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Background - Staphylococcus pseudintermedius is the main aetiological agent of canine pyoderma. Whole gen-
ome sequencing is the most comprehensive way of obtaining relevant genomic information about micro-
organisms.

Hypothesis/Objectives — Oxford Nanopore technology enables quality sequencing and de novo assembly of
the whole genome of S. pseudintermedius. Whole genome analysis of S. pseudintermedius may help to better
understand the pathogenesis of canine pyodermas.

Methods and materials — Twenty-two strains of S. pseudintermedius isolated from the skin of five healthy
dogs and 33 strains isolated from skin of 33 dogs with pyoderma were analysed. DNA was extracted and sequen-
ced using Oxford Nanopore MinlON, a new technology that delivers longer reads in a hand-held device. The pan-
genome was analysed and visualised with Anvi'o 6.1.

Results — Nanopore technology allowed the sequencing and de novo assembly of the genomes of 55 S. pseu-
dintermedius strains isolated from healthy dogs and from dogs with pyoderma. The average genome size of
S. pseudintermedius was 2.62 Mbp, with 48% being core genome. Pyoderma isolates contained a higher num-
ber of antimicrobial resistance genes, yet the total number of virulence factors genes did not change between
isolates from healthy dogs and from dogs with pyoderma. Genomes of meticillin-resistant S. pseudintermedius
(MRSP) strains were larger than those of meticillin-susceptible (MSSP) strains (2.80 Mbp versus 2.59 Mbp), as a
consequence of a greater presence of antimicrobial resistance genes, phages and prophages.

Conclusions and clinical importance - This technique allows much more precise and easier characterisation
of canine S. pseudintermedius populations and may lead to a better understanding of the pathogenesis of canine
pyodermas.
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Introduction

Staphylococcus pseudintermedius is a component of the
dog skin microbiota’? and the main causative agent of
pyoderma in this species.®* A study using pulse-field gel
electrophoresis (PFGE) of dogs with pyoderma concluded
that S. pseudintermedius isolated from skin lesions
(pustules) were identical to the S. pseudintermedius iso-
lated from nonlesional sites of the same dog.® This find-
ing indicated that the S. pseudintermedius causing
skin infections very likely originated from commensal
S. pseudintermedius populations in the canine skin. Thus,
the current paradigm indicates that infection usually
arises when the skin and mucosal barriers are altered by
predisposing factors such as atopic dermatitis (AD), medi-
cal and surgical procedures, and/or immunosuppressive
disorders.® Therefore, S. pseudintermedius is considered
to be an opportunistic pathogen. Nevertheless, the mech-
anisms by which a commensal micro-organism is trans-
formed into a pathogen are poorly understood.

The increasing development of antibiotic resistance in
S. pseudintermedius populations and especially meticillin
resistance (MR), which confers resistance to all beta-
lactam antibiotics, is a very serious problem worldwide.*
The reduction and rational use of antibiotics in veterinary
medicine is one of the main strategies to reduce bacterial
resistance and one that is advocated by health organisa-
tions. Understanding the pathogenic mechanisms of pyo-
derma could help prevent the development of pyoderma
and help develop new therapies, which could reduce the
use of antibiotics. Nevertheless, to date, it has been chal-
lenging to find a research strategy to learn more about
how pathogenic S. pseudintermedius populations origi-
nate and the differences — if any — between commensal
and pathogenic S. pseudintermedius populations.

The recent development of next-generation sequenc-
ing (NGS) techniques that allow relatively easy and eco-
nomical mass sequencing of genomes has opened up a
new pathway for studying infectious diseases. In particu-
lar, the sequencing of the complete genome of micro-
organisms allows a very precise genotypic characterisa-
tion, identifying, for example, factors of virulence or
antimicrobial resistance and allowing the comparison of
different strains and isolates. The release of Oxford Nano-
pore Technologies’” MIinlON in 2014 generated much
excitement in the genomics community by offering porta-
bility (it measures approximately 3 cm x 10 cm), speed
and the capability of producing reads of virtually any
length.® The fact that it can work with longer reads facili-
tates the assembly of genomes and the characterisation,
location and genomic context of virulence and resistance
genes.” So even though it has a higher error rate than the
[llumina system, it has quickly become very useful for
rapid clinical responses and sequencing in the field.&®

The objective of this study was two-fold. First, to deter-
mine whether the Nanopore technology allows a
sequencing and de novo assembly of the whole genome
of S. pseudintermedius. Second, in the event that the
result was positive, to analyse and compare the genome
of different S. pseudintermedius strains isolated from the
skin of healthy dogs and from skin lesions of dogs with
pyoderma. We aimed to reach a better understanding of
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the genome of S. pseudintermedius and detect differ-
ences that could explain the change from a commensal
micro-organism to a pathogen.

Materials and methods

Bacterial cultures

The present study was carried out on 22 cultures of S. pseudinter-
medius isolated from the skin of six healthy dogs and 33 cultures
isolated from 33 dogs diagnosed with pyoderma. In the case of the
healthy dogs, the samples were obtained by rubbing a sterile swab
on the perioral or abdominal skin for 15 s. In the dogs with pyo-
derma, samples were obtained, whenever possible, from the con-
tent of the pustules. In three cases where no obvious pustules
were present, the samples were obtained from epidermal col-
larettes, as described in the literature.’® The samples were cultured
in blood agar at 37°C and incubated in aerobiosis for 24 h or 48 h,
depending on the visual growth on the plate. Colonies with charac-
teristic morphology of S. pseudintermedius were subcultured and
stored in brain heart infusion (BHI) broth with 20% glycerol at —
80°C for further studies. Before the DNA extraction procedure, cul-
tures were plated in blood agar and seeded in 3 mL BHI broth at
37°C for 24 h in aerobiosis.

DNA extraction and sequencing

Staphylococcus pseudintermedius DNA from the BHI broth cultures
was extracted with a Zymo BIOMICS DNA Miniprep Kit (Zymo
Research; Irvine, CA, USA). DNA quality and quantity were deter-
mined using a Nanodrop 2000 Spectrophotometer and Qubit dsDNA
BR Assay Kit (Fisher Scientific S.L.; Madrid, Spain). The sequencing
libraries were prepared using 200 400 ng DNA which were sub-
jected to transposase fragmentation using the Rapid Barcoding
Sequencing kit (SQK-RBK004, Oxford Nanopore Technologies;
Oxford Science Park, UK), and 12 barcoded samples were loaded in a
MinlON FLO-MIN106 v9.4.1 flow cell (Oxford Nanopore Technolo-
gies) and sequenced in a MinlON Mk1B. The fastb files were base-
called with Guppy 4.0.11 (Oxford Nanopore Technologies) with high
accuracy base-calling mode, demultiplexed and with adapters
trimmed. Reads with a quality score <7 were discarded.

Assembly and visualisation of the genomes

NanorLoT 1.27 (https://github.com/wdecoster/NanoPlot) was used to
obtain the run summary statistics."’ Sequences corresponding to
S. pseudintermedius after taxonomy assignment using What's in my
pot (WIMP) workflow from the EPI2ME platform'? were de novo
assembled using FLve 2.7.1."° Minivap 2.17 was used to align the
assembled sequences to the raw data files.'* The resulting contigs
then were first polished with the graph-based correction method in
Racon 1.4.13 (https://github.com/Ibcb-sci/racon), followed by the
neural-network based correction method used by Mepaka 1.0.3
(https://nanoporetech.github.io/medaka/).

Genome completeness was assessed with CHeckM 1.1.1."° Cir-
cLATOR 1.5.5 was used to identify the origin and the reverse comple-
mentary sequences.'® Genomes were annotated with NCBI
Prokaryotic Genome Annotation Pipeline (PGAP)'” (after uploading to
NCBI; Bioproject PRINAB85966), and the total numbers of coding
sequences, rRNA and tRNA were determined. Comparative genome
identity was assessed with FASTANI.'®

Anvi'o 6.2 (https://merenlab.org/2016/11/08/pangenomics-v2/)
allows comparison of shared genes."® It was used to determine the
core genome and accessory genome of S. pseudintermedius iso-
lates.

A custom phylogenetic tree was built with PATRIC?® from the 55
de novo assembled genomes and 31 complete genomes available in
NCBI as of May 2021, with 100 single-copy PATRIC PGFams
selected by the codon tree method as homology groups (Fig. 1). The
aligned proteins and coding DNA from single-copy genes were anal-
ysed with RAXML,?" as included in PATRIC. The resulting Newick file
was viewed in FIGTReE v1.4.4 (https://github.com/rambaut/figtree).
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Figure 1. Phylogenetic tree built with PATRIC from 31 complete ge
study.

ius strain AH18

nomes available in NCBI and the 55 de novo assembled genomes from this

Thirty-three strains were isolated from dogs with pyoderma (strains with codes DG and DSP) and 22 from the skin of healthy dogs (strains with
code HSP)(full data for each strain can be seen in Table 1). Red boxes indicate meticillin-resistant Staphylococcus pseudintermedius (MRSP) clus-

ters.

Multilocus sequence type, antibiotic-resistance
genes, virulence factors and bacteriophages

Multilocus sequence types (MLST) were assigned with MLST 2.0
software and its database 2.0.0.%? Antibiotic resistance genes were
identified with Asricate  0.8.13%% (https://github.com/tseemann/
abricate) with the CARD database.?* Plasmids (replicons) were identi-
fied with PLasmiDFINDER 2.1.2% A custom database also was created to
analyse the virulence factors (SPVFDB), containing 58 genes encod-
ing for virulence factors that include exfoliative toxins, enterotoxins,
leukocidins, pore-forming proteins and intercellular adhesion pro-
teins. Subsequently, the results were filtered by genes with identity
and coverage >90%. PHiGaRO 2.2.6%° and VirsorTer 1.0.6%7 were used
to identify phage and bacteriophage sequences within the genomes.

Data availability

The whole-genome assemblies were deposited at GenBank reposi-
tory under BIOPROJECT PRJNAB85966 and with the accession
numbers CP066702-066718, CP066884, CP066885 and JAENBQO
00000000-JAENDF000000000. The version described in this paper
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is version 1. Full data from the whole-genome assemblies also have
been published elsewhere.?®

Results

DNA extraction and purification from BHI broth cultures
developed as expected. Sequencing libraries were pre-
pared with 12 isolates per library with the Rapid Barcod-
ing kit (12-plex barcode libraries) and sequenced in the
Nanopore MinlON Mk1B for 24 h. The mean size of the
reads was 2,600 bp. After quality assessment of the
reads, all genomes were assembled, achieving complete-
ness >96.7% and considered high-quality (completeness
>90%, contamination <5%) for further analyses. Mean
sequencing coverage was x249.18. Table 1 presents the
most relevant genomic data of the 55 isolates of
S. pseudintermedius according to the origin of the

© 2021 The Authors. Veterinary Dermatology published by John Wiley & Sons Ltd on behalf of ESVD and ACVD., 32, 654-663.
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Table 1. Results of nanopore sequencing and de novo assembly of the 55 Staphylococcus pseudintermedius isolates, including the following
parameters: health status, isolate, country of origin of isolate, genome size, %GC, multilocus sequence types (MLST), meticillin-resistance (MRSP)
and SSC-mec type cassette, number of phages and prophages, virulence factor and antimicrobial resistance genes identified, and multidrug-
resistance genotype.

Meticillin Virulence  Antimicrobial ~ Multidrug

Healthy skin/ Origin of Genome resistance Phages &  factor resistance resistant
pyoderma Isolate sample size (bp) GC % MLST (mecA) SCCmec Type prophages genes genes genotype
Pyoderma D_G062 Italy 2991046 37.4 71 MRSP SCCmec_type_lI-lIl 9 41 12 yes
Pyoderma D_G063 Italy 2981623 37.4 71 MRSP SCCmec_type_lI-Il 9 41 11 yes
Pyoderma D_G064 lItaly 2895060 37.5 71 MRSP SCCmec_type_lI-IIl 7 40 10 yes
Pyoderma D_G066 Italy 2808032 37.5 71 MRSP SCCmec_type_lI-lll 5 41 11 yes
Pyoderma D_G067 Italy 2896399 37.5 71 MRSP SCCmec_type_lI-lll 8 40 10 yes
Pyoderma D_G071 Italy 2807986 37.5 71 MRSP SCCmec_type_lI-lll 5 42 11 yes
Pyoderma D_G072 Italy 2837133 37.4 71 MRSP SCCmec_type_lI-lll 6 41 10 yes
Pyoderma D_G077 Italy 2791496 37.5 71 MRSP SCCmec_type_lI-lll 6 42 10 yes
Pyoderma D_G078  ltaly 2799396 37.4 71 MRSP SCCmec_type_lI-IIl 5 41 11 yes
Pyoderma D_G089 Italy 2797937 37.5 71 MRSP SCCmec_type_lI-Il 5 41 11 yes
Pyoderma D_G094  ltaly 2849103 37.4 71 MRSP SCCmec_type_lI-lIl 5 39 11 yes
Pyoderma D_SP020 Spain 2793830 37.5 71 MRSP SCCmec_type_lI-lIl 5 42 10 yes
Pyoderma D_SP021  Spain 2795724 37.5 71 MRSP SCCmec_type_lI-lll 5 41 10 yes
Pyoderma D_SP025 Spain 2805515 37.5 71 MRSP SCCmec_type_lI-lIl 6 41 10 yes
Pyoderma D_SP036  Spain 2927015 37.3 71 MRSP SCCmec_type_lI-IIl 5 Iyl 10 yes
Pyoderma D_G076 Italy 2780144 37.2 258 MRSP SCCmec_type_IVg 1 89 8 yes
Pyoderma D_G082 Italy 2626557 37.6 258 MRSP SCCmec_type_IVg 1 39 7 yes
Pyoderma D_G093 Italy 2648891 37.6 258 MRSP SCCmec_type_IVg 2 a9 € yes
Pyoderma D_SP029  Spain 2723805 37.4 258 MRSP SCCmec_type_IVg 1 40 8 yes
Pyoderma D_G081 Italy 2694747 37.6 301 MRSP SCCmec_type_IVg 2 38 9 yes
Pyoderma D_SP032 Argentina 2670199 37.5 1631 MRSP none 1 43 9 yes
Pyoderma D_SP022  Spain 2767901 37.2 Unknown MRSP none 3 41 9 yes
Pyoderma D_G050 Italy 2637713 37.6 Unknown MSSP 2 42 8 yes
Pyoderma D_G099 Italy 2623014 37.6 Unknown MSSP 1 45 8 yes
Pyoderma D_SP035 Argentina 2642865 37.6 Unknown  MSSP 2 43 6 yes
Pyoderma D_SP028 Spain 2575420 37.6 Unknown MSSP 1 42 6 yes
Pyoderma D_SP024  Spain 2762026 37.5 611 MSSP 3 42 4 yes
Pyoderma D_SP026  Spain 2567628 37.6 503 MSSP 1 42 1 no
Pyoderma D_SP034 Argentina 2550368 37.6 1827 MSSP 0 44 1 no
Pyoderma D_SP027  Spain 2717194 37.3 Unknown MSSP 2 44 1 no
Pyoderma D_SP030 Argentina 2612059 37.6 Unknown MSSP 1 41 1 no
Pyoderma D_G059 Italy 2573568 37.6 Unknown MSSP 1 40 1 no
Pyoderma D_G040 Italy 2564892 37.7 Unknown MSSP 1 43 1 no
Healthy skin ~ H_SP141  Spain 2622529 37.6 257 MSSP 2 42 2 no
Healthy skin~ H_SP125  Spain 2551473 37.6 1061 MSSP 1 46 1 no
Healthy skin ~ H_SP118  Spain 2512855 37.7 1248 MSSP 0 42 1 no
Healthy skin ~ H_SP079  Spain 2585691 37.5 Unknown MSSP 0 43 3 yes
Healthy skin~ H_SP080  Spain 2585570 37.5 Unknown MSSP 0 43 3 yes
Healthy skin ~ H_SP081  Spain 2621254 37.7 Unknown MSSP 3 40 1 no
Healthy skin ~ H_SP082  Spain 2620663 37.7 Unknown MSSP 3 40 1 no
Healthy skin~ H_SP093  Spain 2590335 37.5 Unknown MSSP 2 42 1 no
Healthy skin ~ H_SP094  Spain 2570595 37.6 Unknown MSSP 2 42 1 no
Healthy skin~ H_SP095  Spain 2575879 37.6 Unknown MSSP 2 42 1 no
Healthy skin~ H_SP096  Spain 2578330 37.6 Unknown MSSP 2 42 1 no
Healthy skin ~ H_SP097  Spain 2575223 37.6 Unknown MSSP 2 42 1 no
Healthy skin  H_SP127  Spain 2690618 37.5 Unknown MSSP 2 43 2 no
Healthy skin - H_SP132  Spain 2515164 37.7 Unknown MSSP 0 42 1 no
Healthy skin ~ H_SP134  Spain 2514594 37.7 Unknown  MSSP 0 42 1 no
Healthy skin~ H_SP135  Spain 2512727 37.7 Unknown MSSP 0 42 1 no
Healthy skin ~ H_SP136  Spain 2512726 37.7 Unknown  MSSP 0 42 1 no
Healthy skin ~ H_SP137  Spain 2512757 37.7 Unknown MSSP 0 42 1 no
Healthy skin~ H_SP138  Spain 2512830 37.7 Unknown MSSP 0 42 1 no
Healthy skin~ H_SP140  Spain 2597272 37.6 Unknown MSSP 1 39 1 no
Healthy skin ~ H_SP142  Spain 2597098 37.6 Unknown MSSP 1 39 1 no
Healthy skin~ H_SP143  Spain 2779670 37.6 Unknown MSSP 5 40 1 no

sample and MLST. The full data for all isolates can be
seen in Table S1 of the Supporting information. Pairwise
average nucleotide identity (ANI) values among the 55
S. pseudintermedius isolates are shown in Table S2. The
average nucleotide identity among the 55 isolates was
99.27%.

In the case of isolates from dogs with pyoderma, ST71
and ST257 were predominant. However, among isolates
from healthy dogs, these two STs were absent, and a
long list of previously unreported STs was identified (19

© 2021 The Authors. Veterinary Dermatology published by John Wiley & Sons Ltd on behalf of ESVD and ACVD., 32, 654-663.

of 22), even with 100% coverage and identity values for
the alleles of the seven genes analysed in the MLST.
Considering all 55 samples together, the average gen-
ome size of S. pseudintermedius was 2.62 Mbp. Compar-
ing the genomes of the isolates from dogs with pyoderma
(n = 33) with those from healthy dogs (n = 22), several
differences were detected. The genomes of the patho-
genic strains were, on average, larger than those of the
strains from healthy dogs (2.74 Mbp versus 2.58 Mbp;
P = 4.883e-07; Figure 2a). However, when we analysed
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Figure 2. Meticillin-resistant Staphylococcus pseudintermedius (MRSP) are larger and contain more phages, prophages and antimicrobial resis-
tant genes than meticillin-susceptible S. pseudintermedius (MSSP).

Box plots show the distribution of (a) genome size, (b) phage and prophage number (c) antimicrobial resistant gene number and (d) virulence factor
number of the S. pseudintermedius strains isolated and sequenced in this study. Left column shows results of all S. pseudintermedius (all SP,
n = 55), comparing the strains isolated from healthy dogs (turquoise) and those isolated from dogs with pyoderma (blue). Middle column shows
results of all S. pseudintermedius (all SP, n = 55), comparing the MSSP strains (turquoise) and the MRSP strains (blue). Right column shows
results of the MSSP strains (only MSSP, n = 33), comparing the strains isolated from healthy dogs (turquoise) and those isolated from dogs with
pyoderma (blue). Shapiro-Wilk normality tests revealed that the data were not normally distributed. A Wilcoxon rank sum exact test revealed sig-
nificant differences in those cases marked by asterisks, denoting significant statistical differences (P < 0.05).

the data by comparing the meticillin-resistant S. pseudin- (n = 33) (Table 1), MRSP showed a significant larger gen-
termedius (MRSP) isolates, which contained the mecA ome size than the MSSP strains (2.80 Mbp versus
gene (n = 22) to the meticillin-susceptible (MSSP) isolates 2.59 Mbp; P=4.173e-12; Figure 2a). In agreement,
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Figure 4. Pangenome analyses show that meticillin-susceptible Staphylococcus pseudintermedius (MSSP) strains are more diverse than

methicillin-resistant (MRSP) strains.

(a) Split pangenome results of all S. pseudintermedius strains isolated from dogs with pyoderma (blue; n = 33). (b) Split pangenome results of all
S. pseudintermedius strains isolated from healthy dogs (turquoise; n = 22). (c) Split pangenome results of all MRSP strains (blue; n = 22). (d) Split
pangenome results of all MSSP strains (turquoise; n = 33). (e) Split pangenome results of the MSSP strains (only MSSP, n = 33) isolated from
dogs with pyoderma (blue, n = 11). (F) Split pangenome results of the MSSP strains (only MSSP, n = 33) isolated from healthy dogs (turquoise,
n = 22). Core genome is by definition the part of the pangenome that is present and shared by all the genomes within the pangenome. Accessory
genome is specific for a group of strains within the pangenome and singletons are strain-specific genome sequences. Visualisation of pangenome
analyses was carried out using Anvi'o. Central dendrogram clustering of samples is ordered by gene cluster presence/absence. Item order: pres-

ence absence (D, Euclidean; L, Ward).

MRSP showed, on average, a significantly higher number
of phage and prophages (five versus one; P = 3.924e-06;
Figure 2b) and antibiotic resistance genes (P = 1.12e-10;
Figure 2¢) than MSSP strains. By contrast, the average
number of virulence factors was significantly lower in
MRSP than in MSSP isolates (41 versus 42; P = 0.0002;
Figure 2d). Altogether, these results indicate that the dif-
ferences observed previously between isolates from
healthy dogs and dogs with pyoderma (H and D; Figure 2)
resulted mainly from the differences between MRSP and
MSSP strains. Supporting this, when comparing the
healthy (n = 22) and pyoderma isolates (n = 11; Table 1)
within the MSSP isolates only (n = 33; Table 1), we did
not observe any differences in either the genome size
(2.58 Mbp versus 2.59 Mbp; P = 0.133; Figure 2a) or the
number of phages and prophages (one versus one;
P = 0.6195; Figure 2b) or the virulence factors number
(42 versus 43; P = 0.1491; Figure 2d). However, a signifi-
cantly higher number of antibiotic resistance genes was
identified in MSSP isolates from dogs with pyoderma
when compared to MSSP isolates from healthy dogs
(three versus one; P = 0.03848; Figure 2c).

Global pangenome analyses of all the 55 S. pseudinter-
medius genomes revealed 48% of core genome and
52% of accessory genome (Figure 3). When pangenome
analyses were carried out comparing the 22 MRSP iso-
lates against the 33 MISSP isolates, we observed a larger
core genome within the MRSP than within the MSSP
pangenome (63% versus 52%; Figure 4c, d). These
results suggest that the MSSP pangenome is more
diverse than the MRSP pangenome. In agreement with
this hypothesis, the specific singleton genome within the
MSSP pangenome was larger than in the MRSP pangen-
ome (17% versus 9%; Figure 4c, d). Supporting these
results, 70% of the MRSP isolates were identified as
ST71 MLST, while the MSSP comprised a mixture of dif-
ferent MLSTs, most as yet unidentified and thus classi-
fied as unknown (Table S1). Comparison of the pyoderma
and healthy cases within the MSSP isolates only, showed
similar core and accessory genome sizes (60% versus
64%; Figure 4e, f). Altogether, the pangenome analyses
indicate that differences detected between isolates from
healthy dogs and from dogs with pyoderma are mainly
the result of differences between MRSP and MSSP
strains.

Fifty virulence genes were identified, including acces-
sory gene regulators (agr A, B, C, D), adhesins and biofilm
formation genes (sps A-H,ICA A-D,ebps), toxins (expA,
expB, siet, speta) and invasins (Luk F, S; Hlb, Coa). Thirty-
two (58.18%) of the virulence factors were present in all
b5 isolates. Even though there are no differences in

virulence factor content between pyoderma isolates and
healthy isolates (Figure 2d), it is noteworthy that four
genes coding for surface proteins (spsD, spsF, spsP and
spsQ) involved in colonisation by binding to the host's
extracellular matrix were present only on pyoderma iso-
lates. The remaining genes for virulence factors were pre-
sent in some isolates only, without being specific for
isolates from healthy dogs or dogs with pyoderma.

The current analysis also provided detailed information
about antimicrobial resistance genes (Table S1). Twenty-
two of 33 of the isolates from dogs with pyoderma
(66.6%) carried the mecA gene and were charac-
terised genotypically as MRSP. However, none of the iso-
lates from healthy dogs carried the mecA gene and,
therefore, all were considered MSSP. Further-
more, mecl and mecR1 genes, two genes involved in
mecA gene expression, were present in all ST71 isolates,
the ST1631 isolate and in one unknown ST. However, the
five isolates that belonged to clonal complex 258 (four
ST258, one ST301) possessed only the mecA gene.
Table S1 presents all of the data related to the presence
of AMR genes in the 55 strains; those cases where phe-
notypic sensitivity profiling was available also are indi-
cated.

Considering that multidrug resistance (MDR) is defined
when the micro-organism is resistant to at least three
families of antibiotics, we observed an MDR gene profile
in 81.82% (27 of 33) of the S. pseudintermedius isolates
from lesional skin versus 9.09% (two of 22) of the iso-
lates from healthy dogs. Among the 27 MDR strains iso-
lated from dogs with pyoderma, 22 held the mecA gene
(Table 1).

Discussion

In the present study, we were able to sequence and de
novo assemble the complete genome of multiple isolates
of S. pseudintermedius using Nanopore technology. The
method is notably faster, simpler and cheaper than other
sequencing systems, such as the traditional lllumina sys-
tem. In addition, the use of Anvi‘'o allowed for easy com-
parison of the genomes.

The complete genome analysis of S. pseudintermedius
is undoubtedly a very useful tool to characterise the dif-
ferent isolates. In particular, it allowed the identification
and location of virulence and antimicrobial resistance fac-
tor genes as well as the presence of phages, and is very
likely to help to better understand the pathogenesis of
canine pyodermas.

The S. pseudintermedius isolates from our study have
an average genome size of 2.62 Mbp. This size is similar
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to that reported by other authors?®3' and the NCBI
S. pseudintermedius reference genome (NC_014925.1).
This is an example of an open genome, with a core gen-
ome of 48% and an accessory genome of 52%.

The S. pseudintermedius isolates from pyoderma
cases had a significantly larger genome than isolates from
healthy skin. However, when further comparative analy-
ses were performed, it was found that the size difference
was to the result of the greater presence of MRSP in the
group of isolates from dogs with pyoderma. This larger
genome size in MRSP compared to MSSP (2.80 Mbp ver-
sus 2.59 Mbp) was undoubtedly a consequence of the
increased presence of phages, prophages and antimicro-
bial resistance factors in MRSP.

Interestingly, hardly any differences were found in the
presence of virulence factor genes among the different
strains. Only a few genes encoding surface proteins (sps
BF) were found, exclusively or much more frequently in
samples from pyoderma cases. The surface proteins of
S. pseudintermedius express binding activity to compo-
nents of the host's extracellular matrix (ECM), including
fibronectin, fibrinogen and cytokeratin10, and they are
considered to be virulence factors associated with bacte-
rial survival, immune evasion and biofilm formation.3?2
Our results support previous data indicating that these
proteins may play a role in staphylococcal colonisation
and/or infection.®*3% Interestingly, however, most viru-
lence factors are present also in strains isolated from
healthy dogs, indicating that commensal staphylococcal
populations already have full pathogenic potential. In any
case, it is worth noting that this genomic approach inves-
tigates only the presence of certain genetic elements in
the bacterial genome and not their expression or function-
ality. In the case of both antimicrobial resistance and viru-
lence factors, it is necessary to complement genetic
studies with functionality tests.

The isolates from lesional skin of dogs with pyoderma
had a much higher number of antimicrobial resistance
genes than isolates from skin of healthy dogs (Figure 2c),
an expected finding that probably reflects prior antibiotic
exposure. This finding, again, resulted from the presence
of MRSP in this group (22 of 33 isolates were MRSP). Fig-
ure 2c shows the greater presence of AMRG in MRSPs
compared to MSSPs.

The present approach allowed not only the detection of
antimicrobial resistance genes, but also its location in the
genome. For instance, three ST71 isolates and one ST258
isolate harboured the tetK gene in another contig rather
than the chromosome, which was probably a plasmid, as
these isolates harboured the replicon rep7_1_repC too
(Table S1). Three ST258 and one ST301 isolates har-
boured the tetM gene in the chromosome (Table S1).
Five ST71 and two unknown ST isolates harboured the
chloramphenicol resistance gene in the same contig as
the replicon rep7_7_rep(pKH7), suggesting that this gene
is linked to a plasmid in those isolates (Table S1).

An unexpected result was the difference in the
MLSTs identified in animals with pyoderma and in
healthy animals. In the strains from dogs with pyo-
derma, the STs identified were those most frequently
reported in Europe (ST71, ST258). However, none of
these STs were detected in samples from healthy dogs,

which seems to go against the paradigm constructed
from the study by Pinchberk and colleagues stating that
the S. pseudintermedius causing skin infections very
likely originate from commensal S. pseudintermedius
populations.® The difference also could be a conse-
quence of the fact that all ST71 and ST258 strains iso-
lated so far (https://pubmlst.org) are MRSP and in the
group of healthy dogs all isolates were MSSP. In any
case, our results should be interpreted with caution
because the number of samples was small, especially
from healthy dogs. Extensive research and sequencing
of S. pseudintermedius from healthy dogs are needed
to clarify whether there are typically pathogenic STs and
others that are associated only with commensal beha-
viour. Additionally, to identify genetic changes associ-
ated with the transformation of a commensal micro-
organism into a pathogen we should study isolates
obtained from the same dog, from both lesional and
nonlesional areas.

In summary, our approach has allowed the sequencing
and de novo assembly of the complete genome of 55
S. pseudintermedius strains isolated from healthy dogs
and from dogs with pyoderma, and their analysis and
comparison. This technique allows much more precise
characterisation of S. pseudintermedius populations in
dog skin than techniques usedpreviously , such as PFGE.
Our hope is that this new approach will lead to a better
understanding of the pathogenesis of canine pyodermas.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article.

Table S1. Data for the 55 sequenced genomes. For each
genome the following parameters are indicated: MLST
(multilocus site typing); location (country of origin of sam-
ple); genome size (bp); number of contigs; longest contig
(bp); number of phages and prophages detected; pre-
sence of different antimicrobial resistance genes and pre-
sence of plasmids.

Table S2. Pairwise average nucleotide identity (ANI)
values among the 55 S. pseudintermedius isolates.
Values >99.995 are indicated in bold.

© 2021 The Authors. Veterinary Dermatology published by John Wiley & Sons Ltd on behalf of ESVD and ACVD., 32, 654-663. 663



