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ABSTRACT
The emergence of multidrug-resistance (MDR) in Pasteurella multocida, a major contributor to 
bovine respiratory disease (BRD) is being increasingly reported, often linked to the carriage of 
antimicrobial resistance genes (ARGs) on integrative and conjugative elements (ICEs). The 
resistance phenotype for 19 antimicrobials was determined using broth microdilution in 
75 Pasteurella multocida isolates from healthy and BRD-affected cattle from five feedlots. The 
genomes of 32 isolates were sequenced to identify ARG) and mobile genetic elements (MGEs) 
and assess their genetic diversity. MDR isolates (with phenotypic resistance to aminoglycosides, 
macrolides, fluoroquinolones and/or tetracyclines) were primarily found among BRD-affected 
compared to healthy animals. Non-susceptible isolates, belonging to ST79 and ST13, harbored 
point mutations and four to nine ARGs, including rarely reported mechanisms in Europe 
(mph(E), msr(E) and aadA31 ARGs and newly described mutations in the gyrA/parC genes). All 
ARGs were linked to the presence of MGEs including two ICEs, Tn7407 and the novel Tn7809, 
a prophage and a putative composite transposon. Clonally related isolates were found in 
different batches from the same feedlot, suggesting maintenance of MDR strains. Our findings 
demonstrate the diverse genetic basis of AMR in P. multocida from BRD-affected cattle in 
Spain, emphasizing the role of MGEs in the ARG dissemination.

1.  Introduction

Bovine respiratory disease (BRD) is the most signifi-
cant health and economic problem in intensive beef 
production systems (i.e. feedlots) worldwide, due to 
high morbidity, mortality, loss of weight gain and 
treatment costs (Smith et  al. 2020; Snyder and 
Credille 2020). Multiple viral infections and environ-
mental and management factors, primarily those that 
overwhelm the host defenses, can lead to an over-
growth of BRD bacterial pathogens in the lower 
respiratory tract of individual animals, favoring the 
occurrence of clinical disease (Snyder and Credille 
2020). Stress generated by weaning, transport to 
feedlots, as well as commingling constitute well-
known risk factors for BRD, which occurs mainly in 

the first weeks after arrival to the feedlot (Chen et  al. 
2022; Maples et  al. 2022). When animals are diag-
nosed with BRD antimicrobials can be used both as 
part of individual treatments and as a group 
metaphylactic treatment to reduce the morbidity 
and mortality of BRD in high-risk cattle, mainly at the 
entry to feedlots (Maples et  al. 2022; Crosby et  al. 
2023). Therefore, BRD is the main cause of antimicro-
bial use (AMU) in cattle feedlots.

AMU in feedlots drives antimicrobial resistance 
(AMR) selection in BRD-associated pathogens, and 
increases the risk of transforming opportunistic 
pathogenic bacteria present in the respiratory tract 
of the animals into reservoirs of multidrug resistance 
(Catry et  al. 2016; Andrés-Lasheras et  al. 2022; Becker 
et  al. 2022). The isolation of multidrug-resistant 
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(MDR) strains, defined as those resistant to three or 
more antimicrobial families, and extensively drug-re-
sistant (XDR) strains, those non-susceptible to at least 
one agent in all but two or fewer antimicrobial 
classes, has lately become a more frequent occur-
rence in BRD bacterial pathogens, including 
Pasteurella multocida, a commensal resident of the 
bovine respiratory tract and one of the main bacte-
rial pathogens involved in BRD (Klima et  al. 2020; 
Calderón Bernal et  al. 2023; Jobman et  al. 2023). An 
increase in resistance of BRD bacterial pathogens iso-
lated from cattle after several days or weeks in feed-
lots compared to those isolated from animals at their 
arrival has been reported (Woolums et  al. 2018; Guo 
et  al. 2020; Hirsch et  al. 2022; Calderón Bernal et  al. 
2023). Moreover, the use of parental macrolides such 
as tulathromycin in metaphylactic treatments at 
arrival in the feedlot has been linked to increased 
MIC against macrolides in BRD Pasteurellaceae 
(Nobrega et  al. 2021) and to increased risk of isola-
tion of MDR strains (Crosby et  al. 2023).

MDR in BRD-Pasteurellaceae pathogens is mainly 
associated with integrative and conjugative elements 
(ICEs) containing antimicrobial resistance genes 
(ARGs) conferring resistance to multiple antimicrobial 
classes. ICEs are self-transmissible elements inte-
grated into the bacterial host chromosome that can 
excise themselves and be exchanged horizontally 
between bacteria of the family Pasteurellaceae and 
other Gram-negative bacteria (Michael et  al. 2018). 
These elements likely play a key role in the concen-
tration and dissemination of ARGs in BRD pathogens 
(Michael et  al. 2018; Snyder and Credille 2020; 
Andrés-Lasheras et  al. 2022). The widespread distri-
bution of ICEs that carry multiple ARGs (MDR-ICEs) is 
concerning because of their potential role in the dis-
semination of MDR in a single genetic transfer event 
(Snyder and Credille 2020; Andrés-Lasheras et  al. 
2022). The first MDR-ICE described in Pasteurellaceae 
was ICEPmu1 in P. multocida (Michael et  al. 2012b). 
This ICE confers resistance to up to twelve antimicro-
bials including tetracyclines, florfenicol, sul-
phonamides, spectinomycin, enrofloxacin, tilmicosin, 
and tulathromycin. Since then, the presence of ICEs 
with similar backbone regions associated with MDR 
in Pasteurellaceae has been documented in several 
studies in North American feedlots (Klima et  al. 2014, 
2016; Stanford et  al. 2020), but data on the genetic 
basis of AMR in BRD-bacterial pathogens in Europe 
are scarce and based on a very limited number of 
isolates (Schink et  al. 2022; Calderón Bernal 
et  al. 2023).

The main aim of this study was to characterize 
the genetic mechanisms and genetic diversity pres-
ent in a collection of P. multocida isolates with differ-
ent antimicrobial resistance profiles from both 
apparently healthy and BRD-affected animals during 
the fattening period, with a focus on the presence of 
ICEs associated with antimicrobial resistance mecha-
nisms. Additionally, the persistence of specific resis-
tant clones over multiple batches in selected feedlots 
was evaluated over time.

2.  Material and methods

2.1.  Bacterial strains

A total of 75 P. multocida isolates coming from appar-
ently healthy beef calves sampled at the entry to the 
feedlot (n = 50) and from calves affected by BRD 
during the fattening period (n = 25) and belonging to 
15 different animal batches housed in one of five 
feedlots located in two different regions of Spain 
(Madrid and Valencia) were included in this study 
(Supplementary Table S1). Sixty out of 75 isolates 
were recovered from 11 batches in feedlot 1 and 15 
isolates were recovered from four batches in feedlots 
2 to 5 (Supplementary Table S1). Isolates were 
obtained in a previous study (Calderón Bernal et  al. 
2023). Briefly, apparently healthy animals in batches 
of crossbred beef calves (5–7 months old, 5 to 20 ani-
mals/batch), entering one of five feedlots from 
January 2021 to September 2022 were sampled on 
the second day after arriving at the feedlot. In addi-
tion, all animals that developed clinical signs com-
patible with BRD during the fattening period 
(6–7 months) in the batches followed-up were also 
sampled on the first day clinical signs were observed 
and before antimicrobial treatment. Animals with 
clinical signs compatible with BRD were defined as 
those with nasal or ocular discharges, spontaneous 
cough, difficult breathing, or a rectal temperature of 
>40 °C. Samples consisted of deep nasopharyngeal 
swabs (DNPS Dryswab laryngeal MW128, MWE 
Medical Wire, Corsham, UK; n = 237) or bronchoalveo-
lar lavage (BAL; n = 24). Pasteurella multocida strains 
were isolated on Columbia agar supplemented with 
5.0% sheep blood (BioMérieux España, Madrid, Spain) 
and identified by MALDI-TOF MS (Bruker Daltonik 
GmbH, Germany) and a species-specific PCR assay 
targeting the kmt1 gene as previously described 
(Calderón Bernal et  al. 2022).

2.2.  Antimicrobial susceptibility testing (AST)

Minimum inhibitory concentrations (MIC) for 19 
antimicrobials (Table 1) were determined using the 
broth microdilution method as described in the 
Clinical and Laboratory Standards Institute 
Guidelines (Clinical and Laboratory Standards 
Institute (CLSI)), 2008) in commercially available 
Bovine/Porcine plates (SensititreTM BOPO7F, Thermo 
Scientific, Madrid, Spain). Sensititre plates were 
inoculated according to manufacturer’s instructions 
with isolates suspended in Mueller-Hinton Broth 
supplemented with 3.0% lysed horse blood. Plates 
were sealed, and incubated at 37 °C aerobically for 
24 h and, the MIC, defined as the lowest concentra-
tion of an antimicrobial agent that completely pre-
vents visible growth of the test strain under the 
defined in vitro conditions, was assigned by eye. 
MIC50 and MIC90, values above which the growth 
of 50.0% and 90.0% of the isolates respectively was 
inhibited, were also determined. Isolates were clas-
sified as wild type (WT) or non-wild type (NWT) 
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using the epidemiological cut-offs (ECOFFs) of the 
European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) when available, and as susceptible 
(S) or non-susceptible (intermediate or resistant; NS) 
based on the clinical breakpoints according to 
Clinical and Laboratory Standards Institute (CLSI) 
guidelines otherwise (Table 1). Multidrug resistance 
was defined as acquired non-susceptibility to at 
least one agent in three or more antimicrobial 
classes. The association between antimicrobial sus-
ceptibility and clinical origin of the isolates was 
determined using the Fisher exact test with the 
Benjamini-Hochberg adjustment for multiple com-
parisons using p < 0.05 as the threshold for statisti-
cal significance in R (R Core Team 2021).

2.3.  Whole genome sequencing (WGS), quality 
check and genome assembly and annotation

Whole genome sequences of a subset of 32 P. multo-
cida isolates that included all resistance profiles pres-
ent in the collection (Table 2) were analyzed; this 
selection comprised 18 isolates sequenced for this 
study in an Illumina platform (seven from healthy 
and eleven from clinically affected animals) and 14 
isolates (eight from healthy and six from clinically 
affected animals) previously sequenced (Calderón 
Bernal et  al. 2023). Briefly, DNA was extracted and 
purified using the Qiagen DNA Blood & Tissue Kit, 
followed by quantification with a Qubit® fluorometer 
(Invitrogen; Waltham, MA, USA). Library preparation 
for these samples was performed using the Nextera 
XT DNA Library Preparation Kit according to standard 
protocols (Illumina, Inc., San Diego, CA). Sequencing 
was performed on the MiSeq Illumina platform, using 
V3 reagents with 2 × 300 cycles. In addition, eight of 
those isolates subjected to Illumina sequencing that 
contained ARGs potentially linked to ICEs (see Section 
3) were selected for long-read sequencing on a 
MinION Nanopore device (Oxford Nanopore 
Technologies, UK).

Raw Illumina reads were initially trimmed using 
Trimmomatic (Bolger et  al. 2014) and quality was 
assessed with FastQC (Andrews 2010). Short reads 
from all 32 isolates passed the quality control checks 
and were assembled using SPAdes (Bankevich et  al. 
2012). In addition, hybrid genome assembly using 
short and long reads for isolates subjected to MinION 
sequencing was carried out using the 
FullForcePlasmidAssembler (FFPA) pipeline (https://
github.com/MBHallgren/FullForcePlasmidAssembler). 
FFPA uses Qcat (https://github.com/nanoporetech/
qcat/tree/master/qcat) for the removal of adapter 
and barcode sequences and NanoFilt (De Coster 
et  al. 2018) for the removal of low-quality reads. 
Hybrid assembly was performed by Unicycler (Wick 
et  al. 2017) and the assembly graphs were visualized 
with Bandage (Wick et  al. 2015). Quast (Gurevich 
et  al. 2013) was used to evaluate the quality of 
assemblies. Both short-read and hybrid assemblies 
were annotated with Bakta v1.8.2 (Schwengers et  al. 
2021) (Supplementary Table S2). Ta
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2.4.  In silico genotyping: MLST, antimicrobial 
resistance genes and mobile genetic elements 
(MGEs)

In silico multi-locus sequence typing (MLST) was per-
formed against the RIRDC MLST scheme using the 
MLST software (https://github.com/tseemann/mlst). 
Detection of known antimicrobial resistance genes 
was conducted using AMRFinder v3.12.8 (database 
version 2024-01-31.1) (Feldgarden et  al. 2021) with 
an identity threshold of >80.0%. For the identifica-
tion of point mutations associated with resistance, 
known single nucleotide polymorphisms (SNPs) in 
the 23S rRNA (linked to macrolide resistance), rpsE 
(spectinomycin resistance), and gyrA and parC (both 
associated with quinolone resistance) genes 
(Kehrenberg and Schwarz 2007; Kong et  al. 2014; 
Olsen et  al. 2015) were identified through the align-
ment of short reads to the P. multocida strain 
FDAARGOS_218 reference genome (CP020405.2) 
using Snippy (https://github.com/tseemann/snippy). 
The presence of plasmid replicons in the P. multocida 
isolates was assessed using PlasmidFinder (Carattoli 
et  al. 2014) with an identity threshold of >80.0% and 
MOB-suite (Robertson and Nash 2018) with default 
parameters.

To detect accessory regions on the chromosome 
linked to mobile genetic elements, we used the 
annotated hybrid assemblies for whole genome 
alignment with Progressive MAUVE v2015_02_25 
(Darling et  al. 2004). In these regions, the presence 
of conjugation apparatus indicative of integrative 
and conjugative elements (ICEs) was investigated 
using MacSyFinder v2.0, employing the CONJScan 
v2.0.1 models (Cury et  al. 2020; Néron et  al. 2023). 
The presence of prophage structural genes was also 
evaluated with PHASTEST v3.0 (Wishart et  al. 2023). 
Short-read assemblies were then scrutinized for char-
acterized MGEs using NUCmer v3.146 (Marçais et  al. 
2018), applying stringent selection criteria (alignment 
of ≥98.0% of their length and an identity of ≥98.0% 
with complete ICEs or prophages) to confirm 
matches.

2.5.  Phylogenetic analysis

The phylogenetic relationship between the 32 P. mul-
tocida isolates from Spanish feedlots analyzed here 
and seven external P. multocida strains from previous 
studies (Becker et  al. 2022; Schink et  al. 2022) and 
included in the National Center for Biotechnology 
Information (NCBI) Pathogen Detection database was 
assessed using a SNP-based approach. Assemblies 
from short reads and hybrid assemblies were aligned 
with Snippy (https://github.com/tseemann/snippy) 
against the complete sequence of one of the isolates 
from this study (735CV), used as the reference 
genome. The multiple alignment obtained from 
Snippy was used to filter out potential recombinant 
regions using Gubbins v. 3.1.4 (Croucher et  al. 2015) 
and the number of SNPs identified was extracted 
with snp-sites v. 2.5.1 (Page et  al. 2016). A 

maximum-likelihood phylogenetic tree was gener-
ated with RAxML v. 8.2.12 (Stamatakis 2014) using 
the general time-reversible substitution evolutionary 
model with gamma correction and 1000 bootstrap 
replicates. The tree was rooted using two sequences 
from P. multocida ST50 (GCA_023555675.1) and P. 
multocida ST122 (GCA_029650805.1) as outgroups. 
The ‘RhierBAPs’ package (Tonkin-Hill et al. 2018, 2019) 
in R (R Core Team 2021) was used to identify clusters 
in the population through the hierBAPS (hierarchical 
Bayesian Analysis of Population Structure) algorithm 
(Corander et  al. 2003, 2004; Corander and Marttinen 
2006; Cheng et  al. 2013) and the tree was visualized 
with the iTOL editor (Letunic and Bork 2019).

Distances ≤20 SNPs between isolates were consid-
ered indicative of a clonal status (Alhamami et  al. 
2023), and therefore this threshold was applied when 
investigating the likely persistence of MDR clones 
across different batches.

3.  Results

3.1.  Antimicrobial resistance phenotypes of P. 
multocida from BRD-affected and apparently 
healthy animals

The distributions of the MICs for P. multocida isolates 
are shown in Table 1. Considering antimicrobials for 
which epidemiological cut-offs were available and 
within the ranges of concentrations tested (10 out of 
19), the proportion of isolates with a NWT pheno-
type, which was considered suggestive of carriage of 
acquired resistance mechanisms, ranged from 28.0–
32.0% (tulathromycin and gamithromycin and tetra-
cycline) to 10.0–20.0% (spectinomycin and neomycin) 
or less than 10.0% (tildipirosin and florfenicol), while 
only isolates with a wild-type phenotype for genta-
micin and ampicillin were found (Table 1). For the 
four antimicrobials in which only clinical cut-offs 
were available, the proportion of non-susceptible iso-
lates was 14.0–17.0% (enrofloxacin and danofloxacin) 
or 0% (penicillin and ceftiofur). For the remaining 
five antimicrobials with no cut-offs available (tylosin 
tartrate, clindamycin and trimethoprim-sulfamethox-
azole) or with cut-offs outside of the range tested 
(tiamulin and sulfamethoxazole), very high MICs were 
recorded for all but trimethoprim-sulfamethoxazole, 
with MIC90 values above the highest concentration 
tested for all four (Table 1). Resistance levels were 
significantly (p < 0.05) higher in P. multocida isolates 
from BRD-affected animals than in those from appar-
ently healthy animals for all antimicrobials in which a 
threshold was available and NWT/non-susceptible 
isolates were detected except for florfenicol (Table 1).

Twenty-five of the 75 P. multocida isolates (33.3%) 
had a NWT/non-susceptible phenotype for at least 
one antimicrobial (Table 2) with a significantly higher 
(p < 0.05) proportion of resistance among those from 
BRD-affected animals (20/25; 80.0%) compared with 
those from apparently healthy calves (5/50; 12.0%). 
Twenty-two of the 75 isolates (29.3%) had MDR phe-
notypes (Table 2), the majority of which (13/22) 

https://github.com/tseemann/mlst
https://github.com/tseemann/snippy
https://github.com/tseemann/snippy
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included resistance to aminoglycosides, macrolides 
and tetracyclines (Table 2).

3.2.  Detection of AMR mechanisms and correlation 
between resistance genotypes and phenotypes in 
sequenced P. multocida isolates

Out of the 32 sequenced P. multocida isolates 
selected to include all observed resistance patterns, 
no AMR determinants were found among the 12 
isolates with no phenotypic resistance (pattern 10) 
and in the isolate with a NWT phenotype only for 
spectinomycin (pattern 9) (Table 2). The remaining 
isolates (n = 19) harbored between four and nine 
ARGs linked to resistance across five antibiotic fam-
ilies: aminoglycosides (aadA31, aph(3″)-Ib, aph(3′)-Ia 
and aph(6)-Id), phenicols (catA3 and floR), macro-
lides (mefC, mphE, mphG and msrE), sulphonamides 
(sul2) and tetracyclines (tet(B), tet(H) and tet(Y)) 
(Supplementary Table S3). Additionally, mutations in 
the quinolone resistance-determining regions 
(QRDR) of the parC and gyrA genes, as well as a 
mutation in the 23S rRNA (A2059G) were identified 
in between one and seven isolates (Supplementary 
Table S3). None of the five isolates carrying the 
mutation in the 23S rRNA carried other macro-
lide-associated ARGs.

The presence of AMR determinants was linked to 
increased MICs for almost all antimicrobial tested in 
this study (Figure 1). When the aph(3′)-Ia gene was 
found (always in combination with two or three 
other aminoglycoside ARGs) very high MICs (>32 µg/
mL) were observed for neomycin, while other ami-
noglycoside modifying enzyme-encoding genes 
conferred intermediate MICs (8–32 µg/mL), though 
still mostly above the resistance threshold (Figure 
1(A)). Similarly, the aadA31 gene was linked with 
resistance to spectinomycin (Figure 1(B)). Among 
the quinolones, point mutations in the gyrA (Ser88Ile, 
Ser88Arg) and parC (Ser84Leu, Glu88Lys) genes were 
associated with resistance to enrofloxacin and dano-
floxacin, especially when mutations occurred in 
both genes (Figure 1(C,D)). For macrolides, the resis-
tance phenotype conferred by the AMR mechanisms 
identified here depended on the antimicrobial: the 
23S rRNA mutation A2059G was the only mecha-
nism conferring resistance to tildipirosin (Figure 1€) 
and was also associated with higher MICs in tilmico-
sin (>16 µg/mL), tulathromycin (>64 µg/mL), and 
gamithromycin (>8 µg/mL) compared to isolates har-
boring other macrolide acquired resistance genes 
(Figure 1(F–H)). For phenicols and tetracycline-asso-
ciated ARGs, their presence alone or in combination 
(tetracycline ARGs) was always linked to resistant 
phenotypes and very high (>8 µg/mL) MICs (Figure 
1(I,J)). The presence of sul2 was associated with 
MICs >256 µg/mL to sulfadimethoxine (a single con-
centration was tested for this antimicrobial) (Figure 
1(K)), while no apparent association between the 
carriage of sul2 and the MIC to trimethoprim-sulfa-
methoxazole was found (Figure 1(L)).

3.3.  Characterization of mobile genetic elements

Overall, eight of the 32 sequenced isolates exhibited 
ICEs, with seven of these co-harboring two distinct 
ICEs on their chromosomes. Three of them contained 
the previously characterized ICE Tn7407 (Schink et  al. 
2022), which carried six ARGs, and was found in iso-
lates with a NWT phenotype for tetracycline and 
neomycin (Table 3). Additionally, five isolates carried 
a highly similar ICE (99.0% identity with Tn7407, 
referred to as ICE Tn7407_like) that also included the 
aadA31 gene linked to resistance to aminoglycosides 
(Figure 2(A)). Both the ICE Tn7407 and its variant ICE 
Tn7407_like were flanked by 8 bp direct repeats 
(5′-ATTCAAAA-3′) and were located upstream of the 
gene encoding the magnesium/cobalt transporter 
CorC, as previously reported (Schink et  al. 2022).

All three isolates carrying the Tn7407 and four of 
the five with Tn7407_like also carried a 53,350 bp-long 
novel ICE, named ICE Tn7809. This element was 
flanked by 9 bp direct repeats (5′-GATTTTGAA-3′) and 
was integrated in a genomic copy of a tRNALeu. Tn7809 
was highly similar to ICEs Tn7407 and Tn7407_like 
(95.9% identity) and its conjugation machinery also 
contained a mating pair formation (MPF) type G sys-
tem. This ICE harbored a unique resistance region 
including sul2, mefC, mphG, aph(6)-Id, aph(3″)-Ib, and 
tet(Y) genes (Figure 2(B)) that was linked to pheno-
typic resistance to macrolides such as tulathromycin 
and gamithromycin, which was not observed in the 
one isolate carrying only the ICE Tn7407_like (1094CM).

In addition, eleven isolates without ICEs carried a 
prophage containing the sul2, catA3, aph(3″)-Ib, and 
tet(B) genes (Figure 2(C)). Four of these isolates also 
contained an element flanked by two identical cop-
ies of ISMha6, suggesting the existence of a compos-
ite transposon. This transposon included multiple 
copies of ARGs such as sul2, catA3, msrE, mphE, mefC, 
mphG, tet(Y), aph(3″)-Ib, and aph(6)-Id, along with 
five copies of floR (Figure 2(D)). This element was 
found in isolates with a NWT phenotype for florfeni-
col, tulathromycin, and gamithromycin. Table 3 pro-
vides a summary of the findings on the distribution 
of MGEs, ARGs and phenotypes across the isolates 
used in this study.

3.4.  Genetic diversity in relation to the carriage of 
ICEs linked to ARGs

The 32 genomes obtained in this study were classi-
fied as MLST sequence type ST13 (n = 12), ST79 
(n = 16) and ST80 (n = 4). The phylogenetic analysis, 
including the seven external isolates from previous 
studies (Becker et  al. 2022; Schink et  al. 2022), 
showed three major clades (1–3) separated by 517–
1,685 SNPs (Figure 3). Isolates included in the first 
two clades (1 and 2, containing ST80 and most ST13 
isolates, respectively) originated mostly from healthy 
animals, lacked antimicrobial resistance genes and 
differed by 1,299-1,559 SNPs between clades (with a 
within-clade variability of <104 and <302 SNPs for 
clades 1 and 2).

https://doi.org/10.1080/01652176.2025.2474220
https://doi.org/10.1080/01652176.2025.2474220
https://doi.org/10.1080/01652176.2025.2474220
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The third major clade included two different sub-
clades, 3.1 and 3.2, separated by <610 SNPs and both 
mainly containing strains obtained from clinical ani-
mals. Isolates in both subclades harbored a high num-
ber of ARGs but carried different MGEs. Subclade 3.1 
included 11 strains belonging to ST79 (n = 8) and ST13 
(n = 3) separated by <205 SNPs that carried all the dif-
ferent chromosomal mutations associated with resis-
tance detected in the study (Figure 3). The three ST13 

isolates from this subclade harbored the prophage 
carrying the sul2, catA3, aph(3″)-Ib, and tet(B) resis-
tance genes (Figure 2(C)) and the same three muta-
tions in the QRDR regions. The remaining isolates in 
this subclade (8/11) belonged to ST79 and in addition 
to the same prophage four of them also harbored the 
composite transposon linked to macrolide and florfen-
icol resistance genes (Figure 2(D)). Subclade 3.2 
included eight ST79 strains from this study and seven 

Figure 1.  MIC distributions for 32 sequenced P. multocida isolates. The bar plots represent the number of isolates exhibiting 
different minimum inhibitory concentrations (MICs) for each tested antibiotic. Panels (A–L) display individual antibiotics. The 
distribution of resistance determinants within each bar is shown in different colors. Vertical dotted lines denote the MIC 
breakpoints used in this study (Table 1).
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ST79 external isolates from the USA, Switzerland and 
Germany (Figure 3). Except for one external isolate 
lacking ARGs, the rest of the isolates in this subclade 
(separated by <64 SNPs, <53 SNPs if only isolates from 
Spain are considered) carried the highest number of 
aminoglycoside resistance genes, located either in one 
ICE (ICE Tn7407 or ICE Tn7407_like) or two ICEs (ICE 
Tn7407 or ICE Tn7407_like plus ICE Tn7809).

3.5.  Persistence of MDR P. multocida isolates 
across multiple batches from the same feedlot

Evidence of a possible clonal relationship (<20 SNPs 
difference) was observed for seven isolates from sub-
clade 3.2 and for four isolates from subclade 3.1 
retrieved from different batches in feedlot 1 (Figure 
4(A)). Isolates from subclade 3.2 were retrieved from 

BRD-affected animals in four different batches (LV1, 
LV4, LV8 and LV9) with entry dates spanning from 13 
April 2021 to 18 February 2022 which coexisted in 
the feedlot for several weeks (Figure 4(B)), with iso-
lates from animals in batches LV1, LV4 and LV9 sep-
arated by only 0–6 SNPs. Clonally related isolates in 
subclade 3.1 were retrieved from three BRD-affected 
animals and one apparently healthy animal located 
in two different batches (LV7 and LV5) which were 
also present simultaneously in the feedlot for several 
weeks (Figure 4(B)). In addition, three pairs of clon-
ally related isolates retrieved from single batches in 
feedlot 1 were also found [two of them involving 
pairs of isolates from apparently healthy animals 
from clade 1 and subclade 3.1 (104PV-105PV and 
282PV-283PV) and the last one involving two isolates 
from BRD-affected animals from subclade 3.1 
(779CV-798CV)] (Figure 4(A)). Finally, two isolates 

Table 3.  Mobile genetic elements (MGE) detected among the 32 sequenced isolates along with the antimicrobial resistance 
genes (ARGs) detected within them and associated resistance phenotypes for antimicrobials with available breakpoints.
Mobile genetic element (MGE) No. of isolates (%) Antimicrobial resistance genes (ARGs) Resistance phenotype

ICE Tn7407 3 (9.4) aph(3′)-Ia, aph(6)-Id, aph(3″)-Ib, sul2 (x2), tet(H) NEO-TET
ICE Tn7407_like 5 (15.6) aph(3′)-Ia, aph(6)-Id, aph(3″)-Ib, sul2 (x2), tet(H)(x2), aadA31 NEO-SPE-TET
ICE Tn7809 7 (21.9) sul2, mefC, mphG, aph(6)-Id, aph(3″)-Ib, tet(Y) TUL-GAM-TET
ISMha6 element 4 (12.5) sul2 (x3), catA3, aph(3″)-Ib (x3), aph(6)-Id (x3), floR (x5), msrE, mphE, 

mefC, mphG, tet(Y)
TUL-GAM-FFN-TET

Prophage 11 (34.4) sul2, catA3, aph(3″)-Ib, tet(B) TET

NEO, neomycin; SPE, spectinomycin; TUL, tulathromycin; GAM, gamithromycin; FFN, florfenicol; TET, tetracycline.

Figure 2.  Gene structure of mobile genetic elements identified in this study. Arrows represent open reading frames with the 
following color codes: integrase in green, insertion sequences (ISs) in yellow, ARGs in red, and relaxase in pink. (A, B) Integrative 
and conjugative elements (ICEs) Tn7407, Tn7407_like, and the novel ICE Tn7809 identified in this study. The conjugative 
machinery is indicated by gray arrows. (C) Prophage identified carrying various ARGs. Proteins identified as phage components 
are colored in purple. (D) Element flanked by two copies of ISMha6, forming a putative transposon containing multiple ARGs 
and ISs.
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retrieved from a BRD-affected animal and an appar-
ently healthy calf in two batches housed in different 
feedlots with a 10-month difference (432PM in LM4 
and 756 in LM5) were also separated by <20 SNPs.

4.  Discussion

The emergence of MDR strains among BRD-bacterial 
pathogens reduces available options for the effective 
treatment of the disease and is concerning from a 

One Health point of view due to the need to use 
additional antimicrobials (Anholt et  al. 2017; 
Schönecker et  al. 2020; de Jong et  al. 2023). For this 
reason, monitoring of antibiotic resistance in these 
bacteria is needed (Kudirkiene et  al. 2021; Nielsen 
et  al. 2021; de Jong et  al. 2023) and is a key step to 
inform veterinarians on treatment protocol decisions 
that ensure judicious use of antimicrobials and to 
design strategies to avoid AMR dissemination (Anholt 
et  al. 2017; de Jong et  al. 2023). Even though data 

Figure 3.  Phylogenetic relationship of P. multocida isolates along with carriage of antimicrobial resistance genes (ARGs), point 
mutations and integrative and conjugative elements (ICE). Dendogram representation of maximum-likelihood phylogeny based 
on whole-genome SNPs analysis (branches with bootstrap values >50). The color of the leaves indicates the status of the 
animal (healthy = green or BRD-affected animals = red).

Figure 4. I nferred transmission network based on SNP distance. (A) Each node represents an individual genome, and the 
edges connecting them indicate a close genetic relationship (less than 20 SNPs). Two main clusters are detected, correspond-
ing to subclades 3.1 and 3.2 of the phylogenetic tree (Figure 3). The nodes are colored according to their respective batches. 
(B) Entry and exit of the different batches within the feedlot 1. Dots represent individual isolates, and connecting lines show 
isolates with fewer than 20 SNPs between them, suggesting possible transmission events. The network shows the transmission 
of two different clones, subclades 3.1 (blue) and 3.2 (red) over time across different batches. To the right of each batch, dots 
represent the number of sequenced isolates, either from apparently healthy animals (green) or BRD cases (red).
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on AMR in BRD associated bacterial pathogens in 
several countries in Europe is available through sci-
entific studies (Schönecker et  al. 2020; Kudirkiene 
et  al. 2021; de Jong et  al. 2023) and national AMR 
monitoring programs including these pathogens 
(Nielsen et  al. 2021; de Jong et  al. 2023), limited 
information on AMR and specifically on the genetic 
mechanisms behind it in BRD-associated bacterial 
pathogens in Spain is available, even though it is 
one of the main beef cattle producers in the 
European Union (https://ec.europa.eu/eurostat/).

A collection of isolates recovered from either clin-
ically affected or healthy calves from different batches 
in five Spanish feedlots was subjected to phenotypic 
and genotypic analyses to evaluate the genetic ele-
ments associated with clinically relevant resistance 
phenotypes and if possible assess their persistence 
over time. Most of the batches (12/15) included in 
this study, 11 from feedlot 1 and one from feedlot 2, 
came from five commercial operators (Supplementary 
Table S1) that commingled purchased animals from 
multiple origins in a given batch. Since clinically 
healthy animals were sampled on arrival, they can be 
considered indicative of the baseline resistance levels 
in Pasteurella before the fattening period. For these 
animals, the highest levels of resistance among iso-
lates retrieved on arrival involved tetracycline, macro-
lides and fluoroquinolones, but were all below 10.0% 
(Table 1). This is in agreement with previous reports 
describing low levels of AMR in cattle P. multocida 
isolates retrieved at arrival to the feedlots (Guo et  al. 
2020; Andrés-Lasheras et  al. 2021). Differences in the 
AMR levels among isolates from healthy vs. BRD-
affected animals should be interpreted carefully since 
several clinical isolates originated from batches in 
isolation of P. multocida from healthy animals at 
feedlot entry was not attempted and viceversa, and 
thus these differences could be due to factors other 
than the health status of animals, e.g. differences in 
the populations at arrival or other factors such as 
management conditions and, most importantly, dif-
ferent antimicrobial usage (Timsit et al. 2017). Despite 
of this, the level of AMR may vary across countries 
and may even differ between feedlots because of 
management factors and, most importantly, different 
antimicrobial usage (Timsit et  al. 2017), and therefore 
care must be taken when extrapolating this data. 
Nevertheless, detection of MDR P. multocida isolates 
is worrisome given its potential to rapidly spread as 
evidenced by the emerging problem in North 
American feedlots caused by strains with ARGs typi-
cally located in ICEs and resistant to multiple antimi-
crobial families including macrolides, phenicols, 
aminoglycosides, sulfonamides and tetracyclines 
(DeDonder and Apley 2015; Alhamami et  al. 2023).

Even though the association between the pres-
ence of resistance determinants and reduced suscep-
tibility to antimicrobials is not always straightforward 
in Pasteurellaceae (Owen et  al. 2017; Beker et  al. 
2018), here elevated MICs could be linked to the 
presence of one or more already described resistance 
mechanisms (ARGs or chromosomal mutations) for 

all antimicrobials except for the presence of sul2 and 
increased MICs for trimethoprim-sulfamethoxazole 
and sulfadimethoxine (Figure 1), thus offering proof 
of their role in the induction of NWT phenotypes. 
The lack of association between the presence of the 
sul2 gene and elevated MICs for sulfonamides was 
recently reported in Mannheimia haemolytica (Kostova 
et  al. 2024) and suggests that additional mechanisms 
must be involved in reduced susceptibility to this 
antimicrobial class, though the limited range of con-
centrations tested here limits our ability to extract 
definitive conclusions on the role of this gene in the 
resistance phenotype.

Most of the resistance determinants described 
here have been previously reported in resistant P. 
multocida strains, though the presence of macrolide 
resistance genes mph(E) and msr(E) in European iso-
lates is remarkable since its presence has been 
reported more commonly in isolates from the United 
States (Beker et  al. 2018) and only very recently in 
European isolates (Ujvári and Magyar 2022). 
Furthermore, the aadA31 aminoglycoside resistance 
gene, first described in two P. multocida isolates 
retrieved from BRD cases in Canada that carried the 
gene in a variant of ICEMh1 (Cameron et  al. 2018) 
and whose presence in clinical P. multocida isolates 
from cattle was also recently associated with carriage 
of ICEPmu1 variants (Stanford et  al. 2020), was also 
found here in four closely related isolates carrying 
the ICE Tn7407_like, which only differed from Tn7407 
in the presence of this gene (Figures 2(A) and 3). 
Interestingly, four external isolates from samples col-
lected in 2013 in two states of the United States 
(Supplementary Table S2) also carried this gene in 
the same ICE (Tn7407_like), demonstrating the wide-
spread distribution of the gene and its circulation in 
cattle several years before it was first described.

Similarly, resistance to fluoroquinolones is rarely 
observed in P. multocida (Michael et  al. 2012a; 
Melchner et  al. 2021; de Jong et  al. 2023) but more 
than one-third of the isolates retrieved from BRD-
affected cattle in this study and even few isolates 
from healthy calves had MICs above the CLSI clinical 
breakpoints for enrofloxacin and danofloxacin (Table 
1), with most resistant isolates (and certainly those 
with higher MIC values) harboring two mutations 
resulting in amino acid exchanges in the gyrA (codon 
88) and parC (codon 84 or 88) genes (Figure 1). The 
location of these mutations, while still within the 
quinolone resistance-determining regions, is different 
than those described in the also fluoroquinolone-re-
sistant strain 36950 (which harbored mutations in 
codons 75 and 83 in gyrA) (Michael et  al. 2012a) or 
in other fluoroquinolone-resistant isolates from Japan 
harboring different mutations (Kong et  al. 2014). This 
therefore highlights the potential for the emergence 
of new mechanisms leading to resistance to this crit-
ically important antimicrobial class in P. multocida. In 
contrast, the chromosomal mutation associated with 
elevated MICs to all macrolides tested in this study 
(substitution of adenosine by guanine at position 
2059 according to E. coli numbering), found in a 
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subset of isolates in clade 3.1, had been previously 
described in macrolide-resistant P. multocida isolates 
(Olsen et  al. 2015; Beker et  al. 2018; Ujvári and 
Magyar 2022). Another P. multocida macrolide-resis-
tant isolate which had been previously sequenced 
(isolate IMT47951, assembly accession 
GCA_020971725.1) and carried a mutation in the 
same location was also included in the phylogeny 
but fell in a different subclade (3.2) according to our 
phylogenetic analysis (Figure 3), though in that case 
the mutation involved a different nucleotide substi-
tution (cytosine instead of guanine here) (Schink 
et  al. 2022).

All the ARGs identified in MDR isolates were linked 
to the presence of one or more mobile genetic ele-
ments in the bacterial genomes (Figure 2). The pres-
ence of an ICE containing multiple ARGs (ICEPmu1) 
was first described in P. multocida isolates in North 
America already a decade ago (Michael et  al. 2012b), 
and homologs of this ICE have since then been 
found multiple times in isolates from clinically 
affected cattle in the United States and Canada 
(Clawson et  al. 2016; Klima et  al. 2020). However, 
new ICEs have been recently described in P. multo-
cida isolates from Australia (ICE-PmuST394) (Roy 
Chowdhury et  al. 2024) and Germany (Tn7407) 
(Schink et  al. 2022), but they are still extremely rare 
in Europe. Here, in eight phylogenetically related iso-
lates (grouped in subclade 3.2, Figure 3), we found 
one or two ICEs linked to the presence of between 
six and nine resistance genes. Seven of these isolates 
were separated by less than 20 SNPs and were 
retrieved from clinically affected animals from four 
batches that were housed in the same feedlot over 
18-months (Figure 4). The close genetic proximity 
between these seven isolates suggests that all are 
epidemiologically related, suggesting that the same 
strain could be persisting over time in the feedlot 
and thus transmission could be taking place at the 
feedlot. This hypothesis would be supported by the 
very high similarity (0–6 SNPs) between the six iso-
lates from batches LV1, LV4 and LV9, that entered 
the feedlot over a 10 month-period.

The seven isolates in subclade 3.2 carried two 
ICEs, one of which (here named Tn7809) is first 
described here and has a size (53,350 bp) in the 
range of previously described ICEs in Pasteurella (49–
79 kb) (Beker et  al. 2018). The second ICE was either 
the recently described ICE Tn7407 (Schink et al. 2022), 
found in three isolates in batches LV1 and LV9, or 
the Tn7407_like ICE that also contained the aadA31 
gene, which was found in four isolates retrieved from 
animals in three different batches that were present 
at the same time in the farm for several weeks 
(Figure 4(B)). Variation in the ARGs within an ICE can 
be expected given recombination and IS-mediated 
integration events (Beker et  al. 2018), and in fact the 
composition found here in ICE Tn7407_like resembles 
the findings described by Cameron et  al. who found 
variations in the syntenous resistance region 2 of 
ICEMh1, an ICE related to ICEPmu1 (Eidam et  al. 
2015), with the addition of aadA31. From an 

evolutionary perspective, these recombination events 
suggest ICE Tn7407, first detected in animals in batch 
LV1 from feedlot 1 (isolates 166CV and 189CV) was 
experiencing microevolution through the gain of 
aadA31 (found in isolates carrying ICE Tn7407_like 
from animals in batches LV4, LV8 and LV9) (Figure 
4(B)). According to our analysis the same ICE (Tn7407 
plus the addition of aadA31) was present in three US 
isolates retrieved nine years before the Tn7407 was 
formally described (Supplementary Table S2), further 
demonstrating the risk of acquisition of new ARGs by 
these mobile structures. The cluster of closely related 
seven isolates from subclade 3.2 carried two ICEs in 
separate parts of their genomes, in what is to the 
best of our knowledge the first instance of such 
occurrence in the P. multocida. Detection and charac-
terization of new ICEs linked to MDR phenotypes in 
P. multocida is important in order to evaluate the 
usefulness of newly developed PCR techniques aim-
ing at the direct detection of already described ICEs 
as indication of the presence of MDR-BRD pathogens 
(Conrad et  al. 2024).

Interestingly, isolates from subclade 3.1, despite 
sharing several resistance genes with those from 
subclade 3.2 such as aph(3″)-Ib, aph(6)-Id, mefC, 
mphG, sul2, and tet(Y), did not carry them on ICEs 
but on a prophage and an element flanked by two 
copies of ISMha6 (putative composite transposon). 
Although the presence of prophages in P. multocida 
has been demonstrated in several studies, they have 
been mostly associated with the carriage of func-
tion-unknown proteins and not with antibiotic-resis-
tance genes (Yu et  al. 2016; Hurtado et  al. 2020). 
Similarly, reports describing composite transposons 
are very rare, with the first identified in P. multocida 
being Tn5706, a transposon of about 4 kb associated 
with tetracycline resistance gene tet(H) (Kehrenberg 
et  al. 1998). In that case, Tn5706 was flanked by 
IS1592 (from the IS982 family), whereas in our case, 
the putative composite transposon was flanked by 
ISMha6 (from the IS1595 family). These results 
demonstrate that other mobile genetic elements 
may be also involved in the dissemination of ARGs in 
BRD bacterial pathogens, and these could be missed 
in studies in which detection is based exclusively on 
PCRs aiming only at ICE’s associated genes.

The recent increase in AMR and MDR of BRD bac-
terial pathogens isolated from animals in feedlots has 
been linked to the use of metaphylaxis with macro-
lides at arrival processing (Snyder et  al. 2017; Timsit 
et  al. 2017; Guo et  al. 2020; Andrés-Lasheras et  al. 
2021; Hirsch et  al. 2022). Since resistance in P. multo-
cida is mainly associated with the presence of ICEs 
that contain genes conferring resistance to multiple 
antimicrobials (Michael et  al. 2018; Snyder and Credille 
2020; Andrés-Lasheras et  al. 2022), this practice can 
favor the persistence and dissemination of resistant 
strains. In this study, different mobile genetic elements, 
including ICEs, a prophage and a putative composite 
transposon, associated with ARGs linked to phenotypic 
MDR profiles have been found in isolates from feedlot 
cattle housed in different batches in several feedlots in 
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Spain. These results point out the complexity of AMR 
genotypic mechanisms in P. multocida, demonstrate 
the risk of selecting MDR strains when single antimi-
crobial-based treatments are used in cattle upon 
arrival at feedlots, and underline the need for imple-
menting antimicrobial surveillance programs to control 
and reduce the spread of antimicrobial resistance in 
these pathogens within and between herds.
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