wall synthesis and 
therefore only affect growing cells. A study by Lee et al.50 showed a correlation between growth rates and efficacy 
of β-lactams. However, no significant differences in the maximum growth rates of the recipient strains were 
observed in this study. The results of the present study are in contrast to the findings of Liu et al.12, who observed 
that cefotaxime and ampicillin exposure increased conjugative transfer rates of an IncI1 plasmid, harbouring a 
blaCTX-M-1 gene, between ESBL E. coli donors and E. coli recipients. The reason behind the observed decrease in 
conjugation frequencies during exposure to ampicillin may indicate SOS-independent mechanisms, or strain 
variations, which remain elusive.

The presence of Zn(NO3)2 only affected conjugation frequencies with S. London. Interestingly, low concentra-
tions of zinc (0.25 mM) resulted in a decrease in conjugation frequency in comparison to the control, while higher 
concentrations (1 mM) resulted in non-significant increases compared to the control (0 mM) but significant 
differences in comparison to the 0.25 mM assay. Buberg et al.10 reported that ZnCl2 reduced conjugative transfer 
rates of an IncK (more than 98%) and an IncI1 plasmid (more than 90%) in a concentration-independent but 
also concentration-dependent manner, with higher reduction at higher ZnCl2 concentration, respectively. Both 
plasmids in their study harboured the blaCMY-2 gene which encodes a plasmid-mediated AmpC-β-lactamase 
commonly found in E. coli51. Based on their transcriptional analysis via quantitative PCR, ZnCl2 significantly 
reduced the expression of nikB (encodes a conjugal transfer relaxase protein) and traB (encodes a Type IV secre-
tion/conjugal transfer ATPase) which are both involved in the conjugation process. Consequently, Buberg et al.10 
concluded that ZnCl2 reduces conjugation frequencies by interfering with conjugation associated processes and 
gene expression. Similar observations were made in a recent study by Crane et al.11 which focused on the effects 
of zinc and ciprofloxacin on conjugative transfer between an ESBL Enterobacter cloacae and an E. coli recipient. 
Although the plasmid type was not mentioned in their study, they reported that blaCTX-M27 was successfully 
transferred from donor to recipient. According to their study, ciprofloxacin increased conjugation frequencies 
by inducing the SOS response, while in combination with zinc acetate conjugation frequencies were reduced in 
a concentration-dependent manner by inhibiting the RecA-ssDNA binding as part of the SOS response. Thus, 
RecA-ssDNA binding may play an important role in the acquisition of transferred DNA in recipient cells11. 
Conversely, Zhang et al.13 reported that ZnSO4 increases conjugation frequencies, in a concentration-dependent 
manner. Their study investigated the transfer of the pCM184-Cm plasmid between E. coli strains, which carried 
multiple ARGs not further specified in their study. However, based on their results zinc had the lowest impact 
of all four tested heavy metals on HGT. Furthermore, the authors suggested multiple aspects that play a role in 
increased conjugation frequencies due to sub-inhibitory exposure to heavy metals: (1) production of intracel-
lular reactive oxygen species and induction of the SOS response, (2) increased expression of ompA and ompC, 
which increased cell adhesion and thereby facilitated cell interactions13,52, (3) downregulation of global regula-
tory genes and upregulation of genes involved in HGT, such as genes encoding for relaxosomes. Whilst these 
studies show contradicting results, similar to the present study they all observe concentration dependency. It 
should also be noted that comparisons between studies are limited by the use of different strains, plasmids and 
different forms of zinc.
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To further analyse the impact of time, conjugation was monitored by repeated sampling over time in a conju-
gation assay with S. London. The first transconjugants were observed after 4 h. Interestingly, the presence of zinc 
reduced conjugation frequencies at this time point although the observed reductions were not significant. How-
ever, differences in conjugation frequencies reduced with every measured time point until the same pattern as 
the original conjugation assay was observed after 24 h. Nevertheless, in contrast to the original conjugation assay 
the increase of conjugation frequency in the presence of 1 mM zinc was not significant. Notably, Zhang, et al.13, 
Buberg, et al.10, and Crane, et al.11 incubated donor and recipient strains together for different time periods: 4 h, 4 
and 24 h, and 20 h respectively. The results of the present study clearly show that mating time plays an important 
role in conjugation experiments, as also discussed by Lopatkin, et al.2. Furthermore, as the donor and recipient 
cell populations increased during the 24 h conjugation assay, zinc concentrations per bacterial cell changed over 
time. Nevertheless, the growth of donor and recipient strains were not affected by the presence of zinc.

Concluding from these results, antimicrobials and heavy metals can affect AMR transfer in a strain- and 
concentration-dependent manner. Administration of antimicrobials and heavy metals on farms, may not only 
affect HGT events within the animal gut microbiota but also in the farm environment, considering that the farm 
environment may be contaminated with faeces, which can contain antimicrobial and heavy metal residues, pos-
ing a potential public health risk53,54. However, further investigations on the impact of antimicrobials and heavy 
metals on HGT events in more real world scenarios are necessary.

Conclusion
In this study, the blaTEM-1B resistance gene which conferred ampicillin resistance was successfully transferred 
from an ESBL E. coli donor strain to three different S. enterica serovars. Interestingly, conjugation frequencies 
varied between recipient strains, independent of exposure to antibiotics or zinc nitrate. While rifampicin expo-
sure resulted in increased conjugation frequencies for two of the three recipient strains, ampicillin resulted in 
decreases of conjugation frequencies dependent on the concentration of the tested antibiotic. Zinc nitrate only 
affected one of the recipient strains, namely S. London, also in a concentration-dependent manner with the 
highest conjugation frequency observed at the highest zinc nitrate concentration. Transfer of the same plasmid 
into different recipient strains was shown to result in differing resultant MIC values for ampicillin, as well as a 
strain dependent impact on growth parameters. This study clearly demonstrates the importance of examining 
wider strain sets to determine the true biological meaning of observations in in vitro studies. Although several 
studies have focused on correlation between stress responses and conjugation frequencies using in vitro set-ups 
with individual strain pairs, future studies should also focus on additional factors that may influence HGT, as 
well as the expression and maintenance of acquired ARGs, to capture the complexity and influences on AMR 
spread via conjugative transfer in real world environments.

Data availability
All raw sequence data used for whole genome sequence analysis in this study is publicly available at the NCBI 
Sequence Read Archive (SRA) under the BioProject number PRJNA870297.

Received: 22 August 2022; Accepted: 3 November 2022

References
	 1.	 Arnold, B. J., Huang, I. T. & Hanage, W. P. Horizontal gene transfer and adaptive evolution in bacteria. Nat. Rev. Microbiol. 20, 

206–218 (2021).
	 2.	 Lopatkin, A. J., Sysoeva, T. A. & You, L. Dissecting the effects of antibiotics on horizontal gene transfer: Analysis suggests a critical 

role of selection dynamics. BioEssays 38, 1283–1292 (2016).
	 3.	 WHO. Critically important antimicrobials for human health, 6th revision, https://​www.​who.​int/​foods​afety/​publi​catio​ns/​antim​icrob​

ials-​sixth/​en/ (2019).
	 4.	 Bonetti, A., Tugnoli, B., Piva, A. & Grilli, E. Towards zero zinc oxide: Feeding strategies to manage post-weaning diarrhea in piglets. 

Animals 11, 642 (2021).
	 5.	 EMA. European Medicine Agency - Questions and answers on veterinary medicinal products containing zinc oxide to be administered 

orally to food-producing species; Outcome of a referral procedure under Article 35 of Directive 2001/82/EC (EMEA/V/A/118), https://​
www.​ema.​europa.​eu/​en/​docum​ents/​refer​ral/​zinc-​oxide-​artic​le-​35-​refer​ral-​quest​ions-​answe​rs-​veter​inary-​medic​inal-​produ​cts-​
conta​ining-​zinc-​oxide_​en.​pdf (2017).

	 6.	 European Commission. Commission implementing decision of 26.6.2017 concerning, in the framework of Article 35 of Directive 
2001/82/EC of the European Parliament and of the Council, the marketing authorisations for veterinary medicinal products contain-
ing “zinc oxide” to be administered orally to food producing species, https://​ec.​europa.​eu/​health/​docum​ents/​commu​nity-​regis​ter/​
2017/​20170​62613​6754/​dec_​136754_​en.​pdf (2017).

	 7.	 FAO. Drivers, dynamics and epidemiology of antimicrobial resistance in animal production, https://​www.​fao.​org/3/​i6209e/​i6209e.​
pdf (2016).

	 8.	 Acosta, I. C., Posada, L., Huertas, M. G. & Zambrano, M. M. The effect of aminoglycosides on horizontal gene transfer in Klebsiella 
pneumoniae. Rev. Acad. Colomb. Cienc. Exactas Fis. Nat. 44, 105–120 (2020).

	 9.	 Beaber, J. W., Hochhut, B. & Waldor, M. K. SOS response promotes horizontal dissemination of antibiotic resistance genes. Nature 
427, 72–74 (2004).

	10.	 Buberg, M. L., Witsø, I. L., L’Abée-Lund, T. M. & Wasteson, Y. Zinc and copper reduce conjugative transfer of resistance plasmids 
from extended-spectrum beta-lactamase-producing Escherichia coli. Microb. Drug Resist. 26, 842–849 (2020).

	11.	 Crane, J. K., Cheema, M. B., Olyer, M. A. & Sutton, M. D. Zinc blockade of SOS response inhibits horizontal transfer of antibiotic 
resistance genes in enteric bacteria. Front. Cell. Infect. Microbiol. 8, 410 (2018).

	12.	 Liu, G., Bogaj, K., Bortolaia, V., Olsen, J. E. & Thomsen, L. E. Antibiotic-induced, increased conjugative transfer is common to 
diverse naturally occurring ESBL plasmids in Escherichia coli. Front. Microbiol. 10, 2119 (2019).

	13.	 Zhang, Y. et al. Sub-inhibitory concentrations of heavy metals facilitate the horizontal transfer of plasmid-mediated antibiotic 
resistance genes in water environment. Environ. Pollut. 237, 74–82 (2018).

https://www.who.int/foodsafety/publications/antimicrobials-sixth/en/
https://www.who.int/foodsafety/publications/antimicrobials-sixth/en/
https://www.ema.europa.eu/en/documents/referral/zinc-oxide-article-35-referral-questions-answers-veterinary-medicinal-products-containing-zinc-oxide_en.pdf
https://www.ema.europa.eu/en/documents/referral/zinc-oxide-article-35-referral-questions-answers-veterinary-medicinal-products-containing-zinc-oxide_en.pdf
https://www.ema.europa.eu/en/documents/referral/zinc-oxide-article-35-referral-questions-answers-veterinary-medicinal-products-containing-zinc-oxide_en.pdf
https://ec.europa.eu/health/documents/community-register/2017/20170626136754/dec_136754_en.pdf
https://ec.europa.eu/health/documents/community-register/2017/20170626136754/dec_136754_en.pdf
https://www.fao.org/3/i6209e/i6209e.pdf
https://www.fao.org/3/i6209e/i6209e.pdf


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20503  | https://doi.org/10.1038/s41598-022-23690-z

www.nature.com/scientificreports/

	14.	 Checcucci, A. et al. Exploring the animal waste resistome: The spread of antimicrobial resistance genes through the use of livestock 
manure. Front. Microbiol. 11, 1416 (2020).

	15.	 Hölzel, C. S. et al. Heavy metals in liquid pig manure in light of bacterial antimicrobial resistance. Environ. Res. 113, 21–27 (2012).
	16.	 Destoumieux-Garzón, D. et al. The One Health concept: 10 years old and a long road ahead. Front. Vet. Sci. 5, 14 (2018).
	17.	 Blackburn, C. D. & Davies, A. R. Development of antibiotic-resistant strains for the enumeration of foodborne pathogenic bacteria 

in stored foods. Int. J. Food Microbiol. 24, 125–136 (1994).
	18.	 EUCAST. Breakpoint tables for interpretation of MICs and zone diameters, https://​www.​eucast.​org/​filea​dmin/​src/​media/​PDFs/​

EUCAST_​files/​Break​point_​tables/​v_​12.0_​Break​point_​Tables.​pdf (2022).
	19.	 CLSI. M100 - Performance standards for antimicrobial susceptibility testing, https://​www.​nih.​org.​pk/​wp-​conte​nt/​uploa​ds/​2021/​02/​

CLSI-​2020.​pdf (2020).
	20.	 Soro, A. B., Oliveira, M., O’Donnell, C. P. & Tiwari, B. K. Ultrasound assisted modulation of yeast growth and inactivation kinetics. 

Ultrason. Sonochem. 80, 105819 (2021).
	21.	 Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data [Online], http://​www.​bioin​forma​tics.​babra​ham.​

ac.​uk/​proje​cts/​fastqc/ (2010).
	22.	 Ewels, P., Magnusson, M., Lundin, S. & Käller, M. MultiQC: Summarize analysis results for multiple tools and samples in a single 

report. Bioinformatics 32, 3047–3048 (2016).
	23.	 Wood, D. E., Lu, J. & Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 20, 257 (2019).
	24.	 Joensen, K. G., Tetzschner, A. M. M., Iguchi, A., Aarestrup, F. M. & Scheutz, F. Rapid and easy in silico serotyping of Escherichia 

coli isolates by use of whole-genome sequencing data. J. Clin. Microbiol. 53, 2410–2426 (2015).
	25.	 Yoshida, C. E. et al. The Salmonella in silico typing resource (SISTR): An open web-accessible tool for rapidly typing and subtyping 

draft Salmonella genome assemblies. PLoS ONE 11, e0147101 (2016).
	26.	 Prjibelski, A., Antipov, D., Meleshko, D., Lapidus, A. & Korobeynikov, A. Using SPAdes de novo assembler. Curr. Protoc. Bioinform. 

70, e102 (2020).
	27.	 Gurevich, A., Saveliev, V., Vyahhi, N. & Tesler, G. QUAST: Quality assessment tool for genome assemblies. Bioinformatics 29, 

1072–1075 (2013).
	28.	 Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 30, 2068–2069 (2014).
	29.	 Zankari, E. et al. Identification of acquired antimicrobial resistance genes. J. Antimicrob. Chemother. 67, 2640–2644 (2012).
	30.	 Carattoli, A. et al. In silico detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Anti-

microb. Agents Chemother. 58, 3895–3903 (2014).
	31.	 Antipov, D. et al. plasmidSPAdes: Assembling plasmids from whole genome sequencing data. Bioinformatics 32, 3380–3387 (2016).
	32.	 R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 

(2020).
	33.	 Wickham, H. ggplot2: Elegant graphics for data analysis (Springer, 2016).
	34.	 Kassambara, A. rstatix: Pipe-friendly framework for basic statistical tests. (2021).
	35.	 Edgar, R. & Bibi, E. MdfA, an Escherichia coli multidrug resistance protein with an extraordinarily broad spectrum of drug recogni-

tion. J. Bacteriol. 179, 2274–2280 (1997).
	36.	 Salipante, S. J. & Hall, B. G. Determining the limits of the evolutionary potential of an antibiotic resistance gene. Mol. Biol. Evol. 

20, 653–659 (2003).
	37.	 Sáenz, Y. et al. Mechanisms of resistance in multiple-antibiotic-resistant Escherichia coli strains of human, animal, and food origins. 

Antimicrob. Agents Chemother. 48, 3996–4001 (2004).
	38.	 Guenther, S. et al. Chromosomally encoded ESBL genes in Escherichia coli of ST38 from Mongolian wild birds. J. Antimicrob. 

Chemother. 72, 1310–1313 (2017).
	39.	 Founou, R. C., Founou, L. L., Allam, M., Ismail, A. & Essack, S. Y. Whole genome sequencing of extended spectrum β-lactamase 

(ESBL)-producing Klebsiella pneumoniae isolated from hospitalized patients in KwaZulu-Natal, South Africa. Sci. Rep. 9, 6266 
(2019).

	40.	 Bush, K. in Antibiotic and chemotherapy (Ninth Edition) (eds Roger G. Finch, David Greenwood, S. Ragnar Norrby, & Richard J. 
Whitley) 226–244 (W.B. Saunders, 2010).

	41.	 Wang, Y., Batra, A., Schulenburg, H. & Dagan, T. Gene sharing among plasmids and chromosomes reveals barriers for antibiotic 
resistance gene transfer. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 377, 20200467 (2022).

	42.	 Smet, A. et al. Broad-spectrum β-lactamases among Enterobacteriaceae of animal origin: Molecular aspects, mobility and impact 
on public health. FEMS Microb. Rev. 34, 295–316 (2010).

	43.	 Rozwandowicz, M. et al. Plasmids carrying antimicrobial resistance genes in Enterobacteriaceae. J. Antimicrob. Chemother. 73, 
1121–1137 (2018).

	44.	 Darphorn, T. S., Bel, K., Koenders-van Sint Anneland, B. B., Brul, S. & Ter Kuile, B. H. Antibiotic resistance plasmid composition 
and architecture in Escherichia coli isolates from meat. Sci. Rep. 11, 2136 (2021).

	45.	 Thomas, C. M. in Molecular Life Sciences: An Encyclopedic Reference (ed Ellis Bell) 1–3 (Springer New York, 2021).
	46.	 Prensky, H., Gomez-Simmonds, A., Uhlemann, A.-C. & Lopatkin, A. J. Conjugation dynamics depend on both the plasmid acquisi-

tion cost and the fitness cost. Mol. Syst. Biol. 17, e9913 (2021).
	47.	 Hamill, P. G. et al. Microbial lag phase can be indicative of, or independent from, cellular stress. Sci. Rep. 10, 5948 (2020).
	48.	 Baharoglu, Z., Bikard, D. & Mazel, D. Conjugative DNA transfer induces the bacterial SOS response and promotes antibiotic 

resistance development through integron activation. PLoS Genet. 6, e1001165 (2010).
	49.	 Shun-Mei, E. et al. Sub-inhibitory concentrations of fluoroquinolones increase conjugation frequency. Microb. Pathog. 114, 57–62 

(2018).
	50.	 Lee, A. J. et al. Robust, linear correlations between growth rates and β-lactam–mediated lysis rates. Proc. Natl. Acad. Sci. U.S.A. 

115, 4069–4074 (2018).
	51.	 Jacoby, G. A. AmpC β-lactamases. Clin. Microbiol. Rev. 22, 161–182 (2009).
	52.	 Schröder, W. & Moser, I. Primary structure analysis and adhesion studies on the major outer membrane protein of Campylobacter 

jejuni. FEMS Microbiol. Lett. 150, 141–147 (1997).
	53.	 Frey, L., Tanunchai, B. & Glaser, B. Antibiotics residues in pig slurry and manure and its environmental contamination potential. 

A meta-analysis. Agron. Sustain. Dev. 42, 31 (2022).
	54.	 Hejna, M. et al. Evaluation of concentration of heavy metals in animal rearing system. Ital. J. Anim. Sci. 18, 1372–1384 (2019).

Acknowledgements
This study was funded by the Teagasc Walsh Scholarship scheme (ref 2018027).

Author contributions
D.E. and C.M.B designed the experiments. D.E. undertook the experimental and analytical work and wrote the 
main manuscript text and prepared the figures. A.S. contributed to the modelling. E.G.M. contributed to the 

https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_12.0_Breakpoint_Tables.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_12.0_Breakpoint_Tables.pdf
https://www.nih.org.pk/wp-content/uploads/2021/02/CLSI-2020.pdf
https://www.nih.org.pk/wp-content/uploads/2021/02/CLSI-2020.pdf
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:20503  | https://doi.org/10.1038/s41598-022-23690-z

www.nature.com/scientificreports/

statistical analysis. C.M.B, E.G.M. and F.L. supervised the work and edited the manuscript. All authors reviewed 
the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.M.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

