
Identification and evolution of ICE-PmuST394: a novel integrative 
conjugative element in Pasteurella multocida ST394 

Piklu Roy Chowdhury 1*, Tamara Alhamami2, Henrietta Venter 3, Tania Veltman2, Mandi Carr2, 
Joanne Mollinger4, Darren J. Trott2† and Steven P. Djordjevic 1† 

1Australian Institute for Microbiology and Infection, University of Technology Sydney, City Campus, Ultimo, NSW 2007, Australia;  
2Australian Centre for Antimicrobial Resistance Ecology, School of Animal and Veterinary Sciences, University of Adelaide, Roseworthy 

Campus, Roseworthy, SA 5371, Australia; 3Clinical Health Sciences, University of South Australia, Adelaide, SA 5000, Australia;  
4Biosecurity Sciences Laboratory, Department of Agriculture and Fisheries, Health and Food Sciences Precinct, Coopers Plains, QLD 4108, 

Australia 

*Corresponding author. E-mail: piklu.bhattacharya@uts.edu.au  
@piklu_r 

†These authors contributed equally. 

Received 14 August 2023; accepted 18 January 2024 

Background: The emergence of macrolide and tetracycline resistance within Pasteurella multocida isolated 
from feedlot cattle and the dominance of ST394 in Australia was reported recently. 

Objectives: To establish the genetic context of the resistance genes in P. multocida 17BRD-035, the ST394 
reference genome, and conduct a molecular risk assessment of their ability to disperse laterally. 

Methods: A bioinformatic analysis of the P. multocida 17BRD-035 genome was conducted to determine if inte-
grative conjugative elements (ICEs) carrying resistance genes, which hamper antibiotic treatment options local-
ly, are in circulation in Australian feedlots. 

Results: A novel element, ICE-PmuST394, was characterized in P. multocida 17BRD-035. It was also identified in 
three other isolates (two ST394s and a ST125) in Australia and is likely present in a genome representing P. mul-
tocida ST79 from the USA. ICE-PmuST394 houses a resistance module carrying two variants of the blaROB gene, 
blaROB-1 and blaROB-13, and the macrolide esterase gene, estT. The resistance gene combination on ICE- 
PmuST394 confers resistance to ampicillin and tilmicosin, but not to tulathromycin and tildipirosin. Our analysis 
suggests that ICE-PmuST394 is circulating both by clonal expansion and horizontal transfer but is currently 
restricted to a single feedlot in Australia. 

Conclusions: ICE-PmuST394 carries a limited number of unusual antimicrobial resistance genes but has hot-
spots that facilitate genomic recombination. The element is therefore amenable to hosting more resistance 
genes, and therefore its presence (or dispersal) should be regularly monitored. The element has a unique mo-
lecular marker, which could be exploited for genomic surveillance purposes locally and globally. 

Introduction 
Bovine respiratory disease (BRD) is the most common disease in 
farmed cattle, resulting in significant adverse effects on the econ-
omy and necessitating careful monitoring and prevention of 
drug-resistant infections locally and globally.1,2 In the recent past, 
North America has seen a rapid rise in resistant variants of the 
two most predominant BRD pathogens, Pasteurella multocida and 
Mannheimia haemolytica, resulting in infections resistant to first- 
and second-line antibiotics prescribed for BRD.3–7 Acquisition of inte-
grative conjugative elements (ICEs) was linked to this rapid upsurge 

of the resistance problem in North America8–10 and Europe;11 how-
ever, such elements are yet to be reported in Australia. 

According to Meat and Livestock Australia estimates, Australia 
produced 2.4 million tonnes of beef and veal, of which 76% 
was exported at an estimated return of A$10.8 bn12 in 2019. 
Although prudent use of antibiotics for therapeutic and metaphy-
lactic purposes in feedlot cattle has prevented de novo 
appearance of resistance locally; we have identified subsets of P. 
multocida isolates that were resistant to various drug combina-
tions of tetracycline, tilmicosin, tulathromycin/gamithromycin 
and ampicillin/penicillin,13 including an unusual phenotype of 
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ampicillin/penicillin, tetracycline and tilmicosin13 resistance but 
susceptibility to tulathromycin. Third-generation cephalosporins 
(ceftiofur), fluoroquinolones (enrofloxacin and danofloxacin), 
macrolides (gamithromycin, tilmicosin, tildipirosin, tulathromycin), 
tetracyclines (chlortetracycline, oxytetracycline), florfenicol and 
sulphonamides are all used to treat BRD internationally.14 

However, within Australia, fluoroquinolones cannot be used in 
food-producing animals and third-generation cephalosporins are 
reserve agents.15 Chlortetracycline, oxytetracycline, tilmicosin 
and tulathromycin remain the most commonly used antimicrobial 
agents for treating BRD in Australia16 as they are rated to be of low 
importance to human health by the Australian Strategic and 
Technical Advisory Group on Antimicrobial Resistance.15 

Our genomic surveillance study on Australian BRD-associated 
P. multocida indicated that ST394 was linked to the emergence 
of resistance in BRD pathogens.17 In 2022, we published the 
reference genome sequence of P. multocida 17BRD-035 
(CP082272.1) representing ST394.18 Isolate 17BRD-035 was 
resistant to tetracycline, penicillin and tilmicosin but not tulathro-
mycin.13 Sequence analysis revealed the presence of tet(R)/tet(H) 
and blaROB-1 genes that accounted for tetracycline and penicillin 
resistance. Genes encoding the MacA-MacB proteins, which 
constitute a macrolide efflux pump18 in Escherichia coli, were 
also identified in the genome. The primary aim of this study 
was to establish the genetic context of the resistance genes in 
the genome, with the overarching objective of conducting a 
molecular risk assessment of the ability of resistance genes to 
disperse laterally within P. multocida and other BRD pathogens 
in Australia. 

Methods 
Strains, growth conditions and antimicrobial 
susceptibility testing 
Four MDR P. multocida (17BRD-035, 18BRD-001, 19BRD-032 and 
19BRD-057) representing MLST ST394, isolated from lung swabs of 
BRD-affected cows in Queensland Australia were re-examined in this 
study.13,18 The strains were grown overnight in brain heart infusion broth 
for DNA extraction. MIC antimicrobial susceptibility testing was also re- 
examined and interpreted on the four strains as described previously13 using 
Veterinary Reference Card panels (Sensititre®, Trek Diagnostics, Thermo 
Fisher Scientific, Thebarton, South Australia). 

Genome sequencing 
Template DNA for Illumina sequencing was prepared from 4 mL of over-
night cultures growing at mid-log phase using the Isolate II Genomic DNA 
extraction kit (Bioline, Australia) and following the manufacturer’s in-
structions. Sequencing libraries were prepared from 2 ng of gDNA using 
the Illumina Nextera XT Library Prep kit following an established proto-
col.19 Multiplexed libraries were sequenced on the Illumina HiSeq plat-
form at the Ramaciotti Centre for Genomics at the University of New 
South Wales. 

For Nanopore sequencing, genomic DNA was prepared using the XS 
buffer, with modifications.20 Briefly, genomic DNA from 2 mL of bacterial 
cells growing at mid-log phase was resuspended in 1 mL of XS buffer. The 
cell pellet was lysed by incubation at 70°C, and vortexed briskly to maxi-
mize lysis. Cellular debris was precipitated (incubation on ice for 30 min), 
removed (centrifugation 14 000 rpm, 10 min) and nucleic acid was har-
vested using an equal volume of isopropanol. Following two 70% ethanol 
washes, nucleic acid was resuspended gently in 100 µL of TE buffer, 

RNAse treated (PureLink™ RNase A 20 mg/mL from Invitrogen) and 
DNA was purified using phenol/chloroform extraction. Quality and quan-
tity of DNA was assessed using Nanodrop and Qbit prior to the prepar-
ation of sequencing libraries. Multiplexed sequencing libraries were 
prepared using Oxford Nanopore Technologies’ (ONT’s) Rapid Barcoding 
Sequencing Kit (SQK-RBK004) with 500 ng of input genomic DNA per sam-
ple and sequenced using a R9.4.1 flow cell (FLO-MIN106) at the DNA se-
quencing facility of the Australian Institute for Microbiology and Infection 
at UTS. 

Assembly of genome sequences 
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 
was used to assess the quality of Illumina sequences. Guppy base caller 
was used to extract long-read sequences from the multiplexed Nanopore 
run and demultiplexed using Deepbinner.21 FastQC, FastP22 and pycoQC23 

were used for quality control purposes and MultiQC24 was used to collate 
QC data into a single file. Genomes were co-assembled using Unicycler25 

and can be accessed in GenBank using nucleotide accession numbers 
JARXZF000000000.1, JARXZE000000000.1 and CP123618.1 for 18BRD- 
001, 19BRD-032 and 19BRD-057, respectively. 

Sequence analysis and annotation 
Preliminary genome annotations were generated using Prokka26 and on 
the RAST server.27 The ICEberg 2.028 database was used to identify the 
location of ICEs and integrative mobilizable elements (IMEs) and the an-
notations were manipulated using SnapGene (https://www.snapgene. 
com/). Individual modules on the ICE were manually curated using itera-
tive BLASTn and BLASTp29 searches. The allelic variants of the blaROB 
genes were confirmed by using the BLDB database (http://bldb.eu/).30 

Figures were generated using Easyfig v2.2.2, Proksee (https://proksee. 
ca/) and compiled using Adobe Photoshop 2022. 

Results 
ICE-PmuST394: a novel ICE in Pasteurella multocida 
17BRD-035 
Analysis of regions around the resistance genes in 17BRD-035 led 
to the identification of an 81 546 bp ICE, presented here as 
ICE-PmuST394, between coordinates 275 069 bp and 356  
614 bp (Figure 1a and b). Average GC content of the region was 
39.11%. The boundaries of ICE-PmuST394 are demarcated by 
15 bp (gatagaattttttca) attL (275 069–275 083) and attR (356  
600–356 614) sites, within which lies a full complement of genes 
required for a functional conjugation module associated with a 
type IV secretion system (T4SS), two allelic variants of blaROB, 
and the recently identified estT resistance gene.31 The ICE con-
sists of 102 open reading frames (ORF), including two integrase 
genes encoding a functional XerC tyrosine recombinase and a 
third integrase truncated by an ISApl1 insertion element 
(ISApl1_2 in Figure 1a, inset). The ICE also has a relaxase gene, 
but the oriT site could not be predicted. The conjugative module 
is 99.79% identical to the conjugative module in ICEHs1 from 
Histophilus somni strain AVI 1 (MF136609.1). 

The resistance module within ICE-PmuST394 in P. multocida 
comprises two allelic variants of blaROB, blaROB-1 and blaROB-13, se-
parated by a single ORF encoding the recently characterized 
serine-dependent macrolide esterase, EstT. It is located within 
the IRL and the start site of the transposase gene in ISApl1 
(Figure 1a, inset). Adjacent to the IRL is a second intact copy of 
the ISApl1 insertion element truncating a XerC-like integrase.  
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The 5559 bp resistance module, delineated by two copies of 
ISApl1 (Figure 1a, inset), is located within genome coordinates 
311 522–317 080 of the P. multocida 17BRD-035 genome and 
does not appear to have inserted as a single unit. The entire mod-
ule does not have any match in GenBank; however, in parts, 95% 
of the module has >99.43% sequence identity with regions of the 
Bibersteinia trehalosi USDA-ARS-USMARC-192 chromosome 
(CP003745.1) (Figure S1, available as Supplementary data at 
JAC Online). Multiple phage-like integrase genes are present 
around the module. 

A homologue of the macrolide esterase gene estT, recently 
characterized from Sphingobacterium faecium,31 is located be-
tween the two blaROB alleles in ICE-PmuST394. It is 849 bp in 
length, which is shorter than the 931 bp estT gene characterized 
in S. faecium, and differences in the translated amino acid se-
quences are localized at the N-terminal end of the peptide se-
quence (Figure S2). Beyond the N-terminal end, the peptide 
sequences are 99.6% identical with a single serine to methionine 
conversion (Figure S2) closer to the C-terminal end. Alignment ana-
lysis of estT gene with a collection of P. multocida genomes17,18 led 

to the identification of five in-house (BRD17-035, 18BRD-001, 
19BRD-032, 19BRD-042 and 19BRD-057) and four RefSeq genomes 
(GCF_001930605.1, GCF_002859385.1, GCF_002859485.1 and 
GCF_003261475.1), which host the homologue. 

The genome of 17BRD-035 additionally had a 46 801 bp puta-
tive IME between genome coordinates 1 948 490 and 1 995 290 
(Figure 1b). The element had 33 bp (aaaaatgcgagtaattaactcg-
cattttttgtt) attL (1 948 490–1 948 522) and attR (1 995 258–1  
995 290) sites but did not have a conjugative module. It com-
prised 63 ORFs, including an integrase gene encoding a XerC tyro-
sine recombinase, a relaxase and a mobF gene. Evidently, the 
module is immobile but can possibly mobilize if conjugative func-
tions are provided in trans. 

Genetic context of tetracycline and putative macrolide 
resistance efflux pump in Pasteurella multocida 
17BRD-035 (CP082272.1) 
The tet(R)-tet(H) genes were present within coordinates 359 787– 
361 704 of the P. multocida 17BRD-035 genome, but not within 

Figure 1. (a) Diagrammatic representation of ICE-PmuST394 in 17BRD-035. The linear scale indicates the genome coordinates of 17BRD-035 se-
quence, the ST394 reference genome in GenBank (CP082272.1). Red arrows indicate resistance genes, bottle-green arrows indicate hypothetical 
genes and aqua-coloured arrows indicate the T4SS-associated conjugation genes. The two resistance modules are labelled as RM1 (blaROB-estT resist-
ance module) and RM2 [tet(R)-tet(H) and mco-ebr, drug and metal resistance module]. RM1 is detailed in the inset and shows relative organization of 
blaROB and estT resistance genes and the conjugated ISApl1 elements demarcating the boundaries of the module. The red bar at the bottom of the 
inset indicates BLAST alignment of the module with the B. trehalosi genome sequence in the GenBank database. (b) Circular map of the P. multocida 
ST394 reference genome, 17BRD-035, with the relative position of ICE-PmuST394 and the putative IME indicated with red arcs along the innermost 
circle representing the scale. (c) Alignment of ICE-PmuST394 with the most closely related ICEs in the ICEberg database: Hs2336 is H. somnus 2336 
(CP000947), genome coordinates 1 927 921–1 994 529; Pm3690 is P. multocida 36950 (CP003022), genome coordinates 273 284–355 497; Pm3358 is 
P. multocida 3358 (CP029712.1), genome coordinates 247 960–320 250; MhM42548 is M. haemolytica M42548 (CP005383), genome coordinates 
2 128 248–2 190 602. The gradient at the right-hand bottom corner indicates percentage of identity across the genes in the respective genomes. 
This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   

Identification and characterization of ICE-PmuST394                                                                                     

3 of 8 

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkae040/7611864 by D

epartm
ent of Prim

ary Industries user on 08 M
arch 2024

http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkae040#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkae040#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkae040#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkae040#supplementary-data


the boundaries of ICE-PmuST394. However, the ICE and other 
metal and drug resistance genes in 17BRD-035 are housed within 
a 186 kb (coordinates 175 698 and 361 704) highly plastic gen-
omic region, bounded by multiple tRNA genes upstream and 
the CRISPR-cas-associated genes downstream (Figure 1a); a gen-
omic location well documented to be an insertion site for ICEs in 
Pasteurellaceae. 

An mco multicopper oxidase gene resided upstream of 
the tetracycline resistance module and an ebrB gene, known 
to encode an MDR protein of the SMR family, was found down-
stream. The combination of genes creates a drug and metal resist-
ance module. The region is 99.9% identical to the chromosome 
of H. somni strain ASc-MMNZ-VFA-069 (CP066739.1) and 
ICEHs1 (MF136609.1) from H. somni strain AVI 1. The CRISPR- 
cas-associated region is present downstream between genome 
coordinates 386 534–395 293 bp. 

The macA-macB genes encoding proteins that constitute a 
macrolide-specific ABC-type efflux pump in E. coli32 was present 
within genome coordinates 175 698–178 771 adjacent to the 
tRNA-leu and tRNA-cis genes. We were unable to trace any mobile 
genetic element in the vicinity of macA-macB. The macA-macB 
genes were identified in 130 (of 139) in-house and 177 P. multo-
cida genomes in the RefSeq database. 

Comparison of ICE-PmuST394 with closely related ICEs 
ICE-PmuST394 was most closely related to regions of the 
ICE found in M. haemolytica strain M42548 (CP005383, 
genome coordinates 2 128 248–2 190 602), followed by 
Haemophilus somnus (H. somni) strain 2336 (CP000947, gen-
ome coordinates 1 927 921–1 994 529) and P. multocida strain 
36950 (CP003022, genome coordinates 273 284–355 497) 
(Figure 1c) in the ICEberg database. Alignment of the three 
ICEs with ICE-PmuST394 (Figure 1b) indicated a near-identical 
T4SS module but the blaROB-estT resistance module was 
absent. Unlike P. multocida 17BRD-035, the tetracycline 

resistance module in all three related ICEs was positioned with-
in the boundaries of the respective ICE. The ICE found in 
P. multocida strain 3358 is similar to the three ICEs mentioned 
above (Figure 1c). 

ICE-PmuST394 and its variants within in-house 
Pasteurella multocida ST394 genomes 
ST394 isolates 18BRD-001, 19BRD-032 and 19BRD-057 in our col-
lection displayed identical resistance profiles to 17BRD-035. Of 
these three, the genome of 19BRD-057 was completely closed 
while the other two are draft genomes. All three genomes had 
minor variants of ICE-PmuST394, with >99.9% sequence similarity 
across their lengths (Figure 2a). In isolate 19BRD-057, the ICE was 
located within genome coordinates 275 029 and 356 573, while 
in isolate 19BRD-032, the element was present between genome 
coordinates 1 152 646 and 1 234 190. Both had identical attL 
and attR sites and the length of the ICE was identical to 
ICE-PmuST394. However, in isolate 18BRD-001 the ICE was shorter 
(78 463 bp) and the sequence of the attL and attR sites 
(tgggatttttggcgt) was different, indicating a separate integration 
site and consequently non-clonal dissemination of ICE-PmuST394. 

Alignment of ICE-PmuST394 with the ICEs in three other 
ST394 genomes using TBLASTX revealed differences in the 
blaROB alleles and in the ORFs abutting the resistance module 
(Figure 2a and b). Isolates 19BRD-032 and 19BRD-057 had 
blaROB-11 and blaROB-13 alleles, while 17BRD-035 and 18BRD-001 
had blaROB-1 and blaROB-13, and blaROB-13 and blaROB-11 
(Figure 2b), respectively. The fragment containing the truncated 
integrase gene ISApl1_2 in (Figure 1a, inset) and the 1980 bp traI 
homologue adjacent to it in isolate 17BRD-035, is inverted in 
19BRD-057 and 19BRD-032. In addition, there are several differ-
ences in the hypothetical gene cargo of the four isolates 
(Figure 2a). However, the conjugation module is identical in all 
ICE variants. 

Figure 2. (a) Alignment of ICE-PmuST394 in 17BRD-035 with ICEs in three other P. multocida ST394 genomes in our collection: 19BRD-057, 19BRD-032 
and 18BRD-001. Boundaries (attL and attR) of ICE-PmuST394 are demarcated by yellow bars in the diagram. The gradient at the right-hand corner 
indicates percentage of identity across the genes in the respective genomes. (b) Details of the blaROB resistance module in ICEs of the four ST394 gen-
omes in our collection. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   
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Is ICE-PmuST394 restricted to Australian Pasteurella 
multocida ST394 strains? 
To ascertain the relative abundance of ICE-PmuST394, and its 
characteristic modules, in a global collection of P. multocida gen-
omes, we searched 342 P. multocida genomes including 139 
in-house Australian P. multocida genomes. We used three dif-
ferent query sequences and filtered results using stringent cut- 
off parameters. The first query sequence used was the com-
plete sequence (81 546 bp) of ICE-PmuST394. Given the size 
of the query, only genomes that returned >97.5% identity 
over >20 kb alignment lengths were selected as positive hits 
(column 1 of Table S1). The entire conjugation module (38  
874 bp) was used as a query in the second search and 
>97.5% identity over 100% query length was used to select 
positive hits (column 2, Table S1). The third query included all 
three allelic variants of blaROB found on the β-lactamase resist-
ance modules identified here, where >99% identity over 100% 
query length was used to score a positive hit (column 3, 
Table S1). The conjugative module and the blaROB genes 
co-reside in five isolates (BRD17-035, 18BRD-001, 19BRD-032, 
19BRD-042 and 19BRD-057) in our in-house collection and 
one isolate from the RefSeq database (GCF_001930605.1). 
Except for isolate 19BRD-042, all in-house isolates were repre-
sentatives of RIRDC MLST ST394. 19BRD-042 belongs to ST125 
and is a fragmented genome assembled from Illumina 
short-read sequences. However, alignment of ICE-PmuST394 
with the 19BRD-042 genome sequence indicates 100% cover-
age of the ICE. Interrogation of the genome sequence 
GCF_001930605.1 (P. multocida strain 2887PM) returned a 
positive hit for all modules. RIRDC MLST typing of P. multocida 
strain 2887PM indicated it was a representative of ST79 and was 
cultured from a nasopharyngeal swab of a dairy cow in 
California, USA. The genome was fragmented; however, contig 
11 contained the most significant match to ICE-PmuST394. 
Beyond the conjugative module, there were several fragmented 
hits. However, the characteristic β-lactamase/macrolide resistance 
module of ICE-PmuST394 was absent in the genome. 

blaROB-1 has previously been reported to be present adjacent 
to a fragmented ISApl1 on plasmid pB1000 from Haemophilus 
parasuis strain BB1021 (DQ840517.2). The sequence of all ORFs 
on pB1000 was used to test association, if any, of the ISApl1 on 
the plasmid with a blaROB-containing module on ICE-PmuST394 
and with all genomes in our collection. Our analysis indicates 
that none of the P. multocida genomes host pB1000-like plas-
mids except isolate GCF_001930605.1. 

Discussion 
The distinguishing features of an 81 546 bp ICE, ICE-PmuST394, 
identified on the genome of P. multocida 17BRD-035, a reference 
genome for P. multocida ST394 from Australia, are presented 
here. The ICE has a unique resistance module comprising two al-
lelic variants of the β-lactamase-encoding blaROB gene (blaROB-1 
and blaROB-13) and the serine-dependent macrolide esterase 
gene estT, delineated by two copies of ISApl1. The conjugation 
module is near identical to ICEMh1 in M. haemolytica strain 
42548,9 ICE in H. somni strain 2336,33 ICEPmu1 on P. multocida 
strain 3695010 and ICEPmu3358,8 but the resistance gene load 

is relatively low when compared to the other region-specific 
ICEs in the Pasteurellaceae. This element has 102 ORFs, including 
2 functional tyrosine recombinase-type integrase genes, and a 
relaxase. An ICE-PmuST394-like element was also identified on 
a non-ST394 P. multocida genome, 19BRD-042 (ST125) in our col-
lection. Furthermore, using a global collection of P. multocida 
genomes downloaded from the GenBank RefSeq database, we 
present convincing evidence that ICE-PmuST394 is mostly re-
stricted to Australian P. multocida isolates, except the one pos-
sible ST79 isolate from the USA. Variants of ICE-PmuST394 were 
identified on three other ST394 genomes in our collection: 
19BRD-057, 19BRD-032 and 18BRD-001. The 5560 bp resistance 
module has different variants of the blaROB allele: blaROB-1/ 
blaROB-13 in 17BRD-035, and blaROB-13/blaROB-11 in 18BRD-001. 
Our analysis suggests that these variants are likely a reflection 
of mutational changes in blaROB, highlighting ongoing micro- 
evolutionary events occurring locally. 

At a nucleotide level the blaROB-1 allele differs from blaROB-13 by 
three bases, which translates to a difference of three amino acids 
in the peptide sequence. In comparison, blaROB-1 differs from 
blaROB-11 by one nucleotide and a single amino acid change. 
Therefore, it is likely that the blaROB-11 seen in 2019 isolates 
(19BRD-032 and 19BRD-057) were a result of a single mutation 
in blaROB-1 circulating in the 2017 isolate (17BRD-035). The 
blaROB-1 allele was first reported in 1981 from an ampicillin- 
resistant Haemophilus influenzae strain34 and was later found 
in Haemophilus (now Actinobacillus) pleuropneumoniae35 plas-
mids. blaROB encodes a class A β-lactamase that is capable of 
hydrolysing penicillins and first-generation cephalosporins.36 By 
1988, the gene was reported on plasmids and genomes of P. mul-
tocida originating from animals.37 It is likely that association of 
ISApl1 with blaROB-1 has catalysed intragenome mobilization of 
the resistance gene in P. multocida. 

The association of ISApl1 with blaROB-1 has previously been 
documented on several occasions in P. multocida plasmids, in-
cluding pOV (accession number NC_019381)38 and pB1001.7 

The relative orientation of the ORFs of blaROB-1 and the transpo-
sase gene in ISApl1 were, to the best of our knowledge, always 
observed in the same orientation. This relative orientation of 
the ISApl1 transposase and blaROB-1 genes has recently been re-
ported in ICEHpsaHPS7 from Glaesserella parasuis39 also. 
However, in ICE-PmuST394 and its variants in our in-house collec-
tion, orientation of the ORFs are opposite to each other, indicating 
the role of homologous recombination and gene shuffling events 
in the formation of the resistance module in ICE-PmuST394. Our 
argument is further validated by the fact that direct repeats, gen-
erally indicating recent insertions of IS elements, were not trace-
able at either end of the ISApl1 elements in ICE-PmuST394. This 
gene arrangement therefore presents a unique opportunity to 
exploit the inverted orientation as a molecular marker for track-
ing dispersal of ICE-PmuST394. 

The serine-dependent macrolide esterase gene estT from 
S. faecium WB1 is a recently characterized macrolide resistance 
gene, which when cloned and expressed in E. coli, preferentially 
hydrolyses 16-membered ring-containing macrolides (tylosin, til-
micosin and tildipirosin), but not the 14-member ring macro-
lides,31 and tulathromycin, which consists of a mixture of a 
13-membered ring (10%) and a 15-membered ring (90%). The 
estT homologue in ICE-PmuST394 of P. multocida genomes in  
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Australia is shorter by 25 amino acids at the N-terminal end, in 
addition to the single serine-to-methionine conversion closer to 
the C-terminus. Isolates with the estT gene in our collection ex-
hibited high MICs of both tilmicosin and tylosin, but were suscep-
tible to tildipirosin and tulathromycin (Table 1). The difference in 
the MIC values of the different macrolide antibiotics tested by 
Dhindwal et al.31 with that in P. multocida in our study is likely 
a reflection of the host background. It is notable that Dhindwal 
et al. reported a difference in MIC values of tilmicosin and tildipir-
osin between clones containing the estT gene and the catalytic-
ally inactive estT (S126A) gene variant. Therefore, the observed 
differences in susceptibility profiles could also be a reflection of 
the differences in the peptide sequence of the homologue in P. 
multocida. The unique macrolide resistance profile observed in 
the subset of Pasteurella isolates in Australia is contributed by 
the estT gene, as the gene is only present in isolates with the 
ICE and the four isolates exhibit identical phenotypes (Table 1). 
The macrolide-specific ABC efflux pump (macAB) has no effect 
on the resistance profile because identical macA-macB genes 
were found in most of the in-house P. multocida isolates (130/ 
139), including isolates susceptible to macrolides.13 In 
Australia, tylosin is not typically used to treat BRD cases, tilmico-
sin has been largely replaced by the more clinically effective tula-
thromycin, and tildipirosin is not yet registered.16 Therefore, the 
presence of ICE-PmuST394 in a handful of isolates from a single 
feedlot is possibly not yet a dire resistance threat that requires 
immediate attention, but the likely presence of ICE-PmuST394 
in the ST125 isolate may indicate it is more widespread among 
Pasteurellaceae than its perceived localization within Australia. 

Although mobility of ICE-PmuST394 was not investigated 
here, we present evidence of ICE-PmuST394-like elements in at 
least one ST125 isolate, 19BRD-042. The draft genome was scaf-
folded, and we were unable to comprehensively characterize the 
element. However, the sequences of the attL and attR sites 
(aaaagtgcggttaaaa) indicate an unrelated integration site com-
pared with ICE-PmuST394 in 17BRD-035, 19BRD-032 and 
19BRD-057, suggesting movement by lateral gene transfer. It is 
also noteworthy that the sequences of the attL and attR sites 
(tgggatttttggcgt) in 18BRD-001 were different to those in 
17BRD-035, 19BRD-032 and 19BRD-057. Therefore, it appears 
that the dispersal of ICE-PmuST394 in Australian P. multocida iso-
lates is being driven by both clonal propagation and lateral move-
ment. Although the resistance gene repertoire on ICE-PmuST394 

is relatively low, the presence of multiple copies of ISApl1 can 
serve as a hotspot for acquisition of additional resistance genes. 

Conclusions 
Monitoring the presence and micro-evolution of ICE-PmuST394 
within Pasteurellaceae genomes is necessary to identify evolu-
tion of the resistance module and/or variants of the BRD patho-
gen in Australia. The 5560 bp β-lactamase and macrolide 
resistance module is unique to ICE-PmuST394 and the relative 
opposite orientation of the transposase gene in ISApl1 and the 
blaROB allelic variants presents an opportunity to design a track-
able molecular marker for targeted surveillance purposes. 
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Table 1. Antimicrobial susceptibility testing results for four P. multocida isolates with ICE-PmuST394  

FLOR TET PEN TILMIC TULA TYLO TILID  

17BRD-035R 0.5 >8 8 32 ≤1 16 1 
18BRD-001R 0.5 >8 >8 32 ≤1 16 1 
19BRD-032R ≤0.25 >8 >8 32 ≤1 16 1 
19BRD-057R 0.5 >8 >8 16 (I) ≤1 16 1 
Phenotype S R R NAa S NA S 

Numbers indicate MIC (mg/L) corresponding to the tested antimicrobial agents. FLOR, florfenicol; TET, tetracycline; PEN, penicillin; TILMIC, tilmicosin; 
TULA, tulathromycin; TYLO, tylosin; TILDI, tildipirosin. The last row summarizes phenotypic interpretation for the antibiotics tested: S, sensitive; 
R, resistant; I, intermediate; NA, veterinary clinical breakpoints are not available. 
aCLSI tilmicosin veterinary clinical breakpoint for swine is ≥32 mg/L.   
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