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SUMMARY

Multi-drug resistant bacteria infections are a threat to animal and human health due to the
limitation in treatment, which can lead to severe clinical complications, longer hospital stays,
or even death. Multi-drug resistant bacteria can be transmitted to the environment, other
animals, or humans via different ways, such as fecal contamination or food-chain. In this
scenario, One-Health is an approach that considers health as a global entity, including

human, animal, and the environment.

The aim of this thesis is to optimize the use of long reads in whole-genome sequencing
approaches for characterizing the bacterial genome and plasmids, including the presence of

antibiotic resistance genes, mobile genetic elements, and virulence factors.

By using long-read whole-genome sequencing, we de 7ov0 assembled complete chromosomes
and plasmids as single contigs for Staphylococcus psendintermedins from dogs, Escherichia coli from
livestock and the farmer, and Klebszella pnenmoniae from humans. This approach located the
antibiotic resistance genes in plasmids or chromosomes and spanned mobile genetic
elements, thus overcoming the pitfalls associated with short reads. Moreover, we unraveled
the transmission of similar plasmids harboring antibiotic resistance genes for colistin-
resistant Escherichia coli in a mixed farm and for carbapenem-resistant Kiebsiella pnenmoniae in

an inter-hospital outbreak.

The antibiotic resistance and virulence factor genes profiles of Staphylococcus
pseudintermedius from dogs and Escherichia coli from livestock highlight the role of domestic

animals as a reservoir of pathogens with highly zoonotic potential.






RESUM

Les infeccions causades per bacteris resistents a multiples antibiotics son una amenaca tant
per a la salut animal com la humana degut a la limitaci6 en el tractament, la qual pot portar a
complicacions cliniques severes, estades hospitalaries més llargues o, fins i tot, a la mort. Els
bacteris resistents a multiples antibiotics poden ser transmesos al medi ambient, a altres
animals o a humans a través de diferents vies, tals com la contaminacio fecal o per la cadena
alimentaria. En aquest escenari, 'aproximacié One-Health considera la salut com una entitat

global, incloent la humana, ’animal 1 la mediambiental.

L’objectiu d’aquesta tesis és optimitzar I'ds de reads llargs en la seqienciacié de genoma
complet (whole-genome sequencing) per a la caracteritzacié del cromosoma i plasmidis bacterians,
incloent la preséncia de gens de resisténcia a antibiotics, elements genetics mobils, 1 factors

de viruléncia.

Mitjangant "as de sequienciacié de genoma complet amb reads llargs hem muntat de novo
cromosomes 1 plasmidis en contigs Gnics per a Staphylococcus pseudintermedins aillats en gossos,
Escherichia coli d’animals de producci6 i el granger, i Klebsiella pneumoniae d’humans. Aquesta
aproximacié ha permes localitzar els gens de resistencia a antibiotics en plasmidis o
cromosoma, 1 ha permes sequenciar elements genctics mobils sencers, superant aixi els
desavantatges associats al reads curts. A més, hem pogut descriure la transmissié de plasmidis
similars que duien gens de resistencia a antibiotics per a Escherichia coli resistent a colistina en
una granja mixta, i per a Klebisella pnenmoniae tresistent a carbapenems en un brot

interhospitalari.

Els perfils de resistencia a antibiotics 1 factors de virulencia d’Staphylococens psendintermedins
aillats de gossos 1 Escherichia coli d’animals de producci6 ressalten el rol dels animals domestics

com a un reservori de patogens amb alt potencial zoonotic.






RESUMEN

Las infecciones causadas por bacterias resistentes a multiples antibidticos son una amenaza
tanto para la salud animal como la humana debido a la limitacién en el tratamiento, la cual
puede conllevar complicaciones clinicas severas, estancias hospitalarias mas largar o incluso
la muerte. Las bacterias resistentes a multiples antibioticos pueden ser transmitidos al medio
ambiente, otros animales o humanos mediante diferentes vias, tales como la contaminacién
fecal o a través de la cadena alimentaria. En este escenario, la aproximacién One-Health
considera la salud como una entidad global, incluyendo la humana, la animal y la

medioambiental.

El objetivo de esta tesis es optimizar el uso de reads largos en la secuenciacion de genoma
completo (whole-genome sequencing) para la caracterizacion del cromosoma y plasmidos
bacterianos, incluyendo la presencia de genes de resistencia a antibidticos, elementos

genéticos moviles, y factores de virulencia.

Mediante el uso de secuenciacion de genoma completo con reads largos hemos montado de
novo cromosomas y plasmidos en contigs inicos para Staphylococcus pseudintermedins aislados de
perros, Escherichia coli de animales de produccion y el granjero, i Klebsiella pneumoniae de
humanos. Esta aproximacién ha permitido localizar los genes de resistencia a antibiéticos en
plasmidos o el cromosoma, y ha permitido secuenciar elementos genéticos moviles
completos, superando asi las desventajas asociadas a reads cortos. Ademas, hemos podido
describir la transmisién de plasmidos similares que llevaban genes de resistencia a
antibioticos para Escherichia coli resistente a colistina en una granja mixta, y para Klebsiella

prenmoniae resistente a carbapenems en un brote interhospitalario.

Los perfiles de resistencia a antibidticos y factores de virulencia de Szaphylococcus
pseudintermedius aislados de perros y Escherichia coli de animales de produccion resaltan el rol

de los animales domésticos como reservorio de patégenos con alto potencial zoonético.
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1. INTRODUCTION

In this section, we introduce the well-known threat of antibiotic resistance on bacteria and

its transmission. We cover key concepts such as One-Health and zoonosis.

We provide an overview of the main identification techniques for multi-drug resistant
bacteria. Specifically, we focus on whole-genome sequencing using Illumina and Nanopore

platforms.

Finally, we focus on the three specific pathogens characterized in this Ph.D. thesis:
Staphylococcus  psendintermedius, Escherichia coli, and Klebsiella pneumoniae. We describe their

ecology, antibiotic resistance genes, and virulence factors.



1.1. One-Health approach and the antibiotic resistance threat

1.1.1. One-Health and zoonosis

One-Health is an approach that considers health as a global entity, including human, animal,
and the environment. According to the Center for Disease Control and Prevention (CDC)
One-Health is “a collaborative, multisectoral, and transdisciplinary approach — working at the local,
regional, national, and global levels — with the goal of achieving optimal health outcomes recognizing the
interconnection between people, animals, plants, and their shared environment” (fragment extracted from

(CDC, 2018)).

Many infectious diseases are caused by pathogens transmitted from animals to humans, a
process known as zoonosis. About 60% of the pathogens affecting humans have a zoonotic
origin (Bueno-Mari et al., 2015). Some of these zoonotic pathogens include microorganisms
like the Ebola vitrus, Yersinia pestis, or the human immunodeficiency virus. The main reason
for zoonosis is the anthropological alteration of the ecology of the host, the pathogen, or
both, including livestock farming, biodiversity depletion, human travel, or interaction with
wildlife, among others (Daszak, 2000; Cunningham et al., 2017; Gibb et al., 2020). Because
of their social, political, and economic impacts (Evans and Leighton, 2014), it is necessary to

adopt a One-Health approach to prevent them.

Zoonotic bacteria can present resistance to the antibiotics licensed for human and veterinary
medicine. Through the 20" century, the intensification of livestock production was
accompanied by higher use of antibiotics as a prophylactic, to enhance growth rates, improve
feeding efficiency, and decrease waste production (Karesh et al., 2012; Evans and Leighton,
2014). The indiscriminate use of antibiotics exerts selective pressure, allowing resistant
bacteria to survive over susceptible bacteria, which can then be transmitted to the
environment, other animals, or humans via different ways, such as fecal contamination or

the food chain.
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Figure 1. Deaths attributable to different causes. By 2050, deaths attributable to infections caused by antibiotic-resistant

pathogens will surpass the deaths attributable to cancer. Figure excerpted from (O’Neil, 2016).

If we continue with this trend of antibiotic use, by the year 2050 deaths attributable to
infections caused by resistant pathogens will surpass the deaths caused by cancer and traffic

road accidents together (Figure 1) (https://amt-review.org/). What’s more, someone could

die every three seconds due to this kind of infection (O’Neil, 2016).

Among all the antibiotic-resistant bacteria, the ESKAPE group —Enterococcus faecium,
Staphylococcus anrens, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aernginosa, and
Enterobacter— present a wide range of antibiotic resistance and can “escape” the effect of the
antimicrobial agents. ESKAPE includes the most commonly identified bacterial pathogens
among life-threatening nosocomial infections —also known as healthcare-associated infection
(HAID)—, which are those infections acquired during the stay at the healthcare settings that
were not present pre-admission (Sikora and Zahra, 2021). Infections by ESKAPE pathogens
cause an estimated amount of 29,000 deaths in the United States, costing approximately 4.7
billion §, and 33,000 deaths in Europe costing 1.5 billion § (Santajit and Indrawattana, 2016;
Mulani et al., 2019; De Oliveira et al., 2020). As a specific example, infections caused by
methicillin-resistant Szaphylococcns anrens MRSA) compared to methicillin-susceptible (MSSA)
one present a much higher mortality rate (24% MRSA »s. 11.4% MSSA), are more expensive
to treat (35,0008 to treat MRSA infection »s. 16,0008 to treat MSSA infection) and have fewer

treatment options (Filice et al., 2010).

Thus, researchers’ main objective is to find alternatives to avoid the current dependence on

antibiotics. Some of the options include limiting the use of antibiotics as a last resort, using
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bacteriophages or antimicrobial peptides as a therapy, developing wvaccines, and
complementing livestock diet with probiotics rather than antibiotics to promote growth

(Karesh et al., 2012; O’Neil, 2016; World Health Organization, 2019).
1.1.2. Antibiotics mode of action and resistance

Antibiotics are natural or synthetic compounds used to treat bacterial infections. They
present a bacteriostatic effect by stopping bacterial growth or a bactericidal one, by causing
bacterial death (Pankey and Sabath, 2004). Since the discovery of penicillin (Box 1), other
classes of antibiotics have been discovered over the years, such as sulfonamides, tetracyclines,

macrolides, trimethoprim, or quinolones.

Box 1. A brief history of antibiotic discovery. During the 40s and the beginning of the 60s, there was a boom in
antibiotics discovery (golden age). However, since the 90s, there has been a lack of discovery of new antibacterial molecules
(discovery void). Figure excerpted and modified from https://www.reactgroup.org/wp-content/uploads/2016/09/ab-
discovery-timeline.png

Alexander Fleming, a British physician and microbiologist, discovered penicillin, a 3-lactam antibiotic. Fleming described
that some Staphylococcns colonies’ growth was inhibited after exposure to air contamination. This phenomenon was due to
the presence of colonies of a contaminating mold (Penicillium), which released an inhibitory compound for the bacteria,

penicillin (Fleming, 1929).
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DISCOVERY VOID

However, the idea of antibiosis was present before Fleming’s discovery. After analyzing bones discovered in Nubia (an
ancient region between the south of Egypt and north of Sudan, 1,600 years ago), scientists realized that the osteons
possessed alternating layers with and without tetracycline, a broad-spectrum antibiotic that started to be used in medicine
about the 1950s. Tetracycline is a compound that binds to calcium and phosphorus. The mystery comes when, as mentioned
before, tetracycline was first used in medicine not long ago, so which was the source? They concluded that the antibiotic
ended accumulating in the bones after people drinking fermented brew that contained S#reptomyces spores, a known group
of bacteria that produces tetracycline (Bassett et al., 1980; Hummert and Van Gerven, 1982). Thus, although antibiotics

were discovered and used consciously during the 20t century, they were already being used years ago without knowing it.


https://www.reactgroup.org/wp-content/uploads/2016/09/ab-discovery-timeline.png
https://www.reactgroup.org/wp-content/uploads/2016/09/ab-discovery-timeline.png

In general, antibiotics act at different levels (Figure 2):
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Figure 2. A generic overview of the mode of action of antibiotics. Antibiotics can act at different points, causing
bacteriostatic or bactericidal effects. The actions include cell wall synthesis inhibition, DNA gyrase and DNA-dependent
RNA polymerase inhibition, RNA, protein and folate inhibition, or cell membrane disruption. PABA, para-aminobenzoic

acid; DHF, dihydrofolic acid; THEF, tetrahydrofolic acid. Figure excerpted from (Sanseverino et al., 2018).

Inhibiting cell wall synthesis. 3-lactam antibiotics —such as penicillin, cephalosporines, or
carbapenems— bind to penicillin-binding proteins (PBPs), the transpeptidases involved in the
cell wall biosynthesis of peptidoglycan, inhibiting the enzyme function. The imperfections in

the cell wall lead to the cell death (Codjoe and Donkor, 2017).

Inhibiting DNA gyrase. Once fluoroquinolones are internalized, they inhibit type II DNA
topoisomerases such as gyrase GyrA, which play a role in DNA replication by creating strand
breaks and resolving them. Fluoroquinolones bind to the topoisomerase-DNA complex and

prevent the strands from resealing, causing cell death (Zhanel et al., 2002).

Inhibiting DNA-dependent RINA polymerase. Rifampicin interacts with the DNA-
dependent RNA polymerase —an enzyme that transcribes DNA to mRNA— causing its

inactivation and stopping cellular growth (Wehrli, 1983).

Inhibiting protein synthesis by interacting with the small (30S) and large (50S)
ribosome subunits. Aminoglycosides interact with the A-site of the 30S subunit, causing

misreading of the codons and incorrect protein production (Krause et al, 2010).



Tetracyclines impede the aminoacyl-tRNA-ribosome connection, preventing protein

production (Chopra and Roberts, 2001).

Inhibiting folate synthesis. Trimethoprim acts as a competitive inhibitor of the
dihydrofolate reductase, which catalyzes the reduction of dihydrofolate to tetrahydrofolate,

thus inhibiting thymine and DNA synthesis (Gleckman et al., 1981).

Disrupting cell membrane. Colistin is a polycationic peptide composed of a hydrophilic
positive end and a fatty-acid hydrophobic non-polar end. The positive part of the antibiotic
can replace the divalent cations present in the outer membrane. Then, the cationic part and
the non-polar end interact with the negative charges and lipids, causing the destabilization of
the membrane, increasing permeability, and provoking cell death (Loho and Dharmayanti,

2015; Xu et al., 2018a).

We use antibiotics to treat bacterial infections, but bacteria can defend themselves against
these compounds, limiting the treatment efficacies. The antimicrobial resistance can be
caused by point mutations in essential genes involved in cellular processes, such as
mutations in the gyn4d gene, causing resistance to fluoroquinolones; or by acquired
resistance genes. Overall, the resistance mechanisms can be classified into different groups
(van Hoek et al., 2011; C Reygaert, 2018; Sanseverino et al., 2018; Yelin and Kishony, 2018;
CDC, 2020) (Figure 3):

o Resistance due to changes in the antibiotic’s target

o Resistance due to enhanced cell permeability

o Resistance due to alteration of the antibiotic (modification or degradation)
o Resistance due to efflux pumps getting rid of internalized antibiotics

o Resistance due to bypass via metabolic shunts (new enzymes that can perform the

same action as the antibiotic’s target)

o Resistance due to overproduction of the target
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Figure 3. Antibiotic resistance mechanisms. Bacteria present different mechanisms to defend themselves in front of
the action of antibiotics. These defenses encompass (1) using pumps to get rid of antibiotics, (2) changing the antibiotic’s

target, (3) restricting access, (4) breaking down, and (5) creating new cellular processes to avoid the use of the antibiotic’s

targets. Figure available at https://www.cdc.gov/drugresistance/about/how-resistance-happens.html


https://www.cdc.gov/drugresistance/about/how-resistance-happens.html

1.1.3.Mobile genetic elements and antibiotic resistance transmission

Antibiotic resistance genes (ARGs) are not only threatening for the defense against
antibiotics they provide, but also for their capability of transmission among bacteria, even
between different species. Acquired resistance genes can be transmitted vertically (from
parent cell to its progeny) or by horizontal gene transfer (HGT), implying the presence of
mobile genetic elements (MGEs) (Figure 4). For example, methicillin-resistance caused by

mecA was transferred from coagulase-negative staphylococci to S. awreus, and then to S.

pseudintermedius (Jamale, 2011; Xu et al., 2018b).
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Figure 4. Schematic review of mobile genetic elements (MGEs) and their mobilization mechanisms. MGEs can
jump and move among bigger DNA molecules, and typically, MGE acquisition supposes the gain of advantageous traits,
such as antibiotic resistance. ICE, integrative conjugative element; In, integron; IS, insertion sequence; Ssr, site-specific

recombination; tn, transposon; tnp, transposase. Figure excerpted from (Partridge et al., 2018).

MGESs are DNA structures that promote intra- and intercellular DNA mobilization through
transformation, conjugation, or transduction (Box 2). These DNA structures code the
necessary machinery to perform its mobilization, such as transposases or type 4 secretion

system (T4SS), and can harbor other extra features such as antibiotic resistances or virulence
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factors (Frost et al., 2005; Partridge et al., 2018). These elements may represent a relatively
significant portion of the bacterial genome. For example, in S. aurens, MGEs can represent
approximately 15% of the genome (Alibayov et al., 2014), and in Staphylococcus pseudintermedius,
8% of the genome (McCarthy et al., 2014).

Box 2. Mechanisms of DNA transmission among bacteria.

Among bacteria, there are different mechanisms to get new DNA via horizontal transfer: transformation, transduction, and

conjugation.

Transformation occurs when competent bactetia —cells that can retrieve DNA from the environment— internalize and add
foreign DNA by different cellular processes such as homologous recombination into the host chromosome; or in the case
that a MGE is internalized, it can be autonomous (e.g., plasmid), or transpose to a bigger DNA molecule (e.g., transposon,

insertion sequences).

Transduction is based on the principle that bacteriophages must pack their DNA to infect other cells. In the packaging
process, the capsid may pack DNA from the host (bacterial DNA in this case), then this phage infects another cell,

mobilizing DNA from the donor cell to the receptor.

Conjugation is performed by cells that harbor DNA molecules (such as conjugative plasmids or integrative conjugative
clements) that present the genes for the conjugative machinery and an origin of transmission (o771). In this process, the

donor cell creates a syringe-like structure, which contacts the receptor cell and inoculates the mobilizable element.

Finally, in vesiduction specialized vesicles disseminate DNA among bacteria in biofilms (van Hoek et al., 2011; Rodriguez-

Beltran et al., 2021).

Some examples of MGEs are insertion sequences (IS), transposons (Tn), integrative

conjugative elements (ICEs), integrons (In), cassettes, plasmids, as well as bacteriophages:

Insertion sequences (IS) are the simplest MGEs that contain a gene coding for a
transposase —the enzyme responsible for their mobilization— flanked by inverted repeats. In
some cases, accessory genes (like antibiotic resistance genes) can be flanked by two copies
of an insertion sequence, a structure known as a transposon (Tn). Sometimes, upstream
insertion sequences provide a strong promoter region that controls the expression of the

accessory gene present in the transposon.

The integrative conjugative elements (ICE), or conjugative transposons, harbor an
oriT (origin of transmission) and the genes to code the conjugation machinery. However, as

ICEs do not present an origin of replication (o77), its multiplication and maintenance rely on



integrating into a replicative molecule, like the bacterial chromosome (van Hoek et al., 2011;

Partridge et al., 2018).

Integrons (In) are MGEs that code for the integrase enzyme and provide a promoter region
for other genes. Moreover, integrons present a site (a#) in which other elements can

integrate by site-specific recombination mediated by the integrase enzyme.

Cassettes can exist in a free form that do not possesses the capacity of autonomous
replication; cassettes are usually found inserted in the integrons. They possess a sequence
that allows their integration by specific recombination, and usually carry an antibiotic

resistance gene that lacks the promoter region (Bennett, 1999).

Plasmids are usually closed DNA structures (supercoiled circular DNA) that coexist as an
extra-chromosomal element inside the bacterial cell. The conjugative plasmids present at
least the o7 for replication and the o771 for transmission, plus the conjugation machinery
genes (e.g., type 4 secretion system, T4SS), and other traits. The mobilizable plasmids are
plasmids that present the o771 but do not harbor the T4SS. So, it could mobilize only if the

cell containing this kind of plasmid also harbors a conjugative element.

Since the presence of plasmids usually supposes a fitness cost to the bacteria, plasmids
present functions that help in their maintenance and confer an advantage to the cell, such as
antibiotic resistance or virulence (Partridge et al., 2018). For example, plasmids can code for
toxin-antitoxin systems, which consist of producing the toxin (long life) and the antitoxin
(short life). If the plasmid is eliminated from the cell, the antitoxin will no longer inhibit the
long-life toxin, which will ultimately kill the cell (van Hoek et al., 2011; Partridge et al., 2018;
Rodriguez-Beltran et al., 2021).

Bacteriophages are viruses that infect bacteria. Lytic (or virulent) phages lyse the cell after
generating new viral particles using the host’s machinery. Lisogenic (or temperate) phages
insert their genetic material inside the cell and, with the help of self-encoded integrases, they
integrate their genome into the host’s DNA. When the virus is integrated in the genome it is
known as a prophage. Moreover, when the prophage splits from the genome, it can take
host’s genetic material, encapsulate it in the viral particle, and spread it to other bacteria

(process known as transduction, Box 2) (Frost et al., 2005; Brooks et al., 2020).

10



1.2. Identification of bacteria and antibiotic resistance: whole-genome

sequencing

The identification of microorganism at diagnostic laboratory level is usually performed by
phenotypic assays like bacterial cultures. Bacterial cultures have been largely used to grow
microorganisms from different sources. The culture medium, whether liquid or solid, has the
necessary elements for the bacteria to grow. Selective media contain extra elements, such as

antibiotics, specific salts, or other substances, to further differentiate specific microbes.

These identification methods can sometimes be complemented by molecular genetic
techniques for an increased resolution (Table 1). The most commonly used molecular typing
techniques are multilocus sequence type (MLST) and 16S rRNA gene sequencing. MLST
typing assesses the specific allelic profiles of seven loci of housekeeping genes, while 16S
rRNA gene sequencing provides taxonomic information through its nine hypervariable
regions. These approaches have been widely used to infer taxonomy and classify
microorganisms; however, they may lack discriminative power regarding complex studies

such as outbreaks and food-chain contamination infections (Uelze et al., 2020).

Thus, we need high-resolution methods to unravel the close phylogenetic relations in, for
example, complex outbreaks. One of the most powerful techniques for identifying and
characterizing bacteria (including antibiotic resistance and other traits such as virulence) is

whole-genome sequencing.
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Table 1. Overview of phenotypical and molecular methods used to identify bacterial isolates. ANI, Average Nucleotide Identity; DDH, DNA-DNA Hybridization; MALDI-TOF MS,

Matrix-Assisted Laser Desorption/Tonization Time of Flight Mass Spectrometry; WGS, Whole-Genome Sequencing.

Technique

Bacterial cultures

Mannitol-salt agar

MacConkey agar

Kirby-Bauer test

DDH

16S tRNA gene
sequencing

Whole-genome

sequencing (WGS)

MALDI-TOF MS

Description

The use of culture media to grow bacteria has been largely used since their development in the 19 century. Solid cultures contain agar, nutrients,
growth factors, and can contain selective and differential components such as antibiotics, salts, or dyes.

A selective and differential medium. NaCl inhibits the growth of most bacteria. Moreover, it contains mannitol and a pH indicator (phenol red). S.
anreus tolerates high NaCl concentration and ferments mannitol, resulting in the growth of yellow colonies, while non-fermenting Szaphylococcus produce
red colonies.

A selective and differential medium. Crystal violet and bile salts are used to inhibit gram-positive bacteria. Moreover, it contains lactose and neutral red
as a pH indicator. E. co/i and Klebsiella ferment lactose strongly and weakly, respectively, and the colonies turn pink.

Once you have grown a microorganism throughout all the plate’s surface, different circular disks soaked in specific antibiotic concentrations are placed
on the culture. The zones of inhibition appear based on the diffusion of the antibiotic and the resistance of the microorganisms. Depending on the size
of these zones, the bacteria is classified as resistant, susceptible, or intermediate according to CLST rules.

DNA-DNA hybridization was the gold standard methodology for prokaryote taxonomy, which is based on the hybridization of the entire genomes
from different organisms to calculate their genomic similitude. The generally accepted similarity value for establishing different species is 70%.

168 rRNA gene (~1,500 bp) encodes for the RNA from the small subunit of bacterial and archaeal ribosomes. It is widely used in taxonomic studies
because it presents nine hypervariable regions and other conserved regions. The conserved regions allow the creation of primers that amplify the
hypervariable regions and have taxonomic power. Its main pitfall is that it lacks phylogenetic power at lower levels (species level and some genera),
even though there have been attempts to try to define thresholds (>98.7% for species and >95% for genera).

Average nucleotide identity (ANI) has demonstrated the potential to replace DDH as the gold standard: it is easier to estimate, portable, low cost, and
reproducible. This technique is more robust and decisive when compared with 765 7RN.A gene sequencing as it considers all the common genes among
the studied genomes, not only one.

Sequencing techniques are becoming more available and affordable. Once you have sequenced a genome, you can obtain the DNA sequences of the
most used marker genes mentioned before; you can perform ANI calculations with other genomes; find single nucleotide polymorphisms (SNPs) to
calculate phylogeny, among others.

The sample is mixed with an organic compound (the matrix) which after crystalizing liberates protonated ions from the sample when a laser impacts.
These ions travel inside the light tube based on their mass-to-charge ratio and are finally detected using mass analyzers. This is a fast and accurate
methodology that has already been applied in microbial detection in clinical microbiology.
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WGS uses DNA sequencing reads to assemble the genome of the organism of interest and
further characterize it. It began to be applied broadly with the advent of massive DNA
sequencing techniques and the continuous appearance of new technologies and affordable
platforms (Box 3). When compared to phenotypic methods and classical molecular genetics

approaches like 16S rRNA sequencing, WGS offers higher resolution.

WGS allows phylogenomics, pangenomics, and characterization of specific genes of interest.
Phylogenomics analysis can be used to assess the transmission of pathogens through time
and space in different environments, such as clinical outbreaks or food-chain contamination
(Krawczyk and Kur, 2018; Yin et al., 2018; Uelze et al., 2020). Pangenomics studies the
collection of genes within a group of organisms (the pangenome) that encompasses the core
genome —the genes shared by all the organisms— and the accessory, variable, or dispensable
genome —the genes absent in at least one of the organisms—. Reference genomes can lack
information from the accessory genome, thus using pangenomes as reference can give a
wider look within the genomic content of a species (Golicz et al., 2020). Finally, the
characterization of genes of interest includes describing point mutations (single nucleotide
polymorphisms, SNPs), insertions and deletions (indels), structural variations, or copy
number variants (CNVs), among other modifications. Moreover, especially long-read WGS
can characterize easily the genetic context and location of the genes of interest —such as
antimicrobial resistance genes or virulence factors—, including the presence of regulatory
genetic elements that control their expression (e.g. promotor regions, enhancers, or silencers)
ot the presence of MGEs that can participate in their mobilization (Krawczyk and Kur, 2018;
Yin et al., 2018; Uelze et al., 2020).

The application of WGS in clinical outbreaks and foodborne illnesses provides a rapid
approach for resolving these situations. The analysis of clinical, environmental, and food
samples is crucial to reduce the impact of these infections on human and animal health, as
well as on the economy, since, for example, foodborne infections can lead to the elimination
of good part of the affected product (Pightling et al., 2018). However, one of the main pitfalls
is that WGS relies on the bacterium's growth in cultures, which adds a handicap in time

(Schiirch et al., 2018).
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Box 3. A brief retrospective view of sequencing technologies. Timeline of the emergence of sequencing technologies:
Sanger sequencing, massive parallel sequencing (454, Illumina, Ion Torrent), and single-molecule sequencing (PacBio,

Nanopore). Figure adapted from (Mardis, 2017).
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In 1977, Frederick Sanger and his colleagues developed one of the first DNA sequencing technologies based on
dideoxynucleotides, radiation, or fluorescence-labeled nucleotides that, once incorporated by the polymerase, avoid further
elongation. Even though Sanger sequencing is highly precise, read length is below 1,000 bp, and expensive (Sanger et al.,
1977; Minakshi et al., 2014; Heather and Chain, 2016).

Massive parallel sequencers (also known as second-generation sequencers or next-generation sequencing) such as Roche
454, Thermo Fishet’s Ion Torrent, or Illumina, are based on the parallelization of a high number of sequencing reactions.
Each sequencer is based on specific chemistry, such as pyrosequencing for 454 or pH variation for Ion Torrent. In the case
of Tllumina, sequencing is performed on a solid surface that is covered with oligonucleotides complementary to the adapter
sequence. The subsequent PCR process is performed using a mix of the four types of nucleotides labeled with a different
fluorophore. Once a labeled nucleotide is incorporated, the elongation is blocked. However, unlike Sanger sequencing, this
blockage is reversible once the fluorophore is excised (Minakshi et al., 2014; Goodwin et al., 2016; Heather and Chain,
2016; Mardis, 2017).

Finally, single-molecule sequencers (also known as third-generation sequencers), such as those from Pacific Biosciences
(PacBio) or Oxford Nanopore Technologies (ONT), are based on the sequencing of unique molecules of DNA without
the need for prior PCR. PacBio is based on the use of individual wells with transparent bottoms in which a polymerase is
fixed. Once the polymerase adds a fluorophore-labeled nucleotide, a laser hits the nucleotide and excites the fluorophore,
which light is captured by a sensor. The polymerase can excise the fluorophore and continue elongating. On the other hand,
Nanopore sequencing relies on the use of proteins (nanopores) embedded in a synthetic membrane. An ionic current is
generated through the pores. Once a DNA molecule passes through the pore, the ionic current is altered, and depending
on which nucleotide is passing and its biochemical structure, a different signal (squiggle) is generated (Minakshi et al., 2014;

Oxford Nanopore Technologies, 2014; Laver et al., 2015; Goodwin et al., 2016; Heather and Chain, 2016; Mardis, 2017).

Specifically in this PhD thesis, we have assessed the use of long-read sequencing (Nanopore)
in WGS. In some studies, we have combined it with short-read sequencing (Illumina).
Ilumina produces massive quantities of short reads (less than 750 bp) using a clonal PCR
producing much more information than Sanger sequencing (more information in Box 3).
Massive sequencing possesses a high accuracy, and the price per base pair is cheaper
(Minakshi et al., 2014; Goodwin et al., 2016; Heather and Chain, 2016; Mardis, 2017).
Nanopore sequencing produces long-reads —length limited by experimental procedures— and

overcomes the need for clonal PCR amplification avoiding the associated PCR bias. Another
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advantage when compared to any previous DNA sequencers is that it can provide results in
real-time. The first Nanopore sequencing platform (launched in 2014) was the MinION. This
device supposes a cost-efficient alternative compared to other DNA sequencers since it is
portable (smartphone-sized), affordable (both the device and its consumables) and user-
friendly (Quainoo et al., 2017). The main pitfall of Nanopore sequencing has been its lower
accuracy with error-prone reads on homopolymeric regions (Goodwin et al., 2016) (Figure
5). However, continuos developments in sequencing pores, chemistries and bioinformatics

analyses are improving accuracy to the desired level.
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Figure 5. Main pros and cons of Nanopore and Illumina sequencing. Illumina offers short but highly accurate reads.
However, the reads’ size does not span repetitive regions. On the other hand, Nanopore’s long reads can cover the repetitive

regions, facilitating the assembly of complicated genetic regions. The main pitfall of Nanopore sequencing is its accuracy.

Thus, Illumina and Nanopore present their pros and cons, mainly regarding read length and
accuracy (Figure 5). On one hand, Illumina’s short reads do not allow spanning repetitive
regions, which makes it challenging to perform de novo genome assembly. These repetitive
regions include MGEs such as transposons and insertion sequences, which play an essential
role in mobilization of antibiotic resistance genes and virulence factors genes. On the other
hand, Nanopore’s long reads can cover repetitive regions and provide genomic context
allowing to close circular chromosomes, plasmids, or bacteriophages when performing

WGS.
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Nanopore sequencing is a rapidly evolving technology and this is reflected in the continuous
improvements in raw read accuracy (the current guppy version, v5.0.7, presents an accuracy
of 95.8% in its fast model, 97.8% in its high accuracy model, and 98.3% in its super-accurate
model, for R9.4.1 chemistry Flow Cells (Oxford Nanopore Technologies, 2021)). These
improvements are at the technological level through the development of better pores and
sequencing chemistries and at the bioinformatic analysis level through new basecallers and
polishing software. Basecallers are the software that convert the squiggles (electric signals)
to nucleotide sequences, such as Albacore (2017-2019, discontinued), Guppy (Oxford
Nanopore Technologies, 2020), or the newest Bonito (NanoporeTech, 2021). Polishing
software corrects error-prone reads by overlapping them to get a consensus sequence, and
the most commonly used are Racon (Vaser et al.,, 2017) and Medaka (Oxford Nanopore
Technologies, 2018).

A hybrid sequencing approach combines the strengths from both error-prone long reads and
high-accuracy short reads sequencing to assemble complete and high-quality bacterial
genomes with software like Unicycler (Wick et al., 2017), which performs the hybrid
assembling of the bacterial chromosome and plasmids and the polishing steps. The main
idea is to sequence the same sample with both technologies and first perform de novo assembly
with Nanopore sequencing data to generate complete and closed chromosomes and
plasmids, and then polish the error-prone long-read assemblies using accurate Illumina data.
The final assembly possesses both technologies' advantages: it spans repetitive regions and
structural variations thanks to Nanopore long reads and presents high accuracy thanks to
Ilumina short reads. This hybrid sequencing strategy is considered a gold standard nowadays
for bacterial genomes assembly, as reported for extraintestinal pathogenic Escherichia coli
(Mattrasingh et al., 2021), S. aureus isolated from a case of sepsis (Ono et al., 2021), or a

hypervirulent K. pneumoniae (Kochan et al., 2020), among other examples.

1.3. Staphylococcus pseudintermedius
Ecology and antibiotic resistance

S. pseudintermedius is a commensal bacterium that colonizes approximately 90% of dogs (read
Box 4 for a historical overview). It can also be found in other animals such as cats and foxes.
It forms part of the microbiota of the skin and mucocutaneous sites (mostly soft tissues)
such as fur, mouth, nares, pharynx, rectum, perineum, groin, and urogenital tract (Bannoehr
and Guardabassi, 2012; Gronthal et al.,, 2014; Iverson et al., 2015; Kjellman et al., 2015;
Dmitrenko et al., 2016; Somayaji et al., 2016; Kmieciak and Szewczyk, 2018; Menandro et
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al., 2019). Despite being a commensal, it can also present an opportunistic behavior triggered
by preexistent skin lesions, decreased host immunity, antibiotic treatment, or an extended
hospital stay (Bannoehr and Guardabassi, 2012; Gronthal et al., 2014; Loeffler and Lloyd,
2018). It has been associated with skin and soft tissue infections in dogs such as pyoderma,
otitis externa, urinary tract infections, postoperative infections, conjunctivitis, or even fatal
infections (Descloux et al., 2008; Kjellman et al., 2015; Damborg et al., 2016; Dmitrenko et
al., 2016; Somayaji et al., 2016; Menandro et al., 2019; Zakosek Pipan et al., 2019).

Since 1999 in the USA and 2005 in Europe, mecA gene conferring resistance to methicillin
has been detected in isolates identified as S. pseudintermedins (Gortel et al., 1999; Kjellman et
al., 2015; Dmitrenko et al., 2016; Bergot et al., 2018; Loeffler and Lloyd, 2018), previously
detected in S. aureus and other Staphylococci. These bacteria are called Methicillin-Resistant
S. pseudintermedins (MRSP) and have emerged from veterinary hospitals (Gronthal et al., 2014);
in contrast, the rest are named Methicillin-Susceptible . pseudintermedins (MSSP). MRSP
prevalence varies by geography: for example, while Europe has a prevalence of around 30%,
China and Japan present a prevalence of 50% and 70%, respectively (Loeffler and Lloyd,
2018). As previously mentioned, the mortality and economic impact of the infections caused
by the ESKAPE bacterium MRSA suppose a big concern for human health, asymptomatic
MRSP carriers can act as a reservoir spreading the methicillin resistance either to other pet

animals or to humans (zoonotic transmission) (Kjellman et al., 2015).
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Box 4. Timeline of the discovery of the SIG membets.

Until 1976, most positive results from coagulase tests of Szaphylococcus isolates were identified as S. aurens (Devriese et al.,
2009; Murray et al., 2018) and classified into different biotypes considering their specific biochemical properties. This lead
to misidentification and underestimated incidence of some of the coagulase-positive staphylococci species (Hajek, 1976;
Van Hoovels et al., 2006; Sasaki et al., 2007b; Sasaki et al., 2007a; Bannoehr et al., 2009; Devriese et al., 2009; Sasaki et al.,
2010; van Duijkeren et al., 2011; Riegel et al., 2011; Lee et al., 2015; Murray et al., 2018; Perreten et al., 2020). In 1976, a
group of CoPS isolated from pigeons, dogs, mink, and horses, with specific biochemical properties and cell wall structures
previously called biotype E or F, became a unique species: Staphylococcus intermedius (Hajek, 1976). Twelve years later (1988),
two strains isolated from dolphins were assigned to the Szaphylococcus genus, and their biochemical properties were similar
to those of S. intermedins. Even so, some of the properties differed from S. intermedins, such as acid production from
carbohydrates, G+C content, or optimal NaCl concentration for bacteriolytic activity. Furthermore, DNA-DNA
hybridization of these two isolates against S. zntermedius indicated they were a new species: Staphylococcus dejphini (Varaldo et

al., 1988).

In 2005, four strains isolated from the lung of a cat, a skin lesion in a horse, an ear lesion in a dog, and the liver of a patrot,
were analyzed because they shared a similar electrophoretic pattern that was different from the staphylococci known to
date. The four strains shared 100% 16S rRNA gene similarity and were classified within the . intermedins group. DNA-
DNA hybridization levels among the four strains were high (96%) but decreased to 16-18% when compared with S.

intermedins and 38-46% S. delphini. These four strains constituted a new species: S. pseudintermedins (Devtiese et al., 2005).

Since the . pseudintermedins two new species have been identified. In 2018, Staphylococcus cornubiensis, was isolated from human
skin. It could not be differentiated from . pseadintermedins by phenotypic characteristics and biochemical properties. When
applying molecular techniques, the ANI value was not sufficient to determine that this strain belonged to an already existent
species, so it was established as a new species (Murray et al., 2018). In 2020, Staphylococcus ursi strains were isolated from the
skin of black bears. Employing different molecular methods, and some differences in the biochemical properties of the
strains (e.g., absence of acid production from sucrose), the strains were differentiated into this new species of Szaphylococcus

(Perreten et al., 2020).

CoPS identified
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The mecA gene is located in the Staphylococcal chromosomal cassette (SCCrze) (Figure 6a)
and encodes for a different penicillin-binding protein, PBP2a, with low affinity for 3-lactam
antibiotics due to a narrower active site and an allosteric control site that opens when it
interacts with the nascent peptidoglycan. The SCCrer cassette can also harbor other related
genes, such as mecl, mecR1 and mecR2 (Figure 6b). The med gene encodes for a
transcriptional repressor that binds to the promotor region regulating mecA and mecR1 genes.
mecR1 product is an integral-membrane sensor with peptidase activity. It presents a penicillin-
binding domain (PBD) that can detect the presence of B-lactams. mecR2 encodes for an

antirepressor (Peacock and Paterson, 2015; Aguayo-Reyes et al., 2018).
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Figure 6. Scheme of the mecA-mediated resistance to methicillin. a) With the presence of a 3-lactam antibiotic, the
PBP is inhibited, leading to wall destabilization, and eventually, to cell death. b) In a strain carrying the mecA cassette, in the
absence of the antibiotic, the wall production is performed as expected by the cell’s PBP; ¢) however when a 3-lactam is
present, the genes are freed, and the transcription and translation of mecA start, overcoming the power of the 3-lactam and

allowing the cell to continue existing. Figure adapted from (Peacock and Paterson, 2015) and (Aguayo-Reyes et al., 2018).

If a bacterium harboring SCCrzec is in contact with a B-lactam antibiotic (Figure 6¢), the PBD
of MecR1 detects it, and a subsequent conformational change leads to an autocatalytic
cleavage of an intracellular sensor domain, followed by the cleavage of the repressor Mecl.
Once the promoter is freed from Mecl, the expression of mecA takes place. Moreover,
MecR2 binds to Mecl, disrupting its union with the promoter and promoting its proteolysis
through cytosolic proteases. Finally, the intrinsic PBPs are inhibited by the antibiotic, but
PBP2a resists the action of the B-lactams and continues creating cell wall (Peacock and

Paterson, 2015; Aguayo-Reyes et al., 2018).
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There are different SCCrec types, but they all have three common structural elements: 1)
mec gene complex: 7ec gene, its regulatory system (wzecl, mecR1, and mecR2), and associated
insertion sequences; 2) ccr gene complex: (cassette chromosome recombinase gene
complex), these genes code for recombinases, responsible for the excision and integration
of the genetic element into the chromosome (Figure 7); 3) J regions: joining regions code
for nonessential elements, for example, other antimicrobial resistance genes (Hanssen and
Ericson Sollid, 2006; Lakhundi and Zhang, 2018; Miragaia, 2018). These 3 elements present
variants. According to the combination of these variants, several SCCrzec types have been
described. For example, SCCmec II-111 was first described in S. pseudintermedins, and it is a
combination of SCCrzec 11 from S. epidermidis and SCCmec 111 from S. aurens (Descloux et al.,

2008).

1S431 mecA mecR1  mecl
IR ) . - \ 4
DR ) . j :
mecA gene cer gene
complex complex

Figure 7. Schematic representation of the basic structure of SCCmec. Two gene complexes form the basic structure
of the SCCrmec: 1) the mecA gene complex that encodes for methicillin resistance (ecA gene) and its regulation system
(mecRT and mecl genes), and 2) the ar gene complex that codes for the machinery in charge of SCCrec’s movilization. Figure
excerpted from (Gill et al.,, 2019)

mecA confers resistance to methicillin and most of the other 3-lactams, but the problem does
not end here since a significant part of MRSP isolates are Multi-Drug Resistant (MDR,
resistant to three or more different antimicrobials). One of the processes that S.
pseudintermedius follows to become MDR involve three steps of accumulation of resistance
elements (McCarthy et al., 2014): 1) acquisition of a SCCrec element, which possesses the
mecA gene; 2) acquisition of a Tn5405-like element, which harbors different antibiotic
resistance genes such as an/(6’)-la and aph(3’)-111, that confer resistance to aminoglycosides;
satd, that confers resistance to streptothricin; dfr(G), that confers resistance to trimethoprim-
sulfamethoxazole (also known as co-trimoxazole); and emz(B), that confers resistance to
erythromycin; and 3) presence of point mutations in the genes encoding for DNA
topoisomerases (gyrA, gyirB, grlA, and gr/B), which confer resistance to fluoroquinolones.
Finally, S. pseudintermedins can form biofilms («aA to icaD genes), in which the bacteria are

embedded within a matrix. These biofilms do not allow the proper administration of
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treatment, making it difficult to eliminate them (Bannoehr and Guardabassi, 2012; Gronthal

etal., 2014; Dmitrenko et al., 2016; Kmieciak and Szewczyk, 2018; Loeffler and Lloyd, 2018).

Thus, MDR MRSP infections are challenging to treat through veterinary licensed antibiotics
(Gronthal et al., 2014; McCarthy et al., 2014; Kjellman et al., 2015; Damborg et al., 2016;
Loeffler and Lloyd, 2018; Menandro et al., 2019). Moreover, commensal MRSP may act as a
reservoir for antibiotic resistance (Kjellman et al., 2015). It is worth considering that MRSP
infections have already been described in humans (Iverson et al., 2015; Kjellman et al., 2015;
Somayaji et al.,, 2016; Kmieciak and Szewczyk, 2018), which raises the concern for .

pseudintermedius from a One Health approach.

MDR S. pseudintermedins is present worldwide; however, antibiotic use by country can
determine the higher or lower presence of the microorganism. For example, Romania is the
6™ country in the world in consuming daily doses of antibiotics per inhabitant and has the
highest rate in Europe of non-prescript use of antibiotics. A study comparing MRSP and
MSSP of Romania and the UK found that Romanian MSSP exhibited more variety of
resistances compared to the UK MSSP, but all the Romanian isolates were susceptible to §3-
lactams. In contrast, in the UK one of the first-line treatments for canine skin infections are
B-lactams (cephalexin or amoxicillin/clavulanic acid), which is translated in higher rates of
B-lactam resistance in UK MSSP compared to Romanian MSSP. This could be indicative of

geographical variations on resistance patterns (Hritcu et al., 2020).

MRSP and other S. pseudintermedins causing pathology in dogs such as pyoderma or atopic
dermatitis present a clonal distribution (Bannoehr and Guardabassi, 2012; Kjellman et al.,
2015), whereas MSSP isolates present higher genetic variability (Table 2). S. pseudintermedins

in pets is often the primary pathogen isolated (Somayaji et al., 2016; Ference et al., 2019).

One of the most used methods to classify clinical isolates is by multi-locus sequence types
(MLSTSs), defined by the genetic variants of seven loci: #f, qpn60, pta, purA, fdb, sar, and ack.
STs that are closely related form clonal complexes (Solyman et al., 2013). Regarding clonal
distribution, the main lineage of S. pseudintermedins is MRSP ST71 in Europe and MRSP ST68
in North America (Bannoehr and Guardabassi, 2012; Gronthal et al., 2014; McCarthy et al.,
2014; Kjellman et al., 2015; Damborg et al., 2016; Dmitrenko et al., 2016; Dos Santos et al.,
2016; Bergot et al., 2018). ST71 has also spread worldwide and can be found in other
continents like America or Asia (Dos Santos et al., 2016). In France, ST496 is a new emerging

lineage that shows resistance to all veterinary licensed antibiotics (Bergot et al., 2018). In
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Asia, ST45 and ST112 are the predominant MLST (Bergot et al., 2018), whereas ST45 is in
Australia, Thailand, and Israel (Damborg et al., 2016).

ST71 isolates are associated with the highest amount carry-over of antibiotic resistances,
including all veterinary licensed antibiotics (Table 3) (McCarthy et al., 2014; Kjellman et al.,
2015; Damborg et al., 2016; Somayaji et al., 2016; Bergot et al., 2018; Wegener et al., 2018).
ST258 is an emerging lineage in Europe that may be replacing ST71 (Kjellman et al., 2015;
Damborg et al., 2016; Dos Santos et al., 2016; Bergot et al., 2018). ST258 is more susceptible
to antibiotics than other lineages, and it has a lower tendency to form biofilm and adhere
less to corneocytes (a type of skin cell) (Damborg et al., 2016; Bergot et al., 2018; Wegener
et al., 2018; Menandro et al., 2019).
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Table 2. Overview of some studies regarding S. pseudintermedius isolated from human and animal clinical cases.

Reference Study

Human infections caused by S. pseudintermedius

(Van Hoovels et al., 2006) 1st documented human clinical case caused by S. pseudintermedins (60-year-old man with
an infection in the pocket of his cardiac pacemaker).

(Somayaji et al., 2016) Study of 24 cases causing skin and soft tissue infections, bacteremia, fistula wound
infection, otitis externa, or prosthetic joint infection. 21 of the patients owned a dog.
Six isolates obtained were MRSP isolates.

(Lozano et al., 2017) Four clinical skin cases. All were MSSP and encoded for leukocidin and exfoliative

toxin. Resistance to tetracycline, macrolides, ot trimethoprim in some isolates.

(Ference et al,, 2019) 8. psendintermedins isolates from sinonasal infections. 45% of the patients presented
polymicrobial infections, such as Psexdomwonas, E. coli, Serratia, Enterobacter, Klebsiella, or S.
anreus. 96% of the patients owned a dog.

Veterinary studies
(Grénthal et al., 2014) MRSP outbreak in a Finnish veterinary teaching school, caused by a clonal MRSP ST71
harboring SCCpec type 11-111.

(Kjellman et al,, 2015) 54 MRSP (49 from infected and 5 from healthy dogs). 17/54 were ST258 and 12/54,
ST71. ST258 exhibited resistance to a maximum of five antibiotics, ST71 exhibited

resistance to five to seven of the antibiotics tested.

(Damborg et al., 2016) 46 clinical MRSP isolated from canine skin and mucosal infections. ST71 (13/46) and
ST258 (7/46) were the most prevalent. ST71 harbored SCCrzec II-I1T and ST258 SCCrec
IV. Moreover, ST258 exhibited more susceptibilities to antibiotic than ST71.

(Menandro et al., 2019) 60 S. pseudintermedius, 19 of which corresponded to MRSP (18 from dog, and one from
cat). All MRSP were MDR and isolated from otitis, pyoderma, conjunctivitis, and
cutaneous fistula (among others). Fourteen MRSP belonged to ST71. While all ST71
isolates harbored SCCrec I1-111, ST258 encoded for SCCmec IV. ST71 presented a wider
range of antibiotic resistance than ST258.

(Meroni et al., 2019) 73 S. pseundintermedins isolates from dogs with clinical deep pyoderma, of which 56/73
belonged to ST71, 12/73 to ST258, and 5/73 to ST106. 35 isolates were MRSP: 24
ST71 SCCmec TI-111, 9 ST258 SCCrmec IV, and 2 ST106 SCCmec IV. 42/73 of the isolates
were MDR; while ST71 showed multiple resistances against typical veterinary-licensed
antibiotics, ST258 were more susceptibilities to antibiotics. 69/73 of all isolates were
biofilm producers.
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Table 3 Antibiotic resistance gene profile in European lineages ST71, ST258, and ST496; and North American
lineage ST68. Abbreviations: 3-LAC, B-lactams; CHL, chloramphenicol; ERY, erythromycin; FQ, fluoroquinolones;
GEN, gentamicin (aminoglycoside); KAN, kanamycin (aminoglycoside); LIN, lincosamides; PEN, penicillin; STH,
streptothricin; STR, streptomycin (aminoglycoside); SXT, trimethoprim-sulfamethoxazole or co-trimoxazole; TET,

tetracycline; TOB, tobramycin (aminoglycoside).

o & R
Gene H ﬁ I‘_': I:] Resistance Comments References
[ R R N
ant(6’)-Ia/ aadF X X STR On Tn5405-like elements 1-6
aph(3’)-111 X X X X KAN On Tn5405-like elements 1-7
aac(6’)-Ie-aph(2’)-1a X X X GEN, KAN, On IS2566 or 1S1272 elements 137
TOB ’
blaZ X X X X PEN On Tnb552 or Tn55-like elements 1-5,7
mecA X X X X BLAC On SCCmec II-1II (ST71) 157
On SCCmec V (ST258 and ST68) ’
satd X X X X STH On Tn5405-like elements 1-5,7
afi(G) X X STX On Tn5405-like elements 2-6
catycozy X X CHL 1-3,5,7
tet(K) X TET 1-3,5-7
tet(M) X X X TET 1,5
grA [ grlA SNPs X X FQ 1,2,4
erm(A) X ERY 7
erm(B) X X X ERY On Tn5405-like elements 1,3-7
Inn(A) X LIN 5

References: 1, (Bergot et al., 2018); 2, (Descloux et al., 2008); 3, (Ishihara et al., 20106); 4, (McCarthy et al., 2014); 5, (Perreten
et al., 2010); 6, (Wegener et al., 2018); 7, (Menandro et al., 2019).

In relation to the SCCmer cassettes, ST68 and ST258 share SCCmec type V and ST71 is
associated with SCCwec II-I111 (Descloux et al., 2008; Perreten et al., 2010; Ishihara et al.,
2016; Dos Santos et al., 2016). Moreover, while ST71 and ST68 resistance to tetracycline is
associated with 7#(K) gene, ST258 is associated with 7e#(M) (Perreten et al., 2010; Bergot et
al., 2018; Wegener et al., 2018) (Bergot et al., 2018). ST71 carries the aac(6’)-le-aph(2’)-la gene
conferring resistance to different aminoglycoside antibiotics (Table 3), but ST258 isolates
do not present it (Perreten et al., 2010; McCarthy et al., 2014; Ishihara et al., 2016; Bergot et
al., 2018; Wegener et al., 2018; Menandro et al., 2019). As seen in Table 3, several genes are
found in MGEs, and 8% of the genome is thought to be MGEs acquired by HGT in S.
pseudintermedius (McCarthy et al., 2014; Dos Santos et al., 2016; Wegener et al., 2018). Finally,
ST71 and ST68 have the major content of prophages (McCarthy et al., 2014).
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Virulence

S. pseudintermedius harbors virulence factors that help the bacterium set an ideal environment
for colonization and survival (Rigoulay et al., 2005; Hu et al., 2012; Kmieciak and Szewczyk,
2018; Moreno-Cinos et al., 2019).

Proteases (c/pP and h#rA genes) can degrade defective proteins produced under stress
conditions (such as nutrient starvation or heat-stress situations); thermonucleases (e gene)
can degrade host’s nucleic acids; and lipases (/%p gene) can degrade the sebum protective layer

of the host skin.

Microbial surface components recognize adhesive matrix molecules from the host and help
in colonization. SpsE, SpsD, SpsL,, and SpsO are adhesive proteins that adhere to fibrinogen,
fibronectin, and cytokeratin 10 present in human and canine corneocytes, and EbpS binds
to elastin, which is present in the skin, lungs, or blood vessels. SpsP and SpsQ bind to the
immunoglobulins, which inhibit opsonization and allow the bacterium to evade the host’s
immune system (Downer et al.,, 2002; Bannoehr et al., 2011; Bannoehr and Guardabassi,
2012; Latronico et al., 2014; Phumthanakorn et al., 2017; Balachandran et al., 2018; Kmieciak
and Szewczyk, 2018).

S. pseudintermedins can also produce several toxins causing clinical symptoms on the infected
host: enterotoxins, exfoliative toxins, and cytotoxins. Enterotoxins (sein and s€Ceanine geNes)
cause vomiting. Exfoliative toxins (e.g., siez, exi, and expB genes) cause disaggregation of the
skin layers, leading to exfoliation, erythema, crusting, erosive lesions, and intradermal
splitting —symptoms related to pyoderma—, otitis, and staphylococcal scalded skin syndrome
(among other diseases). Finally, cytotoxins such as hemolysins (bla and hlb genes) and

leukotoxins (kS and kL genes) lyse erythrocytes and leukocytes, respectively.

Phenol-soluble modulins (PSMs) create pores in lipidic membranes. Furthermore, PSMs can
polymerize to form structures that help stabilize biofilms (Bannoehr and Guardabassi, 2012;

Cheung et al., 2014; Maali et al., 2018; Gonzalez-Martin et al., 2020).

Different regulatory systems control the production of virulence factors, most of them two-
component systems that have one element that detects environmental changes (the detector)
and transmits them into the second element (the regulator), that regulates the expression of
virulence factors (Figure 8). For example, the accessory gene regulator system (agr genes) is
a quorum-sensing system formed by four elements (AgrA to AgrD). AgrA is the regulator,

and AgrC the detector in the two-component system. AgrB matures and exports AgrD, also
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called auto-inducing peptide. When AgrC detects high concentrations of AgrD, it activates
AgrA, which induce the transcription of two RINAs that positively regulate some virulence
factors, such as PSMs (Malone et al., 2007; Bannoehr and Guardabassi, 2012; Jenul and
Horswill, 2019).
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Figure 8. Principal virulence regulation systems in Staphylococcus spp. This figure corresponds to S. anreus since S.

pseudintermedins and S. aunrens share several regulation systems. Figure excerpted from (Jenul and Horswill, 2019).

1.4. Escherichia coli
Ecology and antibiotic resistances

E. coli is a well-known commensal of the Enterobacteriaceae family that inhabits the gut of
vertebrate animals. However, it can also present an opportunistic behavior, causing either
intestinal pathologies, from mild to hemorrhagic diarrheas (IPEC, intestinal pathogenic E.
coli) or extra-intestinal pathologies, such as urinary tract infections, bacteriemia, or meningitis
(ExPEC, extra-intestinal pathogenic E.co/) (Thomas et al., 2016; Denamur et al., 2021). E.
coli can be classified by pathotypes, which are groups that share pathogenic characteristics
such as virulence factors and disease development. Several pathotypes have been described
throughout the years inside the IPEC and ExPEC groups, such as Enterotoxigenic E. co/i
(ETEC), enteropathogenic (EPEC), enteroinvasive (EIEC), enterohemorrhagic (EHEC),
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Shiga toxin-producing (STEC) for IPEC; and uropathogenic E. coli (UPEC), neonatal
meningitis-associated (NMEC), and sepsis-associated (SEPEC) for ExPEC. MLST is also a
widely used way to classify the microorganism. For E. co/i, seven genes are considered: adk,

SumC, gyrB, icd, mdh, purA, and reeA (Thomas et al., 2016; Poirel et al., 2018).

As a component of the fecal microbiota of mammals and birds, pathogenic E. co/i can be
transmitted via contact with animal feces, direct contact, or by the food chain. As an
aggravating factor, it is usually a reservoir of several antibiotic resistance genes and virulence
factors that threatens the treatment of its infections. Apart from the clinical concern,
infection by E. /i in production animals provokes an economic impact. For example,
diarrhea is a significant concern in livestock due to its easy propagation among the herd.
Another important infection in dairy cattle is mastitis, which can be caused by an E. co/i

infection, reducing milk production (Poirel et al., 2018).

As probably the most studied bacterium, it has been thoroughly reported that E. co/i presents
a wide range of antibiotic resistance genes to most antibiotic families. It presents resistance

to:

- B-lactams, cither by narrow-spectrum B-lactamases such as blareas, or extended-

spectrum {B-lactamases and carbapenemases, such as blacrxarss ot blanpair.
b

- Fluoroquinolones, by punctual mutations on genes such as gy (which codes for the

DNA gyrase) or acquired genes such as gnrAT7 ot aac(6’)-1b-cr.

- Aminoglycosides, by enzymatic inactivation, mainly modifying the antibiotic by
acetyltransferases  (aac  genes), nucleotidyltransferases  (anf  genes), and

phosphotransferases (aph genes).

- Tetracyclines, either by efflux pumps (such as the one encoded by #4) or by

ribosome protective proteins (such as the one encoded by ##M).

- Phenicols can be inactivated by acetyltransferases (caf gene), pumped out the cell by
efflux pumps (7.4 or floK), or resisted by punctual methylations. Resistance to
sulfonamides and trimethoprim are mediated by s#/7 to su/3 genes and dfr genes,

respectively.
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- Polymyxins, by mutations in the genes that code for the lipopolysaccharide-
modifying enzymes (PmrA and PmrB); or by acquired genes, mostly plasmid-
mediated, #¢r (Poirel et al., 2018).

Among these antimicrobial resistances, colistin (polymyxin) is of special concern since it was
categorized as a last resort antibiotic in human health to combat infections of extensively
resistant gram-negative bacteria (Catry et al., 2015). The outer membrane of gram-negatives
such as E. co/i is composed of lipopolysaccharides in a double lipid layer conformation. The
polysaccharide part of the lipids is negatively charged and stabilized by divalent cations such
as Ca* and Mg®". mer-1 (mobilized colistin resistance) gene codes for the
phosphatidylethanolamine transferase MCR-1, which transfers phosphoethanolamine
(PPEA) to the lipid A part of the lipopolysaccharides. The final product (PPEA-4’-Lipid A)
is charged positively, lowering the affinity of colistin to the outer membrane and making the

bacteria resistant (Loho and Dharmayanti, 2015; Xu et al., 2018a) (Figure 9).

In livestock, colistin has been used to treat infections caused by enteric bacteria, and also as
a prophylactic and metaphylactic against enteric diarrheas (Catry et al., 2015; Rennings et al.,
2015). However, an abusive use of colistin can select for colistin-resistant bacteria. It has
already been described the presence of wer-1-harboring E. co/i in street food, chicken, pork,
and beef meat, water, and even the healthy human gut (Monte et al., 2017; Elbediwi et al.,
2019; Johura et al., 2020).

A) Colistin sensitive strain B) Colistin resistant strain
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Figure 9. Colistin mechanism of action and resistance mediated by MCR-1. These figures represent the wall of a
Gram-negative bacterium of a A) colistin sensitive and of a B) colistin-resistant strain. OM, Outer Membrane; PG,
peptidoglycan; IM, Inner membrane; MCR-1, mobilized colistin resistance-1; PEA, 4-phosphoethanolamine. Figure
adapted from (Loho and Dharmayanti, 2015; Xu et al., 2018a).
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Virulence

E. coli can produce a wide range of virulence factors that play a significant role during its
infection (Figure 10, Box 5), intervening in its successful colonization and survival inside
the host at the cost of causing damage that can turn to be fatal. Some E. co/i virulence factors
(EspF, Tir, EspB, NleA, among others) can cause exacerbation of diarrhea via different ways,
such as altering transporters involved in the fluid homeostasis by inhibiting the Na'-glucose
transporter (SGLT-1), reducing the expression of the Na'-H" exchanger (NHE3), or
inducing mislocalization of aquaporins (AqP); disrupting tight junctions that increase
intestinal permeability; or inducing microvilli effacement that translates into a minor
absorptive surface. Moreover, other E. co/i virulence factors (Tir, NleA, NleB, Esp], EspF,
EspB, among others) can modulate the immunity of the host by stopping cytokine
production that would then activate pro-inflammatory pathways (NF-kB and MAPKDY) or
lymphocyte proliferation; disrupting inflaimmasome activation; inhibiting extrinsic and
intrinsic apoptosis; or preventing macrophage phagocytosis (Cepeda-Molero et al., 2020).
Apart from these, E. co/i can present virulence factors with cytotoxic activity adherence

activity or enzymatic activity, among others (Box 5 for more information and references).
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Figure 10. Scheme of some virulence mechanisms from E. coli. Virulence factors act at different levels, causing inhibition of protein production, leading to cell death, watery diarrhea, tight junction

disruption, or microvilli effacement, among others. Figure based on figures from (Castro et al., 2017; Cepeda-Molero et al., 2020).
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Box 5. Review of some virulence factors reported in E. coli and their mechanism of action.

Virulence factors

Locus for Enterocyte Effacement

(LEE pathogenicity island)

Enterohemolysin (eAxA)

Extracellular serine protease (espP)

EAST-1 heat-stable toxin (astA)

Heat-stable enterotoxin ST-Ia (stal)

Fimbriae (f174, C, D, and G)

Cytolethal distending toxin (ctdA to C)

Catalase-peroxidase (katP)

Shiga-toxin (stx2)

Action

EspA interacts with the enterocyte, then EspB and EspD form the type III secretion system (T3SS, or
injectisome). Different virulence factors are translocated through T3SS, like Tir, which reaches the enterocyte’s
membrane and integrate. Tir-intimin interaction allows the bacterium to adhere to the enterocyte surface and
modulates the enterocyte’s cytoskeleton, leading to the polymerization of actin underneath the E. e/ (pedestal),
and effacement of the brush border microvilli.

It is a membrane pore-forming cytotoxin active against human and bovine cells. Moreover, it increases human
mononuclear cells' IL-18 production, a pro-inflammatory cytokine, which exacerbates tissue damage during
disease.

Participates in the adhesion and colonization to bovine intestinal cells, and cleaves pepsin A and human
coagulation factor V, leading from mild bleeding to severe gastrointestinal hemorrhages (hemorrhagic colitis).

Causes diarrhea by increasing cyclic guanosine monophosphate (¢<GMP) production, which inhibits Na*/Cl- co-
transport, and consequently, water and electrolyte absorption from the intestine, thus altering fluid homeostasis.

Colonization virulence factor associated with diarrhea in neonates.

It is a genotoxin due to the DNAse activity of CdtB subunit. CDT can modulate the host physiology by
modulating the immune system, modulating cell apoptosis or senescence, making lose control of bacterial
proliferation and tissue regeneration. These effects lead to tissue lesions, slow healing, chronic wounds, and even
carcinogenesis.

It is an enzyme that helps the bacterium to defend against oxidative stress created by phagocytes and other cells
during the infection.

stx2 gene can be catried by lysogenic prophages that integrate at tRNA regions (arginine, leucine, serine, and
threonine are the most popular). Once this toxin is internalized, it modifies the 28S rRNA, inhibiting protein
synthesis, leading to cell death. Then, Shiga-toxin could reach the bloodstream, reaching other organs.
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1.5. Klebsiella pneumoniae

Ecology and antibiotic resistances

K. pnenmoniae is a resilient bacterium that colonizes mucosa, such as the gastrointestinal tract
and the oropharynx. Its resiliency is based on its survival strategy, which relies on a good
defense against the host immune system. K. preumoniae isolates have been typically classified
into two main groups according to their virulence: classical and hypervirulent K. preumoniae.
Other classifications consider the antimicrobial resistances, such as carbapenem-resistant K.
pnenmoniae (named CRE for carbapenem-resistant Enterobacteriaceae); or the MLST types
defined by 7 loci (wdh, infB, tonB, gapA, phoE, pgi, and rpoB) (Paczosa and Mecsas, 2016;
Gonzalez-Ferrer et al., 2021).

Both classical and hypervirulent K. preumoniae can be the etiological agent of severe diseases
like urinary tract infections, pneumonia or even bacteremia (Figure 11). On one hand,
classical K. pnenmoniae usually causes infections in immunocompromised hosts in a
nosocomial way. So, a patient comes to the hospital with another infection and is treated
with antibiotics: resistant K. pmeumoniae inhabiting on the gastrointestinal tract can be selected
and can cause an opportunistic infection. If this infection reaches the bladder, the treatment
and hospital stay may prolong and if it reaches the bloodstream (bacteremia), the fatality rate
increases from 27.4 to 37% (Paczosa and Mecsas, 2016; Effah et al., 2020; Gonzalez-Ferrer
et al., 2021; Lan et al., 2021). On the other hand, the hypervirulent K. preumoniae can cause
infections in both healthy and immunocompromised hosts, either nosocomial- or
community-acquired. Infections caused by hypervirulent K. preumoniae commonly evolve to
systemic infections, reaching other body sites and causing pyogenic liver abscess, meningitis,
or endophthalmitis, among others (Figure 11) (Paczosa and Mecsas, 2016; Effah et al., 2020;
Gonzalez-Ferrer et al., 2021).

The most concerning isolates are those that harbor extended-spectrum B-lactamases and
carbapenemases. Carbapenems are last-resort antibiotics for human medicine and rarely
prescribed in veterinary medicine, except some third and fourth-generation cephalosporines.
These concerning isolates are also resistant to fluoroquinolones and aminoglycosides, which
are widely used in both human and veterinary medicine against many infections. The
presence of all these resistances in K. preumoniae may result in no antibiotic treatment available
to tackle the infection since all licensed antibiotics are inhibited by bacterial mechanisms

(Poirel et al., 2018; Effah et al., 2020).
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Figure 11. K. pneumoniae infection sites. Hypervirulent K. pueumoniae has been isolated, causing infection in more body

sites than classical K. pneumoniae. Figure excerpted from (Gonzalez-Ferrer et al., 2021).

Virulence

K. pneumoniae presents defense mechanisms against the host immune system ensuring its
survival. It presents four classes of virulence factors that have been deeply characterized: the
capsule, lipopolysaccharides, fimbriae or pili, and siderophores (Paczosa and Mecsas, 2016;

Effah et al., 2020).

The capsule is an extracellular coat composed of polysaccharides (K antigen), which acts as
a shield against phagocytosis, antimicrobial peptides such as defensins (present in the lungs),
complement-mediated lysis, opsonization, and inflimmatory response. Hypervirulent K
pnenmoniae produces the hypercapsule, a more robust and viscous capsule than typical K

pnenmoniae (Lan et al., 2021; Paczosa & Mecsas, 2010).

The lipopolysaccharide of the outer membrane in gram-negative bacteria is composed of an
O antigen, a core oligosaccharide, and lipid A. As this molecule is exposed to the extracellular
space, the host immune system has evolved to detect it (primarily the lipid A) and create a

potent immune response. The immune response can be so strong that it can become toxic
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to the host (endotoxin). Moreover, it can protect against humoral defenses from the host

(Paczosa and Mecsas, 2016; Bertani and Ruiz, 2018).

Fimbriae are adhesive structures that help the bacteria to attach to biotic and abiotic surfaces,
enhancing the invasion of the bacterium into the host. Fimbriae can adhere to the bladder
or catheters (among others) and can start to form a biofilm. The formation of biofilms in
hospitalized patients is life-threatening since the bacteria embedded in the matrix are less
susceptible to antimicrobials, making difficult to remove (Paczosa and Mecsas, 2016;

Gonzalez-Ferrer et al., 2021).

Siderophores are molecules that scavenge iron from the host and allow a better adaptation
to different tissues, improving colonization, and stopping possible inhibition of siderophores
by the host’s defense mechanisms. In K. pneumoniae there are four different types:

enterobactin, aerobactin, salmochelin, and yersiniabactin.
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2. OBJECTIVES

The two main objectives from this Ph.D. thesis are the following:

- To optimize the use of long-read sequencing (Nanopore) in whole-genome
sequencing approaches for characterizing the bacterial genome and plasmids,
including the presence of antibiotic resistance genes, mobile genetic elements, and
virulence factors.

- To apply the long-read whole-genome sequencing to solve real problems from a
clinical veterinarian hospital, a farm setting, and human hospitals. The specific
objectives of these collaborations are:

o To unravel the differences among pathogenic Staphylococcus pseudintermedins
and commensal Staphylococcus pseudintermedius, isolated from canine skin.

o To characterize the colistin-resistance transmission among 18 strains of
Escherichia coli in a One-Health scenario (cattle, swine, and the farmer).

o To describe the transmission of carbapenem-resistance among Klebsiella
prenmoniae isolates involved in hospital outbreaks (human isolates).
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3. MATERIALS AND METHODS

In this section, we describe the methodologies used in this Ph.D. thesis. This includes
laboratory techniques, such as DNA extraction, library preparation, and Nanopore
sequencing, as well as the associated data analysis. The bioinformatics data analysis involves
the main steps to assemble a bacterial genome (or a plasmid), polish it and further

characterize its antimicrobial resistance genes and virulence factors.

The associated published articles contain the complete material and methods for each study,
and also those steps performed by collaborators or third parties, such as microbiological

cultures, antimicrobial susceptibility tests, or Illumina sequencing.
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3.1. Bacterial isolates

Staphylococcus psendintermedins were isolated from the ear skin of a dog with oftitis, from the
lesional skin of dogs with pyoderma (33 dogs, 33 samples from the content of pustules or
epidermal collarettes), and from the perioral and abdominal skin of healthy dogs (6 dogs, 22
isolates). Samples were obtained by rubbing a sterile swab for 15 seconds and isolated by
microbiological culture in blood agar at 37°C for 24 to 48 hours. After overnight culture in
brain heart infusion broth at 37°C, DNA was extracted using ZymoBIOMICS™ DNA
Microprep (for otitis) or Miniprep kit (for the skin samples) (Zymo Research, Irvine,
California, USA) under manufacturer's conditions. DNA quality and quantity were assessed
using Nanodrop 2000 Spectrophotometer and Qubit™ dsDNA BR Assay Kit (Fisher
Scientific S, Madrid, Spain), respectively.

We performed PCR targeting nuc gene, which codes for a nuclease and allows species
identification among the Staphylococcns genera; and the mecA gene, which codes for the
penicillin-binding protein 2A conferring resistance to methicillin and other B-lactam
antibiotics. PCR mixture contained 1 pl of DNA template (~1 ng), 5 ul of 5X Phusion Buffer
HF, 1.25 pl of each primer at 10 uM for mecA PCR, and 1 pl of each primer at 10 uM for nuc
PCR, 2.5 ul of dNTPs at 2mM, and 0.25 ul Phusion Hot Start II High-Fidelity DNA

™

polymerase (2 U/ul) (Thermo Scientific"", Vilnius, Lithuania). Water was added to reach the
final reaction volume of 25 ul. The genes were amplified using the primers shown in Table
4. For the nuc gene, we used an equimolar mix of the specific primers for Staphylococcus anrens,
Staphylococcus intermedius, and S. psendintermedins. Both genes presented the same thermal cycling
profile, with the exception of the annealing temperature, 56°C for nuc and 59°C for mecA,
that consisted of an initial denaturation for 30s at 98°C, followed by 40 cycles for 10s of

denaturation at 98°C, 30s of annealing, 30s of extension at 72°C, and a final step of extension

for 7 min at 72°C. PCR consisted of 40 cycles.
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Table 4. nuc and mecA primers. Primer sets amplify the #u gene to discriminate between staphylococcal species (S.

pseudintermedius, S. anreus, ot S. intermedins), and amplify the mecA gene to detect methicillin resistance.

Name (gene) Sequence (5’-3')

pse-F (nuc) TRG GCA GTA GGATTC GTT AA
pse-R (nuc) CTTTIG TGC TYCMTT TTG G
au-F (nuc) TCG CTT GCT ATG ATT GTG G
au-R (nuc) GCC AAT GTT CTA CCATAG C

in-F (nuc) CATGTC ATATTA TTG CGA ATG A

in-R (nuc) AGG ACC ATC ACC ATT GACATA TTG AAA CC
mecA-P4 TCC AGA TTA CAA CTT CAC CAG G

mecA-P7 CCA CTT CAT ATC TTG TAA CG

The identification of the bacterial species relies on the ##c amplicon's differential length: 359
bp for S. aureus, 430 bp for S. intermedius, and 926 bp for S. pseudintermedius (Sasaki et al., 2010).

PCR amplification product was visualized running a 2% agarose gel for 45 minutes.

For Enterobacteriaceae isolates, we worked with the extracted DNA from colistin-resistant
Escherichia coli isolated from human (n=1), swine (n=4), and cattle (n=13) feces; and eight
carbapenem-resistant Klebsiella pneumoniae isolated from human clinical cases. K. pneunmoniae
studies included five carbapenem-resistant isolates from human clinical cases from Hospital

A and three from Hospital B.

The eight K. pnenmoniae isolates and their plasmids had been previously characterized by the
hospital partners with several techniques such as MLST and PCRs for detecting the presence
of genes encoding carbapenemases, extended spectrum (-lactamases (ESBLs), and 16S
rRNA methyltransferases, as well as for detecting the plasmid’s incompatibility group.
Plasmid profiling was done by pulsed-field gel electrophoresis (PFGE) and Southern blot
against specific resistance genes (blanpy variants, blaox.ias, and blacrx.a).
3.2. Whole-genome sequencing: read pre-processing, de novo assembly and
polishing

Nanopore libraries were prepared by transposase fragmentation using the Rapid Barcoding
Sequencing kit, following manufacturer instructions (RBK-SQKO004, Oxford Nanopore
Technologies, UK; ONT). The final libraries were loaded and sequenced in the Min[ON™
(ONT) sequencer using FLO-MIN106 flow cells v9.4 or v9.4.1.

Basecalling and demultiplexing of the fast5 files was performed with the latest ONT
basecalling software as of the day of the analyses, as shown in Table 5 for each one of the

studies:

39



Table 5. Software used for basecalling, demultiplexing, assembly, and polishing. The number next to the software

corresponds to the version used in the study.

Base calling Demultiplex Assembly Polishing
(Vifies et al., 2019) Albacore 2.3.1 Albacore 2.3.1 Unicycler 0.4.6  Unigycler includes a step using
+ Porechop Lilumina reads
(Francino et al., 2021) Guppy 4.0.11 Guppy 4.0.11 Flye 2.7.1 With Nanopore reads
(Ferrer et al., under revision) Minimap2 2.17

1 x Racon 1.4.13
1 x Medaka 1.0.3
(Vifies et al., 2021) Albacore 2.3 Albacore 2.3 Flye 2.6 With Nanopore reads

+ Porechop Minimap2 2.17

1 x Racon 1.4.10

2 x Medaka 0.11.4

With Illumina reads

Minimap2 2.17

1x Racon 1.4.10

Hospital A isolates (Mari- Guppy 3.0.3 qcat 1.10 Flye 2.5

Almirall et al., 2020) Flye 2.6
Flye 2.7.1

Hospital B isolates Guppy 3.0.3 qcat 1.10 Flye 2.5 With Nanopore reads
Flye 2.6 Minimap2 2.17
Flye 2.7.1 1 x Racon 1.4.10

2 x Medaka 0.11.4
With Illumina reads
Minimap2 2.17

1x Racon 1.4.10

De novo genome assembly of S. pseudintermedius isolated from a dog with otitis was performed

with the reads obtained from Nanopore and Illumina sequencing in a hybrid approach using

Unicycler (Wick et al., 2017).

In all the other studies, the genomes were assembled using Flye (Kolmogorov et al., 2019),
specifying the usage of Nanopore raw reads (--nano-raw), the genome size (--genome-size)
in mega basepairs for each sample (2.6m for S. pseundintermedius, 5m for E. colz, and 5.3m for

K. pnenmoniae), and the possible presence of plasmids (--plasmids).

We had Illumina data for E. co/i and K. pnenmoniae samples from Hospital B (Figure 12).

[lumina paired-end reads were merged into a unique file per isolate using a python script

A first step of polishing using only Nanopore reads was performed for each isolate.
Nanopore reads were mapped to the previously generated assemblies using Minimap2. The

PAF file generated by Minimap2 from each isolate was then used to perform a first round
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of polishing with Racon. A second, and a third, round of polishing was done with Medaka
using the “medaka_consensus” script. We had Illumina data for E. co/i and K. preunmoniae
samples from Hospital B (Figure 12). Illumina paired-end reads were merged into a unique
file per isolate using a python script available at

https://github.com/isovic/racon/issues/68. A final round of polishing was performed

using Illumina reads. First, Illumina reads were mapped to the contigs polished with
Nanopore reads using Minimap?2 (Li, 2018), and then a round of Racon (Vaser et al., 2017)
was performed with Illumina reads. The files obtained from this polishing step were the final

assemblies and were used for further analyses.

For all Hospital A K. pnenmoniae samples and HUB-3 sample (from Hospital B study), we
filtered the plasmid reads by mapping fast(Q) reads against a curated database containing
Enterobacteriaceae plasmid sequences (Orlek et al., 2017) with Minimap2 (Li, 2018). For all
HA Klebsiella pneumoniae samples, reads that mapped to the database were used to assemble
plasmids with Flye 2.5 specifying the "--plasmids" flag. No further polishing was performed
for these samples. For HUB-3 sample (from HB study), reads mapped to the database were
used to perform the assembly of the plasmids with Flye 2.6 (--genome-size 0.066m) as

described before for E. co/i and samples from Hospital B (hybrid sequencing).

A summary of all the data analysis steps and software versions used can be find in Table 6.

Input Software - Function

———— Llegend

ﬁl Flye - Assembly
D Minimap2 - Mapping
D D Racon - Polishing
D Medaka- Polishing
B Medaka - Polishing
|:| Minimap2 - Mapping

D] Demultiplexed ONT fastQ reads

C] fastA Assembly

D paf Mapped ONT reads
B Assembly Polished-R
I:] Assembly Polished-RM
B Assembly Polished-RMM
B paf Mapped Illumina reads

D Illumina reads

C] Assembly Polished-final

~UJUWEUYY §

Further analysis

Figure 12. Workflow used for the hybrid assembly and polishing of E. coli and K. pneumoniae genomes and

plasmids.
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3.3. Genomic characterization

A summary of all the genome characterization analysis per study and software versions used

can be find in Table 6.

Table 6. Software used for characterizing the genome and plasmid assemblies. In the case that the software is web-
based or do not have a specific version, it is indicated with “X”. ARGs, antibiotic resistance genes; CGE DTU, Center for
Genomic Epidemiology from the Technical University of Denmark; db, database; Genome compl., Genome completeness;
IS, insertion sequence; MLST, Multi-Locus Sequence Type; PGAP, Prokaryotic Genome Annotation Pipeline; VF,

virulence factors.

S. pseudintermedius
Otitis Healthy/Pyodetma E. coli K. pneumoniae

Assess Genome Completeness

CheckM v1.0.11 v1.1.11
BUSCO v4.0.1 v4.0.1
Genome circularization
Circlator v1.5.5
Typing
MLST CGE DTU v2.0 v2.0 v2.0 v2.0
SeroTypeFinder CGE DTU v2.0
CSIPhylogeny CGE DTU vl4
ClermonTyping X
Annotation
Prokka v1.13 v1.14.16 v1.14.16 v1.14.16
PGAP X X X
Abricate v0.8.13 v0.8.13 v0.8.13 0.8.13
+ CARD db X X X X
+ PlasmidFinder db X X X
+ VFDB X X
+ Custom VF db X
SCCmecFinder vl.2
Phigaro v2.2.6
ISFinder X X
PHASTER X
OriTFinder X
Pangenome analysis
Anvi'o v6.2
Visualization
Bandage v0.8.1 v0.8.1
BRIG v0.95
SnapGene Viewer ¥5.0.7 ¥5.0.7
FigTree 143
NCBI BLAST X
Kablammo X

The genome completeness and contamination was assessed using CheckM (Parks et al., 2015)

tor S. psendintermedins, and BUSCO (Simao et al., 2015) with the Enterobacteriaceae database
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(OrthoDb 10.1) (Kriventseva et al., 2019) for the E. co/i and K. pnenmoniae isolates. Circlator
(Hunt et al., 2015) was used to identify the origin of the chromosome and set the same start

position for all assemblies (fixstart --min_id 70 flags)

Gene annotation was performed with Prokka (Seemann, 2014) for all the isolates and with
NCBI Prokaryotic Genome Annotation Pipeline (PGAP) (Tatusova et al.,, 2016) for S.
pseudintermedius (at the time of NCBI uploading of the genomes) and E. ¢/ isolates. We
further characterized the genomes and plasmids by detecting the presence of specific genes
—with a minimum identity and coverage of 90%— using Abricate (Seemann, 2017) with the
following databases: i) PlasmidFinder (Carattoli et al., 2014) for plasmid replicons, ii) CARD
(Jia et al., 2017) for antibiotic resistance genes, iii) VEFDB (Chen et al., 20106) for virulence
factors,. For virulence factors analysis in S. pseudintermedius, we created a custom database that
included 58 genes encoding exfoliative toxins, enterotoxins, leukocidins, pore-forming
proteins, and intercellular adhesion proteins, among others (available at
http://doi.org/10.17605/OSF.IO/NS3Y4). Insertion sequences were analyzed using
ISFinder (Siguier et al., 2000); bacteriophages were analyzed through PHASTER (Arndt et

al., 2016) and Phigaro (Starikova et al., 2020); and conjugative elements were analyzed using
OriTFinder (Li et al., 2018b).

GC % content was calculated wusing https://www.sciencebuddies.org/science-fair-

projects/references/genomics-g-c-content-calculator. MLST (Larsen et al, 2012) was

assigned with MLST tool available at https://cge.cbs.dtu.dk/services/MI.ST-2.0/.

For the S. pseudintermedins, SCCmec type was determined with SCCmecFinder, available at

https://cge.cbs.dtu.dk/services/SCCmeclinder/. For E. coli, SerotypeFinder (Joensen et al.,

2015) was applied to retrieve the serotype, CSIPhylogeny (Kaas et al., 2014) to retrieve SNPs,
and ClermonTyping (Beghain et al., 2018) to retrieve the phylotype.

Plasmid annotation was visualized with BLAST Ring Image Generator (BRIG) (Alikhan et

al., 2011) and SnapGene Viewer (from Insightful Science; https://www.snapgene.com/).

Phylogeny was visualized with FigTree (http://tree.bio.ed.ac.uk/software/figtree/). For K

prenmoniae, NCBI BLAST was used to perform one-vs-one alighments and obtain a dot plot

for two IncN + IncR plasmids. Web-based Kablammo (Wintersinger and Wasmuth, 2015)

http://kablammo.wasmuthlab.org/) was used to visualize the alignment of both plasmids.

Finally, for S. pseudintermedins we performed a pangenome analyses and associated

visualization plots using ANVI’O (Eren et al., 2015). After simplifying the header lines of
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the fastaA assembly, we generated an ANVI’O contigs database using Prodigal (Hyatt et al.,
2010) as a gene caller to identify open reading frames (ORFs). Genes were functionally
annotated using blastp against the NCBI Clusters of Orthologous Groups (COGs) database
(cog2020) (Tatusov et al., 2003). The pangenome database was created using NCBI's blastp
to calculate each amino acid sequence's similarity in every genome against every other amino
acid sequence across all genomes to resolve gene clusters. MCL inflation parameter that was
set to 10. Both, genome storage and pangenome databases were used to display the

visualization of the pangenome.
3.4. Data availability

The genome sequence of S. pseudintermedius from otitis was deposited in the GenBank

database with accession number CP032682.1 and RefSeq accession number NZ CP032682;

the plasmid was deposited under GenBank accession number MN612109. All raw sequence
files can be found under BioProject accession number PRINA493792. The results are

published in Microbiology Resource Announcements (Vifies et al., 2019)

The whole-genome assemblies from the 55 S. pseudintermedins isolates were deposited at
NCBI under the BioProject PRINAG685966, with the accession numbers CP066702 to
CP066718, CP066884, CP066885, and JAENBQO000000000 to JAENDF000000000. The

results are published in Microbiology Resource Announcements (Francino et al., 2021) and

are under revision in Veterinary Dermatology (Ferrer et al., under revision).

The 18 E. /i genomes sequences, 48 antibiotic resistance plasmids, 13 virulence factor
plasmids, Nanopore fastQ files, and Illumina fastQ) files from E. co/i were deposited in
OSFHOME under the DOI 10.17605/OSF.I0/7Q2CB. The results are published in
Antibiotics (Vifies et al, 2021).

FastQ files of K. pneumoniae isolates are associated with BioProject PRINA6346391 and were

deposited into the NCBI Sequence Read Archive (SRA) under the following accession
numbers: SRR11828896 (HA-2), SRR11828895 (HA-3), SRR11828894 (HA-4),
SRR18228893 (HB-377), and SRR11828892 (HB-530), respectively. The results are
published in Journal of Antimicrobial Chemotherapy (Mari-Almirall et al., 2020).

Data for isolates HUB-1, HUB-2, and HUB-3 has not yet been published due to

confidentiality.
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4. RESULTS
The Ph.D. thesis had two main objectives:

- A technological one optimizing whole-genome sequencing for characterizing the
bacterial genome, including the presence of antibiotic resistance, virulence factors,
mobile genetic elements, and plasmids

- A scientific one applying whole-genome sequencing to solve real problems from

animal and human health, in a One Health approach

The specific objectives were achieved by working in different studies and collaborations: we
have unraveled potential differences among pathogenic and commensal Staphylococcus
pseudintermedius isolated from canine skin; we have characterized the transmission of the mer-
1 gene for colistin resistance among 18 strains of Escherichia coli in a One-Health scenario
(cattle, swine, and the farmer); and we have described the transmission of carbapenem-
resistance among Klebsiella pnenmoniae isolates involved in an inter-hospital outbreak (human

isolates).
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4.1. Whole-genome sequencing and de novo assembly of a methicillin-resistant

Staphylococcus pseudintermedius (MRSP) isolate

In this first study, and as a proof of concept of whole-genome sequencing for de novo assembly
of bacterial genomes, we sequenced the genome of a multi-drug resistant Szaphylococcus
pseudintermedius isolate (G3C4) from canine otitis. Figure 13 shows the methodology applied,
from the sampling, to the microbiological culture and the final sequencing for de novo genome

assembly using a hybrid approach with short (Illumina) and long reads (Nanopore).

Sample \ 1

Otitis externa swab f S Q Staphylococcus
) | 3 pseudintermedius
Culture Culture
Blood Agar Disk diffusion
37°CON inhibitory assay

DNA microprep Kit o " ™

BIOMICS
Zymo s, % - PCR

mecA and nuc

DNA extraction %mﬁ — e “
¢ p

DNA sequencing DNA sequencing

MinlON Nanopore MiSeq lllumina
Rapid barcoding kit NGSgo kit

-

Data analysis

Figure 13. Whole-genome sequencing and de novo hybrid assembly of S. pseudintermedius isolated from canine

otitis. Gray boxes include those techniques performed by third parties. Created in BioRender.com
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After the microbiological culture and the antibiogram performed by LETI, we extracted the
bacterial DNA and checked the amplification of (1) the nx#c gene to confirm the species
(expected fragment size 900 bp) and (2) the mecA gene responsible for the methicillin-

resistance.

Agarose 2,5% | £45min

Figure 14. mecA and nuc genes PCRs results viewed using electrophoresis. Our isolate was S. pseudintermedins (~900

bp band in #uc gene electrophoresis) harboring methicillin resistance gene mecA.

Once confirmed that the isolate was a methicillin-resistant S. pseudintermedins (MRSP) (Figure
14), we proceeded with the whole-genome sequencing (WGS) with short-reads (Illumina)
and long-reads (Nanopore) to de novo assemble the genome in a hybrid approach to increase
the accuracy of error-prone nanopore reads. Two contigs with 60X coverage corresponded

to a new S. pseudintermedins genome and a plasmid.

The G3C4 S. pseudintermedius isolate resulted in 2,717,621 bp genome size, with 37.5% G+C
content. It contained 2,548 coding sequences (CDS), 59 tRNAs, and 19 rRNA copies
(GenBank Accession: CP032682.1). Moreover, it presented a completeness of 99.43%, and
its MLST was ST71.

The plasmid was 4,439 bp long, with a G+C content of 30.07% (GenBank Accession:
MNG612109.1). It blasted against a plasmid isolated from Staphylococcus epidermidis, pSE-12228-
01 (NCBI accession number NC 005008) with 100% coverage and 99.9% identity.

The G3C4 S. pseudintermedins isolate was resistant to aminoglycosides (gentamycin and

tobramycin); fluoroquinolones (ciprofloxacin, marbofloxacin, and pradofloxacin);
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tetracyclines (tetracycline, doxycycline, and minocycline); macrolides (erythromycin); (-
lactams (oxacillin and cefoxitin); lincosamides (clindamycin); and co-trimoxazole, as assessed

by disk diffusion testing (Table 7).

Table 7. Summary of the antibiotic resistance determined by disk diffusion testing and its correspondence to
sequencing results.

Antibiotic® Susceptibility® Genes or mutations associated Location
Aminoglycosides
GEN R aac(6’)-le-aph(2”)-la, aph(3’)-1lla, aad(6) Genome
TOB R
AMK S
Fluoroquinolones
CIP R Point mutations in gyrA Genome
MARBO R
PRADO R
ORBI R
Tetracyclines
TET R tet(K) Plasmid
DOX R
MIN R
Macrolide
ERY R erm(B) Genome
Beta-lactams
OXA R mecA, blaZ Genome
FOX R
Lincosamide
CLI R erm(B) Genome
Phenicols
CHL S
FFC S
Rifamycin
RIF S
Fusidane
FD S
SXT R afG Genome

WGS allowed to describe the genes and point mutations that conferred the aforementioned
resistant phenotype. Located in the genome (Figure 15) were found blaZ and mecA genes
conferring resistance to B-lactams; aac(6’)-le-aph(2’)-la, aph(3’)-1lla, and aad(6) to
aminoglycosides; erzB to erythromycin and clindamycin; and 4G to trimethoprim (one of
the components of co-trimoxazole). Moreover, point mutations in the topoisomerase gy~
gene positions 12, 214, 251, and 2032 explained the resistance to fluoroquinolones. In

addition, despite not assessed phenotypically, we detected the sa## gene, which confers
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resistance to streptothricin. Finally, the plasmid harbored the ##(K) gene that conferred the

resistance to tetracycline.
Regarding mecA gene, it was located in a SCCrec 11-111 cassette, which is characteristic of S.
pseudintermedius STT1. Moreover, five other genes (aph(3)-Illa, satt, aad(6), ermB, and dfrG)

were held in a cluster, as has previously been reported (Derbise et al., 1997).
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Figure 15. Representation of G3C4 S. pseudintermedius genome, and location of the antibiotic resistance genes

retrieved by Abricate.

These results were published in Microbiology Resource Announcements “Hybrid Assembly from a

Pathogenic Methicillin- and Multidrug-Resistant Staphylococcus pseudintermedius Strain Isolated

from a Case of Canine Otitis in Spain” (Vifies et al., 2020) (Annex 1).
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4.2. Whole-genome sequencing and de novo assembly of Staphylococcus

pseudintermedius isolated from dogs with pyoderma and healthy dogs

Once optimized the hybrid genome assembly for S. pseudintermedins isolates, we aimed to test
Nanopore-only WGS for de novo assembly of S. pseudintermedins genomes. In that case, isolates
were from the lesional skin of dogs with pyoderma and from healthy dogs. The study design

and methodology are shown in Figure 16.
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Figure 16. Whole-genome sequencing and de novo assembly of 55 genomes of S. pseudintermedius isolated from
dogs with pyoderma and healthy dogs. Gray boxes include those techniques performed by third parties. Created in

BioRender.com



We aimed to characterize S. pseudintermedins isolates in health and disease, their genomes,
antimicrobial resistance genes, virulence factors genes, and prophages. We gathered 32
isolates from Spain, 19 from Italy, and four from Argentina. Samples from dogs with
pyoderma (Disease, D; n= 33) were isolated from abdominal swabs of lesional skin, whereas
samples from healthy dogs (Healthy, H; n= 22) were obtained from abdominal swabs and
the perioral area. Perioral samples were taken to represent one of the most common isolation

site for . pseudintermedins.

Using Nanopore-only data, we de novo assembled high quality genomes, with an average of
249X coverage and completeness higher than 96% (ranging from 96.73% for H_SP082, to
99.43% for several isolates) (Table 8 and 9). Genomes sizes ranged from 2,512,726 bp for
H_SP136, to 2,991,046 bp for D_G062, with an average size of 2,677,381 bp. Isolates from
dogs with pyoderma’ had an average genome size larger than isolates from healthy dogs, with
2,742,915 bp versus 2,579,081 bp, respectively. Accordingly, average CDS number was
higher in isolates from dogs with pyoderma (2,565) (Table 8) than in isolates from healthy
dogs (2,362) (Table 9).

The complete information about the genomes has been published in Microbiology Resource
Announcements in the paper “Whole-genome sequencing and de novo assembly of 61

Staphylococcus pseudintermedins isolates from healthy dogs and dogs with pyoderma” (Francino
et al., 2021) (annex 2).

The main MLST retrieved from dogs with pyoderma was ST71 for 15/33 isolates, followed
by ST258 for 4/33 isolates. A total of nine isolates from pyoderma possessed a MLST that
had not been previously described (unk., unknown in Table 8). The remaining five
pathogenic isolates were ST301, ST503, ST611, ST1631, and ST1827. In healthy dogs, 19/22
isolates had a non-previously described MLST and the remaining three isolates were ST257,
ST1061, and ST1248 (Table 9). So, while 24/33 of the isolates from dogs with pyoderma
belonged to an already described MLST, being ST71 the predominant one, only 3/22 of the

S. pseudintermedius isolates from healthy dogs were attributed to a known MLST.
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Table 8. Characteristics of the genome assemblies from the 33 S. pseudintermedius isolated from pyoderma. All
these genomes are submitted at NCBI under the bioproject accession number PRINA685966. ASP, abdominal supetficial

pyoderma; I, Italy; S, Spain; A, Argentina;Cov, coverage; Compl, completeness; CDS, coding sequences.

Isolate Source  Country g::ome Cov GC% MLST Compl% CDS
D_G040  ASP I 2564892  6G4x 038  Unk. 9943 2,369
D_G050  ASP 1 2637713 326x 038  Unk. 9943 2,429
D_G059  ASP I 2573568 223x 038  Unk. 9929 2,364
D_G062  ASP 1 2991046  253x 037  ST71 9943 2,901
D_G063  ASP 1 2981523 256x 037  ST71 9943 2,891
D_G064  ASP 1 2895060 361x 037  ST71 9943 2,764
D_G066  ASP 1 2808032 213x 037  ST71 9943 2,639
D_G067  ASP 1 2896399  533x 037  ST71 9943 2,776
D_GO71  ASP 1 2807986 85 037  ST71 9943 2,644
D_G072  ASP 1 2837133  304x 037  ST71 9943 2,690
D_G076  ASP 1 2,780,144  323x 037  ST258  99.43 2,573
D_G077  ASP 1 2791496  479x 037  ST71 9943 2,624
D_G078  ASP 1 2799396  208x 037  ST71 9943 2,637
D_G081  ASP 1 2694747  353x 038  ST301 9943 2,519
D_G0S2  ASP I 2626557  259x 038  ST258  99.43 2,396
D_G089  ASP 1 2797937  281x 037  ST71 9943 2,628
D_G093  ASP 1 2648891  39x 038  ST258 9943 2,433
D_G09%4  ASP 1 2849103 191x 037  ST71 9943 2,675
D_G099  ASP 1 2623014 168x 038  Unk. 9943 2,416
D_SP020 ASP S 2793830 213x 037  ST71 9915 2,637
D_SP021  ASP S 2795724 197x 037  ST71 9943 2,637
D_SP022  ASP S 2767901  174x 037  Unk.  98.86 2,555
D_SP024  ASP S 2762026  289x 038  STGI1 9943 2,595
D_SP025  ASP S 2805515  295x 037  ST71 9943 2,641
D_SP026  ASP S 2,567,628  303x 038  ST503  99.43 2,387
D_SP027  ASP S 2,717,194  352x 037  Unk. 9943 2,537
D_SP028  ASP S 2575420  238x 038  Unk.  98.86 2,367
D_SP029  ASP S 2723805 270x 037  ST258  99.43 2,517
D_SP030  ASP A 2612059 164x 038  Unk. 9943 2,386
D_SP032  ASP A 2,670,199  119x 037  ST1631  98.66 2,449
D_SP034  ASP A 2550368  204x 038  STI827 99.43 2319
D_SP035  ASP A 2642865 117x 038  Unk. 9943 2,489
D_SP036  ASP S 2927015 129x 037  ST71 9943 2,755
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Table 9. Characteristics of the genome assemblies from the 22 S. pseudintermedius isolated from healthy dogs.
All these genomes are submitted at NCBI under the bioproject accession number PRINA685966. AH, abdominal healthy;

PH, perioral healthy; S, Spain; Cov, coverage; Compl, completeness; CDS, coding sequences.

Isolate Source  Country g;‘:"me Cov GC% MLST Compl% CDS
H_SP079  PH S 2,587,693  301x 038  Unk.  99.43 2,337
H_SP080  PH S 2,587,506  199x 038  Unk.  99.41 2,336
H_SP0S1  PH S 2,621,254 94x 038  Unk. 9858 2,467
H_SP082  PH S 2,620,663 149x 038  Unk. 9673 2,466
H_SP093  AH S 2,590,335  274x 038  Unk.  99.43 2,361
H_SP094  AH S 2,570,595  550x 038  Unk.  99.43 2,337
H_SP095  AH S 2,575,879  341x 038  Unk.  99.43 2,360
H_SP09%  AH S 2,578,330  89x 038  Unk.  99.43 2,359
H_SP097  AH S 2575223  136x 038  Unk.  99.43 2,356
H_SP118  AH S 2,512,855  313x 038  Unk.  99.43 2277
H_SP125  AH S 2,551,473 327x 038  ST1248  98.86 2,330
H_SP127  PH S 2,690,618  162x 038  ST1061  98.86 2,507
H_SP132  PH S 2,515,164 132x 038  Unk. 9872 2,275
H_SP134  PH S 2,514,504  146x 038  Unk.  98.86 2,274
H_SP135  AH S 2,512,727  154x 038  Unk.  98.86 2277
H_SP136  AH S 2,512,726 104x 038  Unk.  98.86 2,074
H_SP137  AH S 2,512,757  224x 038  Unk.  99.43 2271
H_SP138  AH S 2,512,830  227x 038  Unk.  98.86 2277
H_SP140  PH S 2,597,272 296x 038  Unk.  99.24 2,387
H_SP141  PH S 2,622,529 150x 038  ST257  99.43 2,450
H_SP142  PH S 2,597,098  461x 038  Unk.  99.43 2,393
H_SP143  PH S 2,779,670 293x 038  Unk.  98.86 2,589

Analyses of antibiotic resistance genes, prophages, and virulence factors

We found that 27/33 isolates from dogs with pyoderma presented a multi-drug resistant
(MDR) genotype (resistant to =3 different classes of antibiotics): all the ST71 and ST258 (15
and 4, respectively), ST301, ST611, ST1631, and five with an unknown MLST. In contrast,
only 2/22 isolates from healthy dogs were MDR, both with an unknown MLST (Table 10).
We retrieved antibiotic resistance genes (ARGs) conferring resistance to B-lactams, mecA,
mecl, mecR, and blaZ; aminoglycosides, aac(6’)-le-aph(2”’)-1a, aad(6), aph(3’)-Illa; trimethoprim,
dfrG; chloramphenicol, ca#, macrolides and lincosamides, erzA, ermB, lnnA; streptothricin,

sard; and tetracycline, 7K, tetM.
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Table 10. Antibiotic resistance genes and plasmid replicons associated to the 55 S. pseudintermedius (33 from
disease dogs, and 22 from healthy dogs). For each isolate it is indicated if it is genotypically MDR, its MLST, the number
of prophages in the genome, and the SCCmec type.
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D_G063 71 9 TI-I1T
D_G071 71 5 TI-I1T
D_G078 71 5 TI-I1T
D_GO089 71 5 II-111
D_G062 71 9 TI-I1T
D_G066 71 5 II-111
D_G09%4 71 5 TI-111
D_G067 7 8 TI-111
D_G064 71 7 TI-I11
D_G072 7 6 TI-111
D_G077 71 6 11-111
D_SP020 7 5 TI-111
D_SP021 71 5 1I-111
D_SP025 7 6 TI-111
D_SP036 7 5 TI-111
D_G093 258 2 Vg
D_G076 258 1 Vg
D_SP029 258 1 Vg
D_G081 301 2 Vg
D_G082 258 1 Vg
D_SP026 503 1
D_SP024 611 3
D_SP032 1631 1 no
D_SP034 1827 0
D_G099 Unk. 1
D_G050 Unk. 2
D_SP022 Unk. 3 no
D_SP028 Unk. 1
D_SP035 Unk. 2
D_G040 Unk. 1
D_G059 Unk. 1
D_SP027 Unk. 2
D_SP030 Unk. 1
H_SP141 257 2
H_SP125 1061 1
H_SP118 1248 0
H_SP079 Unk. 0
H_SP080 Unk. 0
H_SP140 Unk. 1
H_SP142 Unk. 1
H_SP081 Unk. 3
H_SP082 Unk. 3
H_SP127 Unk. 2
H_SP093 Unk. 2
H_SP094 Unk. 2
H_SP095 Unk. 2
H_SP096 Unk. 2
H_SP097 Unk. 2
H_SP132 Unk. 0
H_SP134 Unk. 0
H_SP135 Unk. 0
H_SP136 Unk. 0
H_SP137 Unk. 0
H_SP138 Unk. 0
H_SP143 Unk. 5
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Specifically, mecA gene —conferring resistance to methicillin— was detected in 22/33 of the
isolates from dogs with pyoderma, all ST71 and ST258 (15 and 4, respectively), ST301,
ST1631, and one with an unknown MLST. All the isolates that contained mecA were MDR.
In addition, mecl and mecR1 genes were present in the isolates that harbored mecA, with the
exception of the four isolates belonging to the ST258, and the ST301 isolate. All the ST71
isolates presented the mecA in a SCCmec type II-III, whereas MLST ST258 and ST301
isolates presented the gene in a SCCmec type IV. It is worthy to highlight that SCCmec type
III from S. awurens corresponds to SCCmec type II-1II for § pseudintermedins. The CARD
database contains only SCCmec types from Szaphylococcus aunrens, and SCCmec type II-III is
characteristic from S. pseudintermedins, which explains the lower identity for the mecA cassette

for ST71 isolates in Table 10.

Focusing on the other antimicrobial resistance genes, aad(6), aph(3’)-Illa, ermB, satt, and dfirG
genes were held in the transposon Tn5405 in ST71, ST258, and ST301 isolates. Moreover,
ST71 and ST301 isolates also presented the aac(6’)-Ie-aph(2”)-1a, which confers resistance to

aminoglycosides, presumably carried by another transposon, Tn5281.

Conversely to what has been explained above for the SSCmec cassette and the Tn5404
transposon, tetracycline resistance genes (#zK and M) were not uniformly spread across
STs. Three ST71 (D_G062, D_G066, and D_G094) and one ST258 (D_G029) isolates
harbored #7K gene in another contig rather than the chromosome, which was probably a
plasmid because it also harbored a replicon (rep7_1_repC) and shows high nucleotide
identity with plasmid pSP-G3C4 (MNG612109.1) that was previously identified and

characterized in our S. pseudintermedius G3C4 isolate from canine otitis (Table 11).

tetK plasmids coded only for three genes: the resistance gene and two proteins involved in
replication. ze#M gene was harbored in the chromosome. Finally, isolates that presented the
cat gene —conferring resistance to chloramphenicol— were all from dogs with pyoderma (five
ST71, and two unknown ST). They harbored the ¢’ gene in the same contig as replicon
rep7_7_rep(pKH?7), suggesting it is probably linked to a plasmid (Table 11). cat-harboring
plasmids also coded for two other elements besides the resistance gene: a plasmid

recombination enzyme and a replicative protein.
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Table 11. NCBI BLAST results of the contigs that are putative plasmids. Contigs harboring 7K gene aligned to
MNG612109.1; assembly did not retrieve a full-length plasmid for isolate D_G066, and misassembled two plasmids for
isolates D_G093 and D_G094. Contigs harboring caz gene aligned to CP016074.1; three plasmids presented two copies of
the replicon rep7_7_rep(pKH?7), which points to a misassemble.

Contigs containing retK gene and rep7_1_repC replicon

Isolate Contig Contig BLAST BLAST Query ID%  Accession Comments
size Size (bp) COV %

D_G062  4419bp  S. pseudintermedins G3C4 4,439 100 99.94  GCF 016482085.1
plasmid pSP-G3C4

D_G066  2,613bp  S. pseudintermedins G3C4 4,439 100 100 GCF 016482585.1 Partial
plasmid pSP-G3C4 assembly

D_G093 8,828 bp . pseudintermedins G3C4 4,439 100 99.98 GCF 016481905.1 2 replicons
plasmid pSP-G3C4

D_G094  8431bp 5. pseudintermedins G3C4 4,439 100 99.98  GCF 016481855.1 2 replicons

plasmid pSP-G3C4

Contigs containing cat gene and rep7_7_rep(pKH?7)

Isolate Contig Contig BLAST BLAST Query ID%  Accession Comments
size Size (bp) COV %
D_G062 3,968 bp  S. pseudintermedins 081661 3,785 100 93.81 GCF 016482085.1
plasmid unnamed1
D_G063 3,769 bp  S. pseudintermedins 081661 3,785 100 9247  GCF 016482045.1
plasmid unnamed1
D_G071  7,023bp S pseudintermedins 081661 3,785 100 9428  GCF 0164824251 2 replicons
plasmid unnamed1
D_G078  4222bp S pseudintermedins 081661 3,785 100 9433  GCF 016481935.1
plasmid unnamed1
D_GO089  4,075bp  S. pseudintermedins 081661 3,785 97 9492  GCF 016481925.1

plasmid unnamed1

Another difference between S. pseudintermedins isolates from healthy dogs and dogs with
pyoderma was the presence of phages and prophages. Isolates from healthy dogs contained
an average of 1.27 phage-related sequences; however, isolates from dogs with pyoderma
contained an average of 3.55 sequences. When considering only ST71 isolates, the average
raises to 6.07 sequences. Specifically, all our ST71 S. pseudintermedius harbored the SpST71A
prophage disrupting the G operon, which is involved in the uptake of foreign DNA

through the phenomena of bacterial transformation.

To detect VF genes, we used a custom database (available at

http://dot.org/10.17605/OSE.IO/NS3Y4) containing 58 VF that belonged to different

categories. A total number of 50 VFs were identified distributed among the 55 isolates

(Table 12).
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Table 12. Virulence factor genes with a variable distribution between isolates. We observed a total of 50 VF

distributed in S. pseudintermedius isolates. This table shows those VF (n=17) that were not present in all isolates.

D_G062
D_G063
D_G064
D_G066
D_G067
D_G071
D_G072
D_G077
D_G078
D_G089
D_G09%
D_SP020
D_SP021
D_SP025
D_SP036
D_G076
D_G082
D_G093
D_SP029
D_G081
D_SP026
D_SP024
D_SP032
D_SP034
D_G040
D_G050
D_G059
D_G099
D_SP022
D_SP027
D_SP028
D_SP030
D_SP035
H_SP141
H_SP127
H_SP125
H_SP079
H_SP080
H_SP081
H_SP082
H_SP093
H_SP094
H_SP095
H_SP096
H_SP097
H_SP118
H_SP132
H_SP134
H_SP135
H_SP136
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From these 50 VFs, 33 of them were present in all 55 isolates, comprising surface proteins
spsA, spsB, spsC, spsE, spsG, spsH, and spsIN; exfoliative toxins sie, and speta; accessory gene
regulators agrA, agrB, agrC, and agrD; intercellular adhesion proteins zaA, icaB, icaC, and icaD;
phenol-soluble modulins pswa, psmp, psmo, and psme; leukocidin /ukF-1, and /ukS-1; response
regulators saeR, and saeS; ATP-dependent proteases cpP, cipX; elastin-binding protein ebpS;
RNA polymerase o-B factor sigB; B hlb; thermonuclease n#cC; repressor of toxins rof; and
Staphylococcal accessory regulator sarA. Even though there are no differences between the
VF content of isolates from dogs with pyoderma versus isolates from healthy dogs, it’s
noteworthy that four genes coding for surface proteins (spsD, spsF, spsP, and spsQ)) involved
in colonization by binding to the host’s extracellular matrix were only present on isolates

from the lesional skin of dogs with pyoderma.
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Pangenome analysis of Staphylococcus pseudintermedius isolates

We performed the pangenome analyses of S. pseudintermedius isolates of healthy dogs and S.

pseudintermedius isolates from the lesional skin of dogs with pyoderma. Within each

pangenome we find the core genome, which comprises the genes shared by all the individuals

of the group; and the accessory genome, which comprises the genes that are present in at

least one (singleton), but not all the individuals of the group.

For the isolates from healthy dogs, a total number of 3,273 gene clusters were described

(Figure 17). Whereas the core genome represented the 64.1% (2,098) of the gene clusters,

the accessory genome represented the 35.9% (848 for the accessory, and 327 for the

singletons).

P143
P127

GENOME
CLUSTERS

Gene clusters  Gene calls

M CORE 2098 50348
[J ACCESSORY 848 7009
[ SINGLETON 327 408
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HEALTHY [l KNOWN (2338)
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Figure 17. Pangenome visualization of the 22 isolates from healthy dogs. Core genome is present and shared by all

22 8. pseudintermedins genomes within the pangenome (2,098 gene clusters; 50,348 ORFs/Gene Callings). Accessoty genome

contains 848 gene clusters; 7,009 ORFs/Gene Callings. Singleton contains 327 unique gene clusters; 408 ORFs/Gene

Callings
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On the other hand, isolates from dogs with pyoderma presented 3,906 gene clusters (Figure
18), from which 53.5% (2,088) were core genome, and 46.5% (1,331 accessory plus 487
singleton) were accessory genome. So, isolates from dogs with pyoderma presented a larger

accessory genome (46.5%) compared with isolates from healthy dogs (35.9%).

na.

LN coammcnon
T como

] UNKNOWN (1363)

GENOME
CLUSTERS Gene clusters  Gene calls
W CORE 2088 72427
8 [C] ACCESSORY 1331 17265
ﬁ'g I SINGLETON 487 507
1
> 'iiﬁﬁ
L o SKIN COG FUNCTION
1
L/ ! I PYODERMA B KNOWN (2543)
o i
S
(%)

C—_—_:—.;i____—!___.———

CO0DCUUCUO0000U0

20000 229000209
gagesasentteisen

SNEN
e
=
==

cor®

Figure 18. Pangenome visualization of the 33 isolates from dogs with pyoderma. Core genome is present and shared
by all 33 . pseudintermedins genomes within the pangenome (2,088 gene clusters; 72,427 ORFs/Gene Callings). Accessory
genome contains 1,331 gene clusters; 17,265 ORFs/Gene Callings. Singleton contains 487 unique gene clusters; 507
ORFs/Gene Callings.

61



Anvi’o functional analysis identified enriched functions in isolates from dogs with pyoderma
(Table 13) and in healthy dogs (Table 14). Isolates from dogs with pyoderma are enriched
in mobilome category (e.g., plasmid and phage functions). Another relevant enriched
function, corresponded to aminoglycoside phosphotransferase, a type of antibiotic
resistance. In contrast, isolates from healthy dogs presented enhanced functions related with
cell defense, with enriched CRISPR/Cas, restricion-modification systems, and

recombination and repair functions.
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Table 13. Enriched functions in S. pseudintermedius isolated from pyoderma. COG categories: E, Amino acid transport and metabolism; F, Nucleotide transport and metabolism; H, Coenzyme
transport and metabolism; J, Translation, ribosomal structure, and biogenesis; L, Replication, recombination, and repair; R, General function prediction only; S, Function unknown; V, Defense

mechanisms; X, mobilome: prophages, transposons.

Adjusted  Function

COG FUNCTION . accession COG Category
Phage antirepressor protein YoqD, KilAC domain 4.09E-03 COG3645 X
Phage-related tail protein 6.30E-03 COG5283 X
Prophage pi2 protein 07 6.55E-03 COG4707 X
Phage-related holin (Lysis protein) 7.25E-03 COG4824 X
Phage-related protein 3.16E-02 COG4722 X
Predicted P-loop ATPase and inactivated derivatives 0.05 COG5545 X
Phage terminase large subunit 0.05 COG1783 X
Toxin component of the Txe-Axe toxin-antitoxin module, Txe/YoeB family 2.86E-04 COG4115 A%
Predicted nuclease of the RNAse H fold, HicB family 6.30E-03 COG1598 \Y
5-methylcytosine-specific restriction endonuclease McrBC, GTP-binding regulatory subunit McrB 1.09E-02 COG1401 \Y
DNA polymerase I - 3'-5' exonuclease and polymerase domains 1.93E-03 COGO0749 L
RecB family exonuclease 6.55E-03 COG2887 L
Holliday junction resolvase RusA (prophage-encoded endonuclease) 9.49E-03 COG4570 L
Aminoglycoside phosphotransferase 4.06E-06 COG3231 ]
Predicted subunit of tRNA (5-methylaminomethyl-2-thiouridylate) methyltransferase, contains the PP-loop ATPase domain 1.41E-02 COG2117 ]
Acyl dehydratase 2.26E-04 COG2030 1
3-hydroxy-3-methylglutaryl CoA synthase 2.26E-04 COG3425 1
Zn-dependent peptidase ImmA, M78 family 8.79E-04 COG2856 E
Lysophospholipase L1 or related esterase 9.49E-03 COG2755 E
Uncharacterized protein, DUF927 family 2.26E-04 COG5519 S
Predicted phosphoadenosine phosphosulfate sulfurtransferase, contains C-terminal DUF3440 domain 1.41E-02 COG3969 R
Pyrimidine reductase, riboflavin biosynthesis 2.40E-05 COG1985 H
ADP-ribose pyrophosphatase YjhB, NUDIX family 1.41E-02 COG1051 F
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Table 14. Enriched functions in S. pseudintermedius from isolates of healthy dogs. COG categories: C, Energy production and conversion; L, Replication, recombination, and repair; R, General

function prediction only; S, Function unknown; V, Defense mechanisms.

COG FUNCTION Adjusted g-value Function accession EOG
ategory
CRISPR/Cas system Type 11 associated protein, contains McrA/HNH and RuvC-like nuclease domains 1.15E-02 COG3513 \Y
CRISPR/Cas system-associated protein Cas2, endoribonuclease 1.69E-02 COG3512 \Y
CRISPR/Cas system-associated endonuclease Casl 1.69E-02 COG1518 \Y
mRNA-degrading endonuclease RelE, toxin component of the RelBE toxin-antitoxin system 2.76E-02  COG2026 \Y
Type 1 site-specific restriction endonuclease, part of a restriction-modification system 2.76E-02  COG4096 \Y
Predicted ATP-dependent endonuclease of the OLD family, contains P-loop ATPase and TOPRIM domains 2.13E-02 COG3593 L
Site-specific DN A-adenine methylase 2.76E-02  COG0338 L
DNA modification methylase 3.28E-02 COGO0863 L
Uncharacterized membrane protein YozV, TM2 domain 349E-02 COG2314 S
TctA family transporter 8.79E-04 COG3333 R
Tripartite-type tricarboxylate transporter, receptor component TctC 2.76E-02 COG3181 C
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In summary, S. pseudintermedins isolates from dogs with pyoderma presented a larger genome
than isolates from healthy dogs (W = 636, P-value = 4.883e-07) most likely explained by the
higher number of phages (W = 173, P-value = 0.0009233), antibiotic resistance genes (W =
068.5, P-value = 4.753e-07) and their associated sequences (for example ARGs associated to
transposons) and other functional and pathogenesis related genes. In contrast, VFs do not
seem to have an effect on differences in size since both categories of isolates present almost

the same type and number of genes (W = 451, P-value = 0.1209) (Figure 19).
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Figure 19. S. pseudintermedius isolated from pyoderma (darker blue) presented significant larger genomes when
compared with isolates from healthy dogs (turquoise). Box plots show the distribution of the (a) genome size, (b)
phage and prophage numbers, (c) virulence factor genes numbers, and (d) antimicrobial resistant gene. Astetisks denote

statistical differences between healthy and pyoderma.

A paper titled “Whole genome sequencing and de novo assembly of Staphylococcus
pseudintermedius: a pangenome approach to unravelling pathogenesis of canine pyoderma”

including these results is under revision in Veterinary Dermatology (annex 3).

65



66



4.3. Transmission of similar mcr1 carrying plasmids among different

Escherichia colilineages in a mixed farm

In this study we used WGS in a hybrid approach (Nanopore and Illumina data) to analyze
E. coli isolates resistant to colistin, a type of polymyxin categorized as a last-resort antibiotic
in human health. The study aimed to characterize the transmission of the me~1 gene
conferring resistance to colistin in a mixed farm and specifically unravel how it was

transmitted to a human isolate (Figure 20).

Out of 210 fecal samples from bovine, porcine and the farmer from the same facilities, 41
samples grew on McConkey agar supplemented with colistin, confirming the isolates were
colistin-resistant . co/i. PCR confirmed the presence of mer-1 gene in 18 Escherichia coli

isolates: 13 isolated from calves, four from pigs, and one from the farmer.

All the colistin-resistant isolates were also resistant to ampicillin, ciprofloxacin, streptomycin,
chloramphenicol, sulphamethoxazole, and trimethoprim. Furthermore, 17/18 exhibited
resistance to tetracycline, 16/18 to nalidixic acid and florfenicol, 14/18 to kanamycin, and
13/18 to gentamicin. Finally, phenotypic resistance to cephalosporines was observed: three
isolates were resistant to cefotaxime, and two isolates were resistant to ceftazidime. All the
isolates were MDR. These results were performed by the CRESA collaborators (Figure 20).

For further information, see Vifies et al., 2021 (annex 4).
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Figure 20. Methodology applied to characterize the colistin-resistant E. colf isolated from bovine, porcine, and
human fecal samples from a mixed farm. Gray boxes include those techniques performed by third parties. Created in

BioRender.com
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Hybrid assemblies of the chromosomes and plasmids harboring antibiotic resistance

genes

The 18 mer-1 PCR positive isolates were sequenced using both long- and short-read
technologies (Nanopore and Illumina). The hybrid assembly retrieved E. co/i chromosomes
ranging from 4,613,927 bp (Farmer) to 5,586,543 (calf 15B_22), with an average size of
5,009,072 bp (Table 15). Fourteen out of the 18 chromosomes were single-contig.
Completeness values ranged from 91.9% (pig P2_16), to 99.8% (calves 15A_11 and 14_4),
with an average of 98.5%, except for the pig isolate P2_2 (76.1%).

The phylogenetic analysis clustered isolates to phylotype A and B1, with 10/18 isolates to
phylotype A (seven calves, two pigs, and the farmer), and 8/18 to phylotype B1 (six calves,
and two pigs) (Figure 21). The genome size and CDS number were similar to their respective
NCBI genome references (NC 000913.3 for phylotype A and NC 018658.1 for phylotype
B1).

The most represented MLST's were ST6395 (phylotype A; three isolates from calves), ST224
(phylotype B; three isolates from calves), and ST10 (phylotype A; two isolates from swine).
ST6395 isolates shared the same serotype (O4:H206), as well as the ST10 isolates (O98:H12).

We retrieved 48 plasmids bearing antibiotic resistance genes including those encoding for
mer-1 (Table 16): 36 plasmids from the bovine isolates (ranging from one to five per isolate),
seven from porcine (from one to two per isolate), and five from the farmer’s isolate. Nineteen
different teplicon combinations were identified, e.g., IncHI2 / IncHI2A or IncFIB /
IncFIC(FII). The most prevalent replicon was IncX4 (n=14), harboring the mr-1 gene and
present in 10 isolates from calves, 3 from pigs, and the farmer’s one. Other common
replicons were IncFIB (n=9), IncHI2 / IncHI2A combination (n=7), IncFIC (=6), and
replicon combination IncFIB / IncFIC (n=0).
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Table 15. Chromosomal genome assembly and location and genomic context of mcr-1 gene. Phylotype, serotype and MLST were determined with ClermonTyping, and with SerotypeFinder and
MLST from CGE-DTU. CDS, rRNA and tRNA were annotated with PROKKA. BUSCO completeness assessed with a total of 440 genes. Data from NCBI references for phylotype B1 and A correspond
to NC_018658.1 and NC_000913.3 respectively. mcr-1 gene was found in 17 out of the 18 colistin-resistant E. ¢o/ isolates either in a plasmid (14 in IncX4, one in IncI2, and one in IncHI2 replicons), or
the chromosome. Isolate 15B_22 contained two plasmids with mer-1 gene (IncX4 and IncHI2). Abbreviations: Ctgs, contigs; C, BUSCO completeness; loc., location; Pl., plasmid.

Host Isolate
Human Farmer

Swine P2_16
P2_27
P22
P1_10

Bovine 15B_27
15B_17
15B_4
15A_16
15A_1
14_4
14_24
14_20
15A_11

V7_18
V7_16
15B_13

15B_22

References NC_018658.1
NC_000913.3

Size (bp)
4,613,927
4,975,525
5,148,438
5,187,306
5,494,625
4,659,272
4,676,547
4,704,000
4,788,248
4,874,933
4,880,223
4,936,618
4,942,904
5,031,610

5,141,039
5,166,701
5,354,833

5,580,543

5,273,097
4,641,652

Ctgs/genome

1

32

GC%
50.9
50.7
50.9
50.9
50.6
50.8
50.8
50.8
50.7
50.8
50.7
50.9

51
50.8

50.8
50.9
50.7

50.9

50.7
50,8

Phylotype
A

B1

B1
B1
B1
B1

B1

B1

B1
A

Serotype
018/ac:H20
H51
O98:H12
O98:H12
O51:H49
O4:H26
O4:H26
O4:H26
O5:H10
O123:H16
O117:H38
0109:H51
0109:H23
H9

0102:H23
0O49:H10
O81:H31

O3

0O104:H4
0O16:H48

MLST
ST398
ST5229
ST10
ST10
ST20
ST6395
ST6395
ST6395
ST43
ST1431
ST2539
ST224
ST224
ST4981

ST224
ST206
ST101

ST1638

ST678
ST10

CDS
4438
5,070
5,210
6,421
5,496
4,400
4,450
4482
4,498
4,584
4,611
4,697
4704
4771

4,933
5,198
5,249

5,576

5,202
4301
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rRNA tRNA
22 86
21 90
22 100
22 99
22 93
22 88
22 87
22 88
22 90
22 88
22 89
22 91
21 89
22 89
22 88
22 93
22 94
22 97
22 92
22 88

C
(%)
98.5
91.9
97.5
76.1
98.9

97.8
98.2
99.6
99.1
99.4
99.8
99.4
98.2
99.8

99.1
98.5
99.4

99.3

mecr-1
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
yes

yes

mcr-1loc.
IncX4
Chr.
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncI2
IncX4
IncX4
IncX4

IncX4
IncX4
Chr.

IncX4
IncHI2/IncHI2A

Pl. GC%

41.9

425
425
44.1
422
422
418
418
425
418
418
418

41.9
42.2

41.9
45.4

PL. size (bp)

33,270

35,326
35,296
45,441
34,706
34,758
33,577
33,242
61,766
33,262
33,557
33,283

33,268
34,618

33,268
234,156

mcr-1 genomic context
mer-1-pap2
mer-1-pap2
mer-1-pap2-AISApl1
mer-1-pap2-AISApl1
mer-1-pap2
mer-1-pap2-AISApl1
mer-1-pap2-AISApll
mer-1-pap2-AISApl1
mer-1-pap2
ISApIl-mer-1-pap2
mer-1-pap2
mer-1-pap2-AISApl1
mer-1-pap2

mer-1-pap2
mer-1-pap2-AISApl1
ISApI1-mer-1-pap2-1SApl1
mer-1-pap2
ISAplL-mer-1-pap2



Figure 21. Chromosome phylogeny based on SNPs. Two E. w/i references were included, belonging to different phylotypes: NC_018658.1 for phylotype B1; NC_000913.3 for phylotype A.
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Host Strain Phyl. Serotype MLST
Bowvine V7_18 Bl 0102:H23 5T224
Bovine 14 20 Bl 01059:H23 5T224
Bowvine 14 24 Bl 0109:HE1 5T224
Swine F1_10 Bl 051:H43 ST20
Human MNC_018558.1 Bl 0104:H4 5TE78
Bovine 1541 Bl 0l123:Hle 571431
Bovine 14_4 Bl 0117:H38 5T2539
Bowvine 158_13 Bl 0O21:H31 5T101
Swine PZ_16 Bl 0-:H51 S5T5229
Humamn  Farmer A 01g8/ac:H20 ST398
Bovine  15A_11 A 0-:H3 5T4981
Bovine  154_l6 A 05:H10 5T43
Human NC_000913.3 A 016:H438 5T10
Swine P2_27 A 0958:H12 5T10
Swine F2_2 A 0958:H12 5T10
Bovine  15B_22 A 03:H- 5T1638
Bovine V7_16 A Q45:H10 5T206
Bovine  15B_4 A 04:H26 STE3595
Bowvine 158_27 A 04:H26 5Te3dss
Bovine  15B_17 A 04:H26 STE355



Table 16. Plasmids bearing ARGs retrieved from the 18 isolates. Aminoglycoside ARGs: aac(3)-1la, aac(3)-1l¢, aac(3)-
IV, aph(3°)-1a, aph(3”)-1b, aph@)-la, aph(6)-1b, aph(6)-1d, aad A, aadA2, aadA17; B-lactam ARGs: blateart, blatentiso, blateniss;
trimethoprim ARGs: dfiz412: phenicols ARGs: tzlA6, floR, catl; sulphonamide ARGs: su/1, sul2, sul3; colistin ARGs: mer-1;
(fluoro)quinolones ARGs: gacH, gnrS1, gnrB5; tetracycline ARGs: tetA, tetD, fetM; macrolide ARGs: mphB, mphE;

lincosamide ARGs: /inG, lnuG; other ARGs: 1gaC, msrEE. bp, base pairs; ARGs, antibiotic resistance genes.

Replicon(s)
ColRNAI
IncY
IncX1
IncX1
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncX4
IncIl
Incll
Incl2
IncN
IncN
IncN
p0111
pO111
p0111
IncFII
IncQ1
IncIl
IncQ1
IncIl
IncFIB

IncFIB

IncFIB
IncFIC(FII)

Origin
Bovine
Porcine
Bovine
Human
Bovine
Bovine
Bovine
Bovine
Bovine
Bovine
Bovine
Bovine
Bovine
Bovine
Porcine
Porcine
Porcine
Human
Bovine
Human
Bovine
Bovine
Bovine
Bovine
Bovine
Bovine
Bovine
Human

Bovine

Bovine

Porcine

Porcine

Bovine

Isolate
15A_11
P1_10
14_20
Farmer
14_20
14_24
14_4
15A_16
15B_17
15B_22
15B_27
15B_4
V7_16
V7_18
P1_10
P2_2
P2_27
Farmer
14_24
Farmer
15A_1
15B_17
15B_27
15B_4
15B_17
15B_27
15B_4
Farmer

14_20

14_4

P2_2

P2_27

15A_1

Plasmid Size (bp)

2
1

D U DTN WL W N

—_

(S BN \CRENN (ORI O]

35,393
117,186
103,984
56,283
33,283
33,557
33,262
33,242
34,758
33,268
34,706
33,577
34,618
33,268
45441
35,296
35,326
33,270
100,042
102,225
61,766
42,342
42,360
42,357
98,813
97,594
97,593
71,076
105,996

109,871

100,333

99,339

132,204

ARGs

2 x blatem.1

aadA, aph(3")-1b, aph(6)-Id, blatass, sul3, qacH
aadA2, blareay, dfirA12, AemlA6, tetA
2 x aadA2, blatpay, sul3, inG

mer-1

mer-1

mer-1

mer-1

mer-1

mer-1

mer-1

mer-1

mer-1

mer-1

mer-1, tethM

mer-1

mer-1

mer-1

aac3)-1V, aph(d)-La, aph(6)-1d, aph(3")-Ib, floR, 13aC
blarestiso or blarraiss

mer-1

blarpariso or blareyiss

blarestiso or blarriiss

blarpaiss

blaresiss

blatpatiso or blarraiss

blarestiso or blarraiss

blarpaiss

aph(3")-1b, aph(6)-1d, blarenrs, R,

2 x sul2, tetA

aph(3")-1b, aph(6)-1d, blarenry, floR, 2 x sul2, sul3, tetA

aac(3)-lia, aadA, aadA17, aadA2, aph(3')-1a, blare.1,
dfrA12, emlAG, floR, sul2, sul3, qacH, tetM, tetA, linG
aac(3)-lia, aadA, aadA17, aadA2, aph(3')-1a, blare.1,
dfrA12, emlAG, floR, sul2, sul3, qacH, tetM, tetA, linG
aac(3)-lia, aadA, aadA17, aadA2, aph(3')-1a, blarr.1,
dfrA12, emlA6, AfloR, sul2, sul3, qacH, tetM, tetA, linG
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Table 16. Plasmids bearing ARGs retrieved from the 18 isolates. Continuation.

Replicon(s)  Origin Isolate Plasmid Size (bp) ARGs

IncFIB Bovine 15B_17 1 128,901 aac(3)-lia, aadA, aadA2, aph(3')-1a, blatrry,
IncFIC(FII) dfrA12, cmlAG, floR, sul2, sul3, qacH, tetM, tetA
IncFIB Bovine 15B_27 1 128,918 aac(3)-lia, aadA, aadA2, aph(3')-1a, blater,
IncFIC(FII) dfrA12, cmlAG, floR, sul2, sul3, qacH, tetM, tetA
IncFIB Bovine 15B_4 1 128,921 aac(3)-lia, aadA, aadA2, aph(3')-1a, blatery,
IncFIC(FII) dfrA12, conlA6, floR, sul2, sul3, qacH, tetM, tetA
IncFIB Porcine P2_16 1 98,420 aac(3)-lia, aadA, aadA17, aadA2, aph(3')-1a, blareas,
IncFIC(FII) dfrA12, cmlAG, floR, sul2, sul3, qacH, tetM, tetA, linG
IncHI2 Bovine 15B_22 1 234156 aadA2, aph(3")-1b, aph(6)-1d, dfrA12, floR, mer-1, tetM
IncHI2A

IncHI2 Human Farmer 1 242389 2 x aadA2, aph(3')-Ia, 2 x aph(3")-1b, 2 x aph(6)-1b,
IncHI2A dfrA12, floR, lnuG

IncFIA(HI1) Bovine 14_4 1 256,281 aadA, aadA2, blarpg, dfirA12, enlAG6, floR,
IncHITA sul2, sul3, gacH, qnrS1, tetM

IncHI1B(R27)

IncFIA(HI1) Bovine 15A_16 1 241,094 aac(3)-lic, 2 x aadA, aadA2, aph(3')-1a, aph(3")-1b, aph(6)-1d,
IncHI1A blarp.g, enlA6, sul3, gacH, qnrB, tetA, mphE, linG, msrE
IncHI1B(R27)

IncN Bovine 15B_27 2 332,562 aph(3')-la, aph(3")-Ib, aph(6)-1d, sull

IncHI2

IncHI2A

IncN Bovine 15B_4 2 334,706 aph(3')-la, aph(3")-Ib, aph(6)-1d, sull

IncHI2

IncHI2A

IncN Bovine 15B_17 2 332,555  aph(3')-la, aph(3")-1b, aph(6)-1d, sull

IncHI2

IncHI2A

IncQ1 Bovine 15B_13 1 185,122 aac(3)-Iic, aadA, aph(3")-1b, aph(6)-Id, 2 x blatenr150,
IncHI2 sull, sul2, tetA, mphB

IncHI2A

IncFIA(HI1) Bovine 14 24 2 80,947 aadA, aadA2, blareas, dfrA12, enlA6,

IncFIB(K) sul3, qacH, tetM, tetA

IncX1

IncFIB Bovine 15A_11 1 188,534  aadA5, aph(3')-1a, aph(3")-1b, aph(6)-1d, 2 x blatears,
IncFIC(FII) sul2, tetA, tetD

IncQ1

IncN Bovine V7_16 1 269,799  aac(3)-lic, 2 x aad A, aadA2, aph(3')-la, 3 x aph(3")-Ib,
IncQ1 3 x aph(6)-1d, blateniso or blatriviiss, catl,

IncHI2 nlAG, floR, 2 x sull, sul2, sul3, gacH, tetA

IncHI2A
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Analyses of antibiotic resistance genes

A total number of 85 ARGs were identified using Abricate with CARD database, which
belonged to different families: 8-lactams, aminoglycosides, fluoroquinolones, lincosamides,
macrolides, polymyxins (colistin), phenicols, sulphonamides, tetracyclines, and trimethoprim
among others. All isolates were classified as MDR genotypically, confirming previous

antibiotic susceptibility testing results.

Seventeen out of the 18 E. co/i isolates from the mixed farm carried the mer-1 gene (Table
15), which confers colistin resistance. The mer-1 gene was located in the chromosome in two
isolates (15B_13 and P2_16) and carried by plasmids for 15 of the isolates: 14 belonging to
the incompatibility group IncX4, one to Incl2, and one to IncHI2 / IncH2A. Isolate 15B_22
contained two copies of the mur-1 gene in two different plasmids, IncX4 and IncHI2 /
IncHI2A. The eighteenth isolate, 15A_11, lost its zer-1 gene presumably due to subculturing
steps. All the plasmids held the type 4 secretion system (T4SS), the necessary machinery to

perform conjugation.

Four different genetic contexts for mer-1 gene were described among the E. ¢/ isolates
(Figure 22 and Table 15). All contexts presented the gene pap2 (Mg”*-independent
phosphatidic acid phosphatase) in tandem with 7. Another element was the insertion
sequence ISApl1, which codes for its own transposase. This MGE is the responsible of the
context diversity for mer-1 gene among our isolates. Only one isolate with #er-1 located in
the genome presented the construct with two copies of the transposable element flanking
mer-1-pap2 genes (Figure 22-1). This structure (ISApll-mer-1-pap2-1SApll) is known as
Tn6330 (Li et al., 2017a), a transposon. On the other hand, plasmids belonging to the
incompatibility groups IncI2 and IncHI2 / IncHI2A presented the same genetic context, in
which only one complete copy of the insertion sequence was present upstream zzcr-1-pap2
(Figure 22-2). Seven plasmids from the IncX4 incompatibility group lacked ISApll
upstream; but presented an inverted 355 bp fragment of this MGE downstream, plus a
complete inverted copy of the insertion sequence IS26 downstream the -7 complex
(Figure 22-3). Finally, seven isolates with zer-1 located either in IncX4 plasmids or the

genome completely lack ISApll (Figure 22-4).
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Figure 22. Schematic visualization of the genetic context surrounding mcr-1 gene. scr-1 was present in the genome
of two isolates, and in 16 plasmids belonging to IncX4 (14), IncI2 (1), and IncHI2/IncHI2A (1) incompatibility groups. An
incomplete copy of the insertion sequence ISApl1 (355 bp versus 1070 bp from the complete IS) was found in seven IncX4
plasmids, followed downstream by a complete copy of the insertion sequence IS26. In red, antibiotic resistance genes; in

orange, full-length MGEs; in blue, partial, or truncated MGEs; in putple, other genes.

Only one of our isolates (15B_13) presented mer-1 embedded in a full Tn6330, inserted in
the chromosome, which could transpose to other locations. The two plasmids harboring a
copy of the ISApll element upstream mer-1 gene (IncHI2/IncHI2A and Incl2) did not
harbor any remnant of the same insertion sequence downstream, so no transposition could
succeed. The same happens for the constructs presenting an incomplete copy of ISApll
downstream. This fragment of 355 bp did not code for the necessary sequence for the

circular intermediate formation.

Regarding the localization of the ARGs, 51 of them were located exclusively in the
chromosome, 19 in plasmids (Table 16), and 15 cither in the chromosome or in plasmids
(Figure 23). The bovine isolates (n= 13) harbored the 85/85 ARGs, and 18/85 were
exclusive of cattle. Porcine Isolates (n= 4) harbored 64/85, and the human isolate contained

53 of the described ARGs.
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Figure 23. Venn diagram of the Antibiotic Resistance Genes described in the 18 colistin-resistant E. coli isolated
from a mixed farm. Blue, chromosomal location; red, plasmid location; black, located either in the chromosome or

plasmid.

The bovine isolate 15A_11 —the one lacking the m¢r-1 gene— carried the blacrxanis gene in the
chromosome. This gene confers resistance to cephalosporines, a widely used antibiotic in
hospital settings against Enterobacteriaceae. Upstream blacrxaris we identified a complete

IS3 element and a AISEcp1 element, while downstream there was a ATn2 (Figure 24).

ISEcpl wbuC
15A_11
Genome (E. coli)
blacry.1s

Figure 24. blacrx-m-15 genetic context in bovine 15A_11 isolate. In red, antibiotic resistance gene; in orange, full-length

MGE's; in blue, partial, or truncated MGEs; in purple, other genes.

IncX4 plasmids presented the same backbone with minor modifications (Figure 25). While
13 out of the 14 IncX4 plasmids were approximately 33-35 kbp and presented a GC content
around 42%, the IncX4 plasmid from the porcine isolate P1_10 was larger (45,441 bp), and
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with higher GC content (44.1%). The latest harbored the 7sM gene conferring resistance to
tetracycline. Two IS26 elements were flanking this extra-region of approximately 12,000 bp
(Figure 26). All IncX4 plasmids carried the type IV secretion system (T4SS), allowing the
plasmid to be self-transmissible, and HicAB toxin-antitoxin system for plasmid maintenance
and stability. The IncX4 plasmid from the farmer shared highest identity (99.97%) and

coverage (99%) with their counterparts from calves (Table 17).

IncI2 plasmid presented a size of 61,766 bp and contained the conjugative mechanism T4SS
and the replication machinery. It contained the RelE/ParE, Hok, and HicAB toxin-antitoxin
systems. IncHI2 / IncHI2A plasmid sized 234,156 bp and also presented the conjugative
and replication machinery. It contained the HipA toxin-antitoxin system. Moreover, IncHI2
plasmid not only coded for resistance to colistin, but also coded other resistances: to
aminoglycosides (@adA2, aph(3”)-1b, and aph(6)-1d), to trimethoprim (dfrA72), to tlorfenicol
(floR), and tetracycline (zesM).

Table 17. Comparison of coverage (COV) and identity (ID) of the mcr-1-IncX4 plasmid from the farmer
versus the bovine and porcine isolates.

COV (%) ID (%)
P1_10 74 99.99
P2_2 94 99.87
P2_27 94 100
V7_16 95 99.97
15B_17 95 99.99
15B_27 95 100
15B_4 98 99.97
14_24 98 99.99
14_4 99 99.96
V7_18 99 99.96
15A_16 99 99.97
14_20 99 99.97
15B_22 99 99.97
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Figure 25. Annotation of the IncX4 plasmid from the Farmer. In yellow the T4SS; in red the mer-1 gene; in pink the

toxin-antitoxin system; in orange hypothetical proteins; in brown the replication machinery; in purple other elements.
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MCRI1. Rings from outside to inside: P1_10, P2_2, P2_27 (blue); V7_18, V7_16, 15B_4, 15B_27, 15B_22, 15B_17, 15A_16, 14_4, 14_24, 14_20 (pink); farmer (orange); pP744T-MCR1, pMCR1-N]J

IncX4, pEC11b (grey). IncX4 plasmid from P1_10 is shown as the reference (longest sequence), with an extra-region of approximately 12,000 bp that is flanked by two 1S26 elements and harbours the
tetM gene conferring resistance to tetracycline. Isolates 15B_27 and 15_17 presented IS5 transposase, as P1_10 (pink fragments near 40 kb location for P1_10)

79



Analyses of virulence factor genes

A total of 33 virulence factor genes were detected in the 18 E. co/i isolates from the mixed
farm. While 9/33 genes were found exclusively in plasmids, 18/33 were located in the
chromosome. The remaining 6/33 virulence factor genes were found in either the
chromosome or plasmids. In general, E. ¢/ from bovine isolates (n= 13) contained the
highest amount of virulence factor genes (27/33), followed by swine (18/33) (n=4), and the
isolate from the farmer (5/33) (n= 1) (Figure 27). Twelve genes were exclusively described
in cattle (¢dtB, ehxA, espl, espP, f17A, f17G, mchB, mchC, mehF, stal, tecP and stx2), and six
exclusively in swine (aalC, cif, espB, esp], fatP, and nleA). Only two virulence factor genes were

shared among bovine, porcine and the farmer (gad, iss).

SWINE
n=4

HUMAN
n=1

cdtB

ehxA espP Stx2
espl f17A  mchC  tccP
f1/G  mchF

mchB stal

CATTLE
n=13

Figure 27. Venn diagram representing the virulence factor genes described in the 18 colistin-resistant E. coli
isolated from a mixed farm by VirulenceFinder. Blue, chromosomal location; red, plasmid location; black, located either

in the chromosome or plasmid.

A total of 13 plasmids of mainly two replicon families, IncF (11) and Col (2), presented
virulence factor genes. While Col plasmids presented only endonuclease colicin E2 (encoded
by celb gene), IncF plasmids encoded for the rest of the virulence factors (ehxA, espP, astA,
stal, cba, cma, katP, aaiC, iss, iroN, f17A, f17G, cdtB, mehF). Among IncF plasmids, there were
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two subfamilies, IncFII (n=4) and IncFIB (n=7, one of which also presents IncFIC(FII) and
IncQ1 replicons) (Table 18).

Table 18. IncF-family plasmids harboring virulence factor (VF) genes and antibiotic resistance genes (ARGs).

Abbreviations: T4SS, type 4 secretion system. Yes (?), some of the components of the T4SS were missing.

Strain Replicon(s) Size VF T4SS
(bp)
V7_16 IncFII 69,161  ebxA, espP, astA, stal No
Farmer IncFII 71,076  cba, cima Yes
P2_2 IncFII 153,810  katP, aaiC Yes (?)
P2_27 IncFII 153,823  katP, aaiC Yes (?)
Farmer IncFIB 80,264  iss, iroN, cma No
15A_16 IncFIB 94,593  f17A, f17C, f17D, No
S17G, cdtA, cdB, cdtC
14_24 IncFIB 117,948  f17A4, f17C, f17D, f17G ~ Yes
14_20 IncFIB 138,808 f17A4, f17C, f17D, Yes
[17G, cdtA, cdtB, cdtC
V7_18 IncFIB 139,182 f17C, f17D, f17G, Yes
cdtA, cdtB, cdtC
15B_22 IncFIB 141,709  f17C, f17D, f17G, Yes
cdtA, cdtB, cdtC
15A_11 IncFIB/IncFIC(FII)/IncQ1* 188,534 s, iroN, mehF Yes

*Plasmid IncFIB/IncFIC(FII)/IncQ1 from 15A_11 isolate, a patt from harboring VF, also harbored ARGs: aad A5, aph(3')-
Ia, aph(3")-1b, aph(6)-1d, biaTEM-1, sul2, tetA, tetD

Four of the isolates (14_20, 15A_16, 15B_22, and V7_18) presented IncFIB plasmids, one
of them non-conjugative (15A_16), which encoded for two elements that participate in
pathogenicity: a F17 fimbriae and the cytolethal distending toxin (CDT). P1_10 isolate
encoded for several locus of enterocyte effacement (LEE)-related virulence factor genes (eze,
tir, cif, espA, espB, espF and esp]) and some non-LEE genes (#/eA, n/eB). V7_16 isolate harbored
some of the genes (eae, tir, espA, espF, nleB). Moreover, P1_10 also encoded for translocation-
pore protein EspD, which was not detected by VirulenceFinder, but found by aligning the
P1_10 contigs against the reference E. co/i strain NCCP 14540 chromosome (accession

number CP042982.1).

P2_2 and P2_27 are two swine isolates that share a 154 kbp IncFII plasmid that carries two
virulence factor genes: aa/C and katP. aaiC encodes for a protein involved in type VI secretion
system. Finally, calf’s 15B_13 isolate (phylotype B1, serotype O81:H31, ST101) contained
different virulence factor genes: zba, IpfA, gad, iss, astA, cba, celb, mchB, mchC, mehF and stx2
(stx2A and s#x2B subunits). The farmer’s isolate harbored five virulence factor genes (gad, iss,
cba, cma, and iroN), two of them (cha and ena) located in a plasmid with the necessary

machinery to perform conjugation.
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The results have been published in a paper titled “Transmission of similar mer-1 carrying
plasmids among different Escherichia coli lineages isolated from livestock and the farmer” in

Antibiotics (Vifies et al., 2021) (annex 4).
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4.4. Dissemination of carbapenem-resistant Klebsiella pneumoniae in healthcare

institutions

The last part of this thesis focuses on the study of Enterobacteriaceae resistance to
carbapenems, a type of B-lactams frequently used in hospitals. We aimed to assemble the
plasmids harboring specific -lactamase genes, such as blanpari, blanpr, blaox.14s, and blacrx.
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Figure 28. Methodology approach to characterize the K. pneumoniae isolated from human clinical cases. Gray

boxes include those techniques performed by third parties. Created in BioRender.com

83



We received five K. pnenmoniae isolates from Hospital A (HA-2, HA-3, HA-4, HB-377, and
HB-5306) and three from Hospital B (HUB-1, HUB-2, and HUB-3). The isolates had been
previously characterized through MALDI-TOF MS, antibiotic resistance, and plasmid
interference (gray box in Figure 28). Previous characterization results performed by the

collaborators showed that all the K. prenmoniae isolates were ST147 except from HB-536 from

Hospital A (ST307) (Table 19).

Table 19. K pneumoniae isolates main characteristics: MLST, antibiotic resistance genes, plasmids’
incompatibility groups, and plasmids’ size. MLST, multi locus sequence type; ARGs, antibiotic resistance genes; pl.,

plasmid; Inc, incompatibility group (replicons).

Isolate = MLST ARGs Size pl.1 ARGs pl.1  Incpldl Size pl.2 ARGspl2 Incpl2 Incpl3

HA-2 147 b/ﬂNDz\L 1 - b/dNDA\f_ 1 IncR - - -
blacrx.a1s blacrx.1s
HA-3 147 blanpac1, - blaxpaet, IncR - - -
b/dCTX -M-15 /7/(1(7‘}(,‘\,1, 15
HA-4 147 b/ﬂNDz\M; 90/31 0 kb b/dNDA\f_ 1 IncR 60 kb b/do){‘4.48 Incl.
blacrxacrs, blacrx.as
blaox.4s,
rmtF
HB-377 147 blanpr1, 90/310 kb blanprrs, IncR - - -
blacrxatrs, blacrx.a1s
rmtF
HB-536 307 blanpyr.7, 50/250 kb blanpy IncX3 - - -
blacrxis
blatem
HUB-1 147 blanpyr1, - - IncR - - - IncFII
blacrxa1s
HUB-2 147 blanpyri, - - IncR - - IncL/M  IncFII
blacrxaris,
blaox.4s
HUB-3 147 b/ﬂ(Tx.‘u.ﬁ, - - IncR - - InCL/M IncFII
blaox.a4s

The isolates presented some of the genes conferring resistance to carbapenems (blanpar,

blanpyir, and blaox.14s), and extended-spectrum B-lactamases (ESBLs) (blacixarisand blare).

In relation to blanpm gene, ST147 isolates carried blanp.r and ST307, blanpys. Four isolates
from Hospital A (HA-2, HA-3, HA-4, and HB-377) carried a plasmid of the IncR
incompatibility group with the blanpays and blacrxarss genes. For HA-4, an Incl. plasmid
carrying blaox.a4s was also described. For ST307 (isolate HB-536), a IncX3 plasmid carrying

blaxpy7 gene was described.

Our main goal was to sequence and assemble plasmids harboring genes encoding for
carbapenemases and ESBLs. More specifically, in the study from Hospital A we used a

Nanopore-only WGS approach to assemble and close the plasmids from five K. preunmoniae
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isolates (Mari-Almirall et al., 2020). In the study from Hospital B, we used hybrid WGS to
assemble and characterize the chromosomes and plasmids of three K. preumoniae isolates. We
identified three incompatibility group plasmids harboring these B-lactamases, confirming the
previous results: IncN + IncR cattying blanpaes and blacixais; IncL/M cattying blaox 14s; and

ﬁnally, IncX3 Carrying b/ﬂNDMJ and b/&l(fl‘XJ%i 5 (Table 20).

Table 20. Whole-genome sequencing and assembly of plasmids harboring genes encoding for carbapenemases
and ESBLs (genes in bold). Hospital A isolates were sequenced only with Nanopore long reads, whereas Hospital B
isolates were sequenced using hybrid sequencing (Nanopore long reads and Illumina short reads). Inc, incompatibility group

(replicon/s); bp, base pairs; ARGs, antibiotic resistance genes; Cov, Nanopore reads coverage.

NANOPORE-ONLY SEQUENCING RESULTS (Hospital A)

Isolate Inc Size (bp) GC % ARGs

HA-2 IncN + 67,726 52.9 dfirA12, dfrA14, blactx-m-15 19aC, mphA, Mrx, sull, OnrB17, bleomycin resistance,
IncR b]ZNDM.j

HA-3 IneN + 74,564 53.3 aph(3’)-1a, dfirA12, dfrA14, blacrx-m.15 vgaC, mphA, Mrx, sull, QurB17, bleomycin
IncR resistance, blanppr.

HA-4 Incl./M 63,818 514 blaox 148
IncN + 74,374 53.1 aph(3’)-1a, dfrA12, dfrA14, blactx-m-15 vgaC, mphA, Mrx, OnrB17, bleomycin resistance,
IncR b]ZNDM.j

HB-377 IncN + 67,344 53.3 dfirA12, dfrA14, blacrx-m-15 vgaC, mphA, Mrx, OnrB17, bleomycin resistance, blanpar1
IncR

HB-536 IncX3 50,593 46.9 bleomycin resistance, blanppr.z, blacrx-m-15

HYBRID SEQUENCING RESULTS (Hospital B)

Isolate Inc Size (bp) GC % ARGs

HUB-1 IncN + 74,592 53.2 aph(3’)-1a, dfirA12, dfrA14, blacrx-m.15 vgaC, mphA, Mrx, sull, QurB17, bleomycin
IncR resistance, bIanppr.1

HUB-2 InclL/M 63,865 51.2 blaoxa-4s
IncN + 74,611 53.2 aph(3’)-1a, dfrA12, dfrA14, blacrx-m-15 v9aC, mphA, Mrx, sull, QnrB17, bleonycin
IncR resistance, blanppr.1

HUB-3 IncL/M 63,849 51.2 blaopxa-4s
IncN + 66,004 52.6 aph(3')-1a, dfrA12, dfrA14, blacrx-m.15 v8aC, mphA, Mrx, sull, QnrB17
IncR

Plasmids belonging to IncN + IncR were heterogeneous and presented different sizes:
74,500 bp (HA-3, HA,4, HUB-1, and HUB-2) (example in Figure 29), 67,500 bp (HA-2 and
HB-377) and 66,004 bp (HUB-3). The main difference between 74,500 bp and 67,500 bp
plasmid sizes is that the first presented a aph(3)-la gene (819 bp) (resistance to
aminoglycosides) surrounded by two copies of the insertion sequence IS26 (809 bp),
followed by an inserted transposon Tn5403 (3,674 bp). These four genetic elements (two
copies of IS26 surrounding aph(3’)-la, and the transposon), measure 6,111 bp. The 66,004 bp
plasmid (HUB-3) also presented the aph(3’)-la resistance gene flanked by two copies of 1526,
but it lacked a region of approximately 7,200 bp (Figure 30). This genetic region is flanked
by two IS3000 insertion sequences and includes seven genes and a truncated ISAbal25

insertion sequence. These genes are blanpas; ble, conferring resistance to bleomycin; #pF,
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which encodes for a N-(5’-phosphoribosyl)anthranilate isomerase involved in the synthesis
of L-tryptophan; dsbC, which encodes for a thiol:disulfide interchange protein that rescue
oxidatively damaged secreted proteins correcting non-native disulfide bonds; ¢4, which
encodes for a divalent-cation tolerance protein; and groS and grol_ that encode for 60 kDa
and 10 kDa chaperonines respectively. ISAbal25 element appears upstream blanpy gene

variants in all the plasmids carrying this antibiotic resistance gene.

IncN + IncR plasmids presented other genes conferring resistance to other antibiotics rather
than B-lactams and aminoglycosides: dfn472 and dfrA74 conferring resistance to
trimethoprim; 2gaC, to streptogramin A, and other antibiotics such as lincosamides; mphA

and Mrx to macrolides; s#/1 to sulfonamides; and OnrB77 to quinolones.
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Figure 29. Schematic visualization of the plasmid harboring blanpar.; gene in HA-3 isolate. The red faded region
shows the insertion carrying aph(3’)-Ia resistance gene, which measures approximately 6,111 bp. In red, antibiotic resistance
genes; in blue and orange, truncated or full-length mobile genetic elements respectively; in green, genes involved in plasmid
mobilization and maintenance; in dark green; hypothetical genes; and finally, in purple other genes. Figure excerpted and

modified from (Mari-Almirall et al., 2020).
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Figure 30. Comparison of plasmids IncN + IncR from isolates HUB-3 and HA-3. a) Dot Plot generated with NCBI
BLAST of the HUB-3 IncN + IncR plasmid (ordinate axis) versus the HA-3 IncN + IncR plasmid (abscissa axis). We can
see a gap that represents the missing part in HUB-3 plasmid, which carries the dlanpars gene; the rest of the plasmid is the
same. The little dots and lines represent repetitive regions along the plasmid, which are mainly mobile genetic elements; b)
visual alignment of HUB-3 (top) and HA-3 (bottom) IncN + IncR plasmids generated with NCBI BLAST and Kablammo.
As seen in panel a), there is a region in HA-3 plasmid of approximately 7,200 bp absent in HUB-3 plasmid. This region is
flanked by two IS3000 copies, and harbors different genes, such as blanpars. In red, antibiotic resistance genes; in blue,
mobile genetic elements; in green, genes involved in plasmid mobilization and maintenance; in dark green; hypothetical

genes; and finally, in purple other genes.
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The size of the conjugative plasmid Incl./M was approximately 64 Kbp (Figure 31). This
plasmid harbored the carbapenem-resistance gene blaox4s and did not contain any co-
resistance. This gene was located in a Tn1999.2 transposon inserted in the #r gene (Giani et

al., 2012), flanked by two copies of the insertion sequence 151999 (Figure 32).
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Figure 31. Schematic visualization of the plasmid harboring blapxa.4s gene in HA-4 isolate. In red, antibiotic
resistance genes; in blue and orange, truncated or full-length mobile genetic elements respectively; in green, genes involved

in plasmid mobilization and maintenance; in dark green; hypothetical genes; and finally, in purple other genes. Figure

excerpted and modified from (Mari-Almirall et al., 2020).

88



Finally, IncX3 plasmid (only found in HB-536) was 50,593 bp and harbored blanpa.7, and
blacrxaris, as well as ble gene for bleomycin resistance, a glycopeptide antibiotic. In fact, this

gene appears to be in tandem with blanxpy genes in all plasmids that present a blanpy gene

variant.
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Figure 32. Visualization of genetic context of blanpars blanpar7 and blapxa-4s. 1n red, antibiotic resistance genes; in
orange, full-length MGEs; in blue, partial or truncated MGEs; in violet, other genes. Figure excerpted from (Mati-Almirall
et al., 2020).

Despite blanpar1, blanpyrand blaox.14s were located in different plasmids, they shared a similar
genetic environment (Figure 32): downstream the blanpy gene there was the bleomycin
resistant gene b, followed by phosphoribosyl anthranilate isomerase #pl, thiol:disulfide
interchange dsbC, and dihydroorotate dehydrogenase c#2A. In the case of blanpas, after this
last gene there were two genes encoding chaperonin subunits (gro§ and grol). Upstream right
before blaxpy genes there were different truncated copies of different lengths of the
ISAbal25 insertion sequence; moreover, all constructs presented complete insertion
sequences 1826 flanking the construct. IS26 code for its own transposase. More differences
relied on other MGEs presence. These contexts agreed with the previously described (Gottig

et al., 2013; Pérez-Vazquez et al., 2019).
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Hybrid assembly of Klebsiella pneumoniae isolates from Hospital B

For the three samples from Hospital B (HUB-1 to HUB-3), we also assembled and polished
the K. pnenmoniae chromosome. Nanopore coverage was 144X for HUB-1, 366X for HUB-
2, and 83X for HUB-3. After polishing with Illumina data, the sizes retrieved were 5,255,272
bp for HUB-1; 5,289,995 bp for HUB-2; and 5,321,111 bp for HUB-3 (Table 21). All isolates
were ST147, which confirmed prior PCR results (Table 19). The average GC% content was
57.43 % (57.4% for HUB-1 and HUB-3, and 57.5% for HUB-2).

Table 21. Genome characteristics and other plasmids bearing antibiotic resistances genes rather than §-
lactamases in the three isolates from Hospital B. They share the same virulence factor genes and antibiotic resistance
gene patterns. Inc, plasmid incompatibility group; VF, virulence factor; ARGs, antibiotic resistance genes; Cov, Nanopore

coverage.

HYBRID SEQUENCING RESULTS (Hospital B)

Inc Size (bp) VF ARGs
HUB-1 Genome 5,255,272 puA, ybilE, ybrT, ybtU, irp1, irp2, vgaC, blasin 11, OmpK37, blacrxa.is, acrA, fosAG6,
ybtA, ybtP, ybtQ, ybrX, ybtS 0gxB, ogxA
HUB-2 Genome 5,289,995  puA, ybilE, ybrT, ybtU, irp1, irp2, vgaC, blasin 11, OmpK37, blacrxais, acrA, fosAG6,
ybtA, ybtP, ybrQ, ybtX, ybrS 0gxB, ogxA
HUB-3 Genome 5321111 puA, ybeE, ybiT, ybtU, irp1, irp2, v9aC, blasiy .11, OmpK37, blacrxa.is, acrA, fosAG6,
ybtA, ybrP, ybtQ, ybrX, ybtS 0gxB, ogxA
HUB-1 IncFII 121,011 - aac(6’)-1b-cr,arr-1, rmtF
HUB-2 IncFII 121,022 - aac(6’)-1b-cr, arr-1, rmtl
HUB-3 IncFII 119,094 - aac(6’)-1b-cr, arr-1, rmtb
HUB-1 IncN + 74,592 - aph(3’)-1a, dfrA12, dfrA14, blacrxa.is, v3aC,
IncR mphA, Mrx, sull, QnrB17, bleomycin resistance,
blanpyr.1
HUB-2 IncL./M 63,865 - blaox4s
IncN + 74,611 - aph(3’)-1a, dfrA12, dfrA14, blacrxais, vgaC,
IncR mphA, Mrx, sull, QnrB17, bleomycin resistance,
blanpyr.1
HUB-3 IncL./M 63,849 - blaox.14s
IncN + 66,004 - aph(3')-1a, dfrA12, dfrA14, blacrxn.is, v3aC,
IncR mphA, Mrx, sull, QurB17

The three K. pnenmoniae from hospital B presented the blacrxass gene located in the
chromosome. This gene confers resistance to cephalosporines, a highly used antibiotic as a
treatment for bacterial infections, so resistance to these antibiotics pose a challenge in
infection treatment. blacrxaris gene presented upstream a complete copy of the insertion
sequence ISEcpl, while downstream there was wbxC gene and a truncated copy of the

transposon Tn2 (Figure 33).
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Figure 33. blacrx-a-15 was present in the genome of three carbapenem-resistant K. pneumoniae, HUB-1, HUB-2,
and HUB-3. In red, antibiotic resistance genes; in orange, full-length MGEs; in blue, partial, or truncated MGEs; in violet,

other genes.

The three isolates harboured the same virulence factor genes and antibiotic resistance gene
patterns in the chromosome. All the virulent factor genes are related to yersiniabactin
siderophore (fuA, irp, and ybt genes), which regulates the iron-uptake. These bacterial
chromosomes presented genotypic resistance to streptogramin A (2gaC), B-lactams (blacrx.u-

15, blasin 11, OmpK37), fosfomycin (f05.46), fluoroquinolones (ogxcA, ogxB) and others (acrA).

At the technical level, we further used this hybrid assembly approach to assess the
improvement of the genome quality parameters through the polishing steps: first, after
assembly with Flye; then after one step of Racon and two steps of Medaka using Nanopore
reads; and finally, after one step of Racon using Illumina reads. Through each one of the
polishing steps, we observed a sequential decrease on the number of CDS, as well as an
increase on the completeness values (Table 22). All the genomes go from having
approximately 8,000 CDS to approximately 5,000 CDS after Nanopore and Ilumina
polishing. Nanopore polishing only decreases CDS number by 1,000 approximately. On the
other hand, completeness goes from an average of 46.9% to an average of 97.6% after final

polishing, with an average of 57.5% with Nanopore-only polishing.
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Table 22. Genome CDS number retrieved by Prokka, and genome completeness from Hospital B isolates by
means of BUSCO. In this case, the completeness was assessed with the Enterobacteriaceae database, which includes 440
orthologs. Completeness column is the sum of Single and Duplicated columns. In parenthesis is the %. Nano., nanopore;

Illum., illumina.

CDS Completeness Single Duplicated Fragmented Missing
HUB-1 Assembly 7,877 209 (47.5) 209 (47.5)  0(0) 136 (30.9) 95 (21.6)
Nano. Polish 7,047 261 (59.3) 261 (59.3)  0(0) 108 (24.5) 71 (16.2)
Nano + Illum.
Polish 4,871 430 (97.8) 428 (97.3)  2(0.5) 4(0.9) 6 (1.3)
HUB-2 Assembly 7,927 197 (44.8) 197 (44.8) 0 (0) 153 (34.8) 90 (20.4)
Nano. Polish 6,932 257 (58.5) 255 (58) 2 (0.5) 119 (27) 64 (14.5)
Nano + Illum.
Polish 4,897 431 (98) 429 (97.5)  2(0.5) 3(0.7) 6 (1.3)
HUB-3 Assembly 8,039 213 (48.4) 213 (484)  0(0) 137 (31.1) 90 (20.5)
Nano. Polish 7,187 244 (55.4) 243 (55.2) 1(0.2) 130 (24.5) 66 (15.1)
Nano + Ilum. 4,943 427 (97.1) 425 (96.6) 2 (0.5) 7 (1.6) 6 (1.3)

Polish

The results from Hospital A isolates have been published in the Journal of Antimicrobial
Chemotherapy under the title “Dissemination of NDM-producing Klebsiella pneumoniae and
Escherichia coli high-risk clones in Catalan healthcare institutions” (Mari-Almirall et al.,

2020) (annex 5).
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5. DISCUSSION

5.1. Harnessing long-read whole-genome sequencing to characterize One-

Health pathogens

The increase in the spread of multidrug-resistant (MDR) bacteria due to the abusive and
unregulated use of antibiotics puts the whole world on alert due to the difficulty in treating
the associated infections. The infections produced by MDR pathogens are hard to treat even
with last-resort antibiotics like colistin or carbapenems, which can ultimately lead to severe
clinical complications, longer hospital stays, or even death (Kaye and Pogue, 2015). In
addition, approximately 60% of the pathogens that cause infections in humans are of
zoonotic origin —those transmitted from animals to humans— and can present a MDR
pattern, so being animals a large reservoir of potential human pathogens (Bueno-Mari, 2015).
Thus, One-Health studies and surveillance are crucial to characterize this kind of pathogens
and understand the associated infections. Throughout this PhD project, we have applied
whole-genome sequencing using long-read sequencing (Nanopore) in different One-Health
scenarios to characterize three MDR pathogens: Staphylococcus psendintermedins on dog skin,
Escherichia coli on fecal samples from a mixed farm and Klebsiella pnenmoniae on clinical isolates

from a hospital outbreak.

The classical methods to characterize these pathogens in a clinical infection or an outbreak
—such as those in hospitals or those caused by foodborne pathogens— are microbial culture,
typically followed by typing methods such as 16S rRNA sequencing or multilocus sequence
type (MLST). On one hand, microbial cultures have been the gold standard for bacterial
isolation and characterization for decades. For a more in-depth characterization, microbial
culture needs to be complemented by multiple phenotypic techniques (e.g., antibiograms for
antibiotic susceptibility or APIs —analytical profile index— to classify microorganisms
according to biochemistry test), which increase the time and resources for the identification

and characterization of the microorganism (Figdor and Gulabivala, 2008).

Typing methods such as 16S rRNA sequencing or MLST focus on a tiny part of the complete
genome. It has been thoroughly validated that, when appropriately performed, the analysis
of full-length 16S rRNA gene (approximately 1,500 bp) serve as a potent tool to perform an
accurate taxonomic classification of bacterial isolates (Woese et al., 1985; Winker and Woese,
1991), but this analysis only provides low taxonomic resolution (up to genus). For example,
16S rRNA sequencing cannot discriminate among E. co/i and Shige/la due to low divergence

between them (>99% of 16S tRNA gene sequence identity in most cases) (Jenkins et al.,
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2012; Devanga Ragupathi et al., 2018). A similar case happens with the members of the
Staphylococcus intermedins Group (SIG), in which 16S rRNA sequencing fails to discriminate
among species because 16S rRNA similarities are >99% (Devriese et al., 2005; Sasaki et al.,

2007b; Devriese et al., 2009; Magleby et al., 2019; Perreten et al., 2020).

For the microorganisms in our studies, MLST takes into account seven housekeeping genes
specific for each bacterium. The sum of the sizes of these seven genes is approximately 2,944
bp for S. psendintermedius, 3,423 bp for E. coli, and 3,012 bp for K. pneumoniae (Larsen et al.,
2012). Considering an average genome size of 3.09 Mbp for Firmicutes (phylum in which S.
pseudintermedius is included) and 4.23 Mbp for Gammaproteobacteria (phylum in which E. co/i
and K. pneumoniae are included) (Vétrovsky and Baldrian, 2013), MLST typing would only be
considering 0.09% of S. pseudintermedins genome, 0.08% of E. col7’s genome, and 0.07% of K.
prenmonia’s genome. On the other hand, genomic recombination plays a pivotal role in the
evolution of bacteria; however, MLST analysis does not consider if a recombination event
has occurred, which can affect in the analysis of phylogenetic relations (Chaudhuri and

Henderson, 2012).

Sequencing the whole bacterial genome (WGS) in few hours is an approach that
complements perfectly the gold standard for bacterial isolation, the microbial culture,

providing a significantly higher resolution (Gardy and Loman, 2018).

The first studies that considered WGS were performed using short-read sequencing. The
short-read WGS main pitfall is the raw read lengths. Reads of 100 bp, 250 bp, or 500 bp do
not span repetitive sequences (such as those representing MGEs), duplications, inversions,
or other structural variations, which hampers the complete assembly the chromosomes and

plasmids.

In May 2011-June 2011, an outbreak caused by a Shiga-toxin-producing E. ¢/i O104:H4
from contaminated bean sprouts was described in Germany, with more than 3,000 people
infected and more than 40 deaths. Different research groups studied the outbreak applying
short-read sequencing (Brzuszkiewicz et al., 2011; Mellmann et al., 2011; Rohde et al., 2011).
Short-read WGS allowed determining the species and serotype of the microorganism causing
the outbreak, E. /i O104:H4. Moreover, it also allowed detecting antibiotic-resistance genes
categorized as plasmid-borne (such as blacrxaris gene) and other elements like the gene
encoding for Shiga-toxin (szx2 gene). However, the genome assemblies for E. e/ (including
the chromosome and putative plasmids) were recovered in several contigs (of the order of

hundreds per isolate). They had to map their contigs to references for unravelling if the
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sequence was chromosomal or plasmidic, as well as perform additional assays to detect the
presence of plasmids, such as electrophoresis. So, with short-read WGS, they could not
retrieve the entire length of the chromosome or plasmids in a single contig. In contrast in
our E. coli study, using long-read WGS we were able to assemble de novo —without the need
of using a pre-existent reference— 14/18 full chromosomes and 60 plasmids in single-contigs.
We succeeded in giving context to the genes conferring resistance to antibiotics, locating
them to the chromosome or the plasmid. Other authors have already used nanopore WGS
to sequence the genome of E. ¢/, retrieving the chromosome and plasmids in one contig

each (Schneider et al., 2020; Mattrasingh et al., 2021).

Between May 2012 and September 2013, there was an outbreak of ST15 CTX-M-15-
producing K. pneumoniae in the north of Netherlands (Zhou et al., 2016). They performed
WGS of 18 samples from clinical and environmental origin using short-read (Illumina MiSeq)
and they successfully described the presence of ST15 K. pneumoniae causing the outbreak in
healthcare settings. However, they did not assemble closed plasmids, they only described
some “plasmid-borne resistance genes” (such as blacrxaris) by comparing to previous data.
Another study characterized the emergence of a plasmid-borne blaxpcs carbapenem-resistant
K. pnenmoniae causing infections by sequencing 10 isolates using Illumina (Shields et al., 2017).
The assembly of the plasmids was partial and incomplete, and they also referred to “plasmid-
borne genes”. To further characterize plasmids, they complemented the work experimentally
by performing laboratory transfer of the plasmids from the isolates to E. co/i and assessed it
with microbial culture with ceftazidime-avibactam —a combination of a cephalosporine and
a B-lactamase inhibitor—. In contrast, in our K. prneumoniae study using only long-read WGS
we were able to confirm the previous results regarding carbapenem-resistance plasmids
obtained through MALDI-TOF MS, PFGE, biparental conjugation, disk diffusion
susceptibility test, and PCR for plasmid’s incompatibility groups and ARGs. We assembled
the plasmids from Hospital A and Hospital B isolates harboring blanpari, blaxpar, blacrxaris,
and blaox14s in circular single-contigs, rather than only describing contigs containing
“plasmid-borne genes”. We also described the location and genetic context of the antibiotic
resistance genes, including repetitive sequences like MGEs. The full characterization of the
plasmids allowed to confirm the transmission of K. pneumoniae carbapenem-resistance

plasmids among different healthcare centers included in the study of Hospital A.
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5.2. Long-read whole-genome sequencing to unravel antimicrobial resistance

and its transmission patterns

With long-read WGS, we have been able to locate the antimicrobial resistance genes in their
genetic (e.g. presence of MGE) and genomic context (chromosomal or plasmid), and further

understand their transmission.

In the E. c/i study, we evaluated the transmission of colistin resistance plasmids within a
mixed farm applying long-read WGS. The 15 isolates bearing mer-1 in mobile genetic
elements were associated with IncX4, Incl2, and IncHI2\IncHI2A plasmids, with IncX4
being the most prevalent in agreement with previous studies (Li et al., 2017b; Sun et al., 2017;
Zurfluh et al., 2017; Bai et al., 2018; Li et al., 2018a; Wang et al., 2018; Wu et al., 2018),. All
IncX4 plasmids shared the same backbone, and differences were due to inserted sequences.
Different families of ARGs located in the same plasmid facilitated the persistence and
selection of resistance to antibiotics not used in the farm. As previously described (Sun et al.,
2017; Bai et al., 2018; Li et al., 2018a; Shen et al., 2018; Wu et al., 2018), herein, mer-1 was
also integrated into the genome in two isolates of different animal origins. In one of them,
the ISApl1 element was flanking mer-1 upstream and downstream, a structure that probably
facilitated the movement of the whole element by transposition. The other isolate had lost
the ISApl1 element, establishing the mr-1 as a heritable trait overcoming any possible fitness
cost of plasmid maintenance (Dunn et al., 2019). Furthermore, this isolate had become

permanently resistant even when the selective pressure was removed (Bai et al., 2018; San

Millan, 2018).

Although phylogenetic analysis clustered the E. o/ isolates in phylotype A and B1, there
were different MLST lineages harboring the colistin resistance genes in highly similar IncX4
plasmids. The farmer’s isolate (ST398) did not match the MLST type of any of the livestock
isolates. Conversely, the IncX4 plasmid from the farmer’s isolate was highly similar (identity
ranging from 99.96% to 100%) to those obtained from calves (14-4, 14-20, 15A-16, 15B-22,
and V7_18), sharing length, GC content, and genomic context (zer-1-pap2). These results
suggest the transmission of antimicrobial resistance carrying plasmid between different .
coli lineages from the calves to the farmer (Figure 34). Several studies have demonstrated the
spread of ARGs from food-producing animals to veterinarians and personnel in direct
contact with animals (Tomley and Shitley, 2009; McDaniel et al., 2014; Saliu et al., 2017),

highlighting the importance of implementing hygiene measures to reduce this transmission.
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Figure 34. Clonal transmission of plasmids within a mixed farm and between hospitals. A) The E. cw/i isolated from

the Farmer (green) was not phylogenetically related to the E.w/i isolated from swine of bovine (blue) fecal samples.
However, the mer-1 gene conferring resistance to colistin was described in the Farmet's isolate in an IncX4 plasmid, as well
as for some isolates from bovine and swine origin. Through WGS, we described that the plasmid held by the human isolate
was potentially transmitted from bovine E. co/i. B) The plasmids bearing carbapenem resistance (in blue and green) described
in Hospital A (red) were also described in Hospital B (violet). The flux of patients allowed for the clonal expansion of these

plasmids.

All the isolates from this study exhibited a MDR profile. In addition, ARGs, as well as
virulence factors, were described both in the chromosome and plasmids. E. co/ isolates of
cattle origin showed the highest number and diversity of plasmids encoding for both ARGs
and virulence genes, including s#x2. Shiga toxin E. ¢/i (STEC) serotype O81:H31 bearing

stx2 are considered important foodborne zoonotic pathogens (Hussein and Bollinger, 2005;
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Padola and Etcheverri-a, 2014; Thomas et al., 2016; Fan et al., 2019). To our knowledge, this
is the first description of a zcr-1 positive STEC of cattle origin and highlights the importance

of food producing animals as reservoirs of ARG and virulence determinants.

The isolate that lost mer-1 gene (15A_11, phylotype A, ST4981) was resistant to

cephalosporins (cefotaxime and ceftazidime) with bl ,, s inserted in the chromosome.

Interestingly, upstream of the gene, there was an IS3 element, and downstream there was a
truncated Tn2, indicating a possible recombination event, as has been previously described

(Komoda et al., 1991; Yasui and Kurosawa, 1993). The acquisition of bla ;s in livestock

is concerning, since it is widely disseminated (Cantén and Coque, 2006; Bevan et al., 2017;
Chong et al., 2018), especially in healthcare facilities (Boyd et al., 2004; Mehrad et al., 2015;
Bevan et al., 2017; Yasir et al., 2020), and can compromise the treatment of Gram-negative

infections.

In the K. pnenmoniae study, we characterized the spread of carbapenem-resistant isolates
between different healthcare institutions. With long-read WGS, we have assembled IncN +
IncR and IncL/M plasmids from both hospitals in circular contigs. HA-3 and HA-4 from
Hospital A, and HUB-1 and HUB-2 from Hospital B presented the same IncN + IncR
plasmid (identities >99%). WGS corroborated previous results through conventional
approaches showing that ST147 K. pneumoniae isolates harbored both the blanpys and blacrx.
5 genes in a single plasmid belonging to the IncR incompatibility group. We also described
the same Incl./M plasmid harboting blaox14s catbapenemase gene in isolates from both

hospitals (Hospital A: HA-4; Hospital B: HUB-2 and HUB-3).

Another concerning issue relates to the presence of yersiniabactin in the K. preumoniae isolates
from Hospital B. Yersiniabactin is a siderophore present in 90% of the hypervirulent K
pnenmoniae 1solated from clinical cases related with severe lung infections such as community-
acquired pneumonia (Paczosa and Mecsas, 2016; Kramer et al., 2020). An outbreak of
yersiniabactin-producing K. pueumoniae has recently been reported related to fulminant
necrotizing enterocolitis and sepsis in a neonatal intensive care unit (Wisgrill et al., 2019). In
our case, yersiniabactin-coding locus is in the chromosome. Yersiniabactin-coding locus was
firstly described in a high-pathogenicity island of Yersinia (Paczosa and Mecsas, 2016) carried
in an integrative conjugative element, ICEKp, which is a highly self-transmissible mobile
genetic element within the bacterial population (Lam et al., 2018). Thus, these isolates have
the potential to transfer the locus coding for yersiniabactin to other bacteria while causing

infection.
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5.3. Staphylococcus pseudintermedius in dogs with pyoderma and healthy dogs

Methicillin-resistant S. pseudintermedins (MRSP) 1s a confirmed zoonotic pathogen from dogs
(Van Hoovels et al., 2006). In human, S. aureus is one of the main commensal bacteria in the
skin and opportunistic pathogen (Williams, 1967). Thus, as described before for coagulase-
negative staphylococci to S. aureus (Jamale, 2011; Xu et al., 2018b), MRSP isolates have the
potential to transmit the resistance to other Staphylococci associated with human infections
(e.g., S. aureus), leading to the need for MRSP surveillance with a One-Health approach. In
fact, as of May of 2021, while §. aureus —a deeply studied pathogen— present 12,585 available
genomes at the Genome Assembly and Annotation report in NCBI

(https://www.ncbi.nlm.nih.gov/genome/), S. pseundintermedins present only 376 genomes,

from which our group has submitted 62/376: the one isolated from otitis, 22 from healthy
canine skin, 33 from the lesioned skin of dogs with pyoderma, and six isolated from the
healthy skin of dogs affected with pyoderma (these last six isolates were not included in the

results of this thesis, for more information see (Francino et al., 2021).

In our studies applying long-read WGS for S. pseudintermedius sequencing, we decided to take
a clinical approach to analyze S. pseudintermedins isolates from the lesional skin of dogs with
pyoderma and compare them with isolates from the skin of healthy dogs (perioral and

abdominal).

With only one approach, we have described the MLST of the isolates, the genetic bases of
antibiotic resistances, and the presence of virulence factor genes. Antibiotic resistance of the
otitis isolate was previously tested through disk diffusion susceptibility test, and our hybrid
sequencing results corroborated the genetic bases for all the resistances described, either
caused by acquired genes (in the chromosome or a plasmid) or caused by point mutations

(fluoroquinolone resistance due to mutations in the gy=4 gene).

The most represented MLST among the 56 S. pseudintermedius studied within this thesis was
ST71 (16/56), which coincides with the most represented MLST in Europe. ST258 has been
reported as an emerging lineage in France, gaining growth over ST71 clones (Bergot et al.,
2018). In our study, ST71 harbored the greatest variety of ARGs among pathogenic isolates,
followed by ST258 and ST301 (from clonal complex 258), in agreement with previous results
(Bergot et al., 2018).

S. psendintermedius presented a wide range of antibiotic resistance genes against both first-line

antibiotics (cephalosporines, amoxicillin, lincosamides, tetracyclines and sulfonamides) and
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third-line antibiotics (chloramphenicol and aminoglycosides). In fact, we have described
resistance to all these antibiotics in our isolates, which is concerning regarding infection
treatment. Alternatively, topical treatment using antiseptics such as shampoos with
chlorhexidine, benzoyl peroxide, and ethyl lactate improved antibacterial treatment by

accelerating the resolution of clinical signs (Beco et al., 2013; Bajwa, 2010).

The average genome size for S. pseudintermedius isolates was approximately 2.68 Mbp, which
was similar to the size reported by other authors (Shah et al., 2018; Little et al., 2019; Cao et
al., 2020; Eichhorn et al., 2020; Vitali et al., 2021). However, if we take a closer look at our
results, S. pseudintermedins isolated from healthy dogs presented a smaller average genome size
(2.58 Mbp) than isolates retrieved from the lesional skin of dogs with pyoderma (2.74 Mbp).
A significantly higher number of ARGs and phages explains the differences in the genome

size.

Pangenome analysis of healthy versus pyoderma isolates concluded that . pseudintermedins
presents an open genome —a pangenome that increases in size when a new genome is added
(Rouli et al., 2015)—. These results were in concordance with the results obtained by Brooks
and collaborators, in which they analyzed 371 genomes, and found that S. pseudintermedins had
an open pangenome, similar to other Staphylococcus species. The specimens isolated from the
lesional skin of dogs with pyoderma exhibited a higher accessory genome (46.5%) than the
healthy ones (35.9%). A higher accessory genome portion indicates more particular
functions, such as antibiotic resistance or the presence of MGEs (such as plasmids,

transposons, prophages) (Brooks et al., 2020).

At the functional level, S. pseudintermedins isolated from healthy dogs presented enrichment
in the CRISPR-Cas system, components of toxin-antitoxin systems, and endonucleases and
methylases from restriction-modification systems, as well as lower number of phage
sequences inserted in the genome compared to isolates from pyoderma. Therefore, S.
pseudintermedius isolated from healthy dogs presented enriched functions that participate in
the defense of the bacterial cell against exogenous nucleic acids, such as those from phages
or plasmids. This could explain why healthy isolates did not present phage and plasmid
enriched functions like the pathogenic strains and the difference in phage presence with

respect to pyoderma isolates.

While the average number of phages in isolates from healthy dogs was 1.27, isolates from
pyoderma presented an average number of 3.55. More specifically, pyoderma isolates ST71

presented an average of 6.07 phage sequences. This agrees with previous results, that state
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that ST71 is one of the clones carrying higher numbers of intact prophages (Brooks et al.,
2020). They described the SpST71A as a lineage-specific prophage for ST71 inserted in the
comG operon —responsible for pilus formation to transform exogen DNA—, truncating it
(Brooks et al., 2020). SpST71A prophage truncating oG operon may affect the capacity of
ST71 clones to transform DNA, which could lead to its clonal expansion rather than transfer
genetic elements horizontally (Brooks et al., 2020). All our ST71 S. pseudintermedius harbored
the SpST71A prophage disrupting the cw»G operon. Moreover, since no conjugative
plasmids were found among our S. pseudintermedius, transduction could be the leading
mechanism for horizontal gene transfer among isolates from infections. In fact, previous
studies have described the role of transduction in the transmission of antibiotic resistance
genes among staphylococci (Novick and Morse, 1967), even in the transmission of MGEs
including SCCrecin S. anreus, indicating that prophages play a role in the origin and evolution
of methicillin resistance (Maslaniova et al., 2013). Further studies and analysis are needed to

decipher the role of prophages in the virulence and adaptation of S. pseudintermedius.
5.4. Future steps

In this thesis we have applied long-read WGS to assess the transmission of antimicrobial
resistance both in animal and human health. However, one of the main pitfalls of WGS is
that it relies on a previous culture step. Future steps should consider a metagenomics
approach (clinical metagenomics) sequencing all the genetic material from the clinical
sample on low-cost and portable sequencers for the rapid, real-time identification of
pathogens and antimicrobial resistance genes. Clinical metagenomics could help in
overcoming the incubation time and associated delay in the results, especially for fastidious
microorganisms (e.g., tuberculosis may take up to two/four weeks to grow on plate, and
two/four weeks more to perform antibiotic susceptibility (Ghodbane et al., 2015)), and to
personalize antimicrobial stewardship, tackling infection and antimicrobial resistance

globally.
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6. CONCLUSIONS

1. Long-read whole genome sequencing and de novo assembly retrieved complete
chromosomes and plasmids as single contigs, locating the antibiotic resistance genes in
plasmids or chromosomes, and spanning mobile genetic elements, thus overcoming the

pitfalls associated with short-read.

2. Long-read whole genome sequencing and de novo assembly unraveled the transmission of
similar plasmids harboring antibiotic resistance genes in different One-Health scenarios:
colistin-resistant Escherichia coli from livestock to human and carbapenem-resistant Kiebsiella

prenmoniae in an inter-hospital outbreak.

3. Different Escherichia coli lineages harbored highly similar IncX4 plasmids carrying #he mer-1
gene. Specifically, the farmer’s isolate presented an IncX4 plasmid most likely transmitted by
horizontal gene transfer from cattle, even though the farmer’s isolate was phylogenetically

unrelated to the livestock’s ones.

4. Methicillin resistance was only detected in isolates from dogs with pyoderma,
being Staphylococcus psendintermedins STT1 and ST258 the most frequent sequence types. In

contrast, most of the sequence types in healthy isolates have not been described yet.

5. The genome size of Staphylococcus psendintermedins was significantly larger in pyoderma than
in healthy dogs’ isolates. Staphylococcus psendintermedins were enriched in antibiotic resistances
and mobilome functions in pyoderma isolates. In contrast, isolates from healthy skin

presented enriched functions related to self-defense against exogenous DNA.

6. The multi-drug resistant and virulence profiles of Staphylococcus psendintermedins from dogs
and Escherichia coli from livestock highlight the role of domestic animals as a reservoir of

pathogens with highly zoonotic potential.
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Hybrid Assembly from a Pathogenic Methicillin- and
Multidrug-Resistant Staphylococcus pseudintermedius Strain
Isolated from a Case of Canine Otitis in Spain
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ABSTRACT Here we report the genome assembly, using a hybrid approach with II-
lumina and Nanopore sequencing, of a pathogenic Staphylococcus pseudintermedius
strain isolated from a case of canine otitis. Genome assembly confirmed the antimi-
crobial resistance profile (disk diffusion testing) with specific genes and mutations.

taphylococcus pseudintermedius is a coagulase-positive Staphylococcus species

within the Staphylococcus intermedius group (1), which is formed by S. intermedius,
S. pseudintermedius, S. delphini, and S. cornubiensis (2). This bacterium is a commensal
in pets’ microbiota, typically related to dogs and primarily associated with skin, fur, and
mucocutaneous sites. However, it has opportunistic behavior, causing several types of
infections related mostly to the skin, such as wound infections, pyoderma, and otitis,
among others. S. pseudintermedius colonizes 90% of dogs, and methicillin-resistant S.
pseudintermedius (MRSP) demonstrates high prevalence worldwide, e.g., 70% in Japan,
50% in China, and 30% in Europe. The report of zoonotic infections due to MRSP
highlights its One Health threat. Sequence type 71 (ST71) is the most prevalent in
Europe (3-8).

Swab extension of the sample and further Diff-Quick staining revealed the presence
of a few cocci in the left ear of a 6-year-old Yorkshire terrier with otitis externa. The S.
pseudintermedius G3C4 strain was isolated by overnight culture at 37°C on blood agar.
Different antibiotics were tested in a disk diffusion inhibitory assay, with the sensitivity
range criteria shown at Table 1 for aminoglycosides, fluoroquinolones, tetracyclines,
macrolides, beta-lactams, lincosamides, phenicols, rifamycins, fusidic acid, and co-

trimoxazole.
DNA from S. pseudintermedius G3C4 was extracted using a DNA microprep kit Citation Vifies J, Cusco A, Francino O. 2020.
(ZymoBIOMICS), following the manufacturer’s instructions, and DNA quality was as- Hybrid assembly from a pathogenic
db t ith a Qubit fl . ter (Invit ). The lib for N methicillin- and multidrug-resistant
sessed by measurements with a Qubit fluorimeter (Invitrogen). The library for Nanopore Staphylococcus pseudintermedius strain isolated
sequencing was prepared by transposase fragmentation using a rapid barcoding kit from a case of canine otitis in Spain. Microbiol
(product number RBK-SQK004; Oxford Nanopore Technologies), according to the man- Resour Announc 9:¢01121-19. https:/doi.org/

10.1128/MRA.01121-19.
Editor Irene L. G. Newton, Indiana University,
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ufacturer’s instructions. The final library was loaded and sequenced in a MinlON
FLO-MIN106 flow cell v9.4.

Bloomington
An lllumina (San Diego, CA, USA) library was prepared by enzymatic fragmentation Copyright © 2020 Vifies et al. This is an open-
and double indexing using an NGSgo kit (GenDx, Utrecht, Netherlands), according to access article distributed under the terms of

; . . S the Creative C Attribution 4.0
the manufacturer’s instructions. The indexed libraries were pooled, denatured, and R

diluted to a final concentration of 4 nM. The pooled library was sequenced on the Address correspondence to Joaquim Vifies,

MiSeq system (lllumina) with a 300-cycle MiSeq reagent kit v2. joaquim.vines@vetgenomics.com, or Olga
The fast5 files generated by Nanopore sequencing were base called and demulti- Francino, clgafrancino@uab.cat.
plexed (sorted by barcode) using Albacore v2.3.1, yielding fastq files. A second round Received 4 October 2019

. . . . . Accepted 22 November 2019
of demultiplexing was performed with Porechop (9) (by default), in which barcodes that Published 2 January 2020

agreed with Albacore were kept and the others were removed. Porechop was also used
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TABLE 1 Summary of the antibiotic resistance determined by disk diffusion testing and sequencing

Disk diffusion testing results

Sequencing results

Zone of Sensitivity range
Antibiotic? inhibition (mm) (pg/ml) Susceptibility® Gene(s) associated Mutation associated Location
Aminoglycosides
GEN 12 <12 to >15 R aac(6')-le-aph(2")-la, Genome
TOB 17 <17 to >19 R aph(3')-llla, aad(6)
AMK 25 <14 to >17 S
Fluoroquinolones
CIP 9 <20 to >22 R Point mutations in gyrA Genome
MARBO 0 <14 to >20 R (positions 12, 251,
PRADO 15 <19 to >24 R 2023, and 2140)
ORBI 0 <17 to >23 R
Tetracyclines
TET 10 <18 to >23 R tet(K) Plasmid
DOX 14 <20 to >25 R
MIN 18 <19 to >24 R
Macrolide
ERY 0 <13 to >23 R ermB Genome
Beta-lactams
OXA 0 <16 to >18 R mecA, blaZ Genome
FOX 30 <34 to >36 R
Lincosamide
CLI 0 <14 to >21 R ermB Genome
Phenicols
CHL 34 <12 to >18 S
FFC 30 <12 to >18 S
Rifamycin
RIF 44 <16 to >20 S
Fusidane
FD 40 <23 to >25 S
SXT 0 <10 to >16 R dfrG Genome

@ GEN, gentamicin; TOB, tobramycin; AMK, amikacin; CIP, ciprofloxacin; MARBO, marbofloxacin; PRADO, pradofloxacin; ORBI, orbifloxacin; TET, tetracycline; DOX,
doxycycline; MIN, minocycline; ERY, erythromycin; OXA, oxacillin; FOX, cefoxitin; CLI, clindamycin; CHL, chloramphenicol; FFC, florfenicol; RIF, rifampin; FD, fusidic acid;

SXT, co-trimoxazole.
bR, resistant; S, sensitive.

to trim barcodes and other adapters from the sequences. A total of 93,340 Nanopore
reads were retrieved and used for further steps; the median read length was 2,774 bp, the
N5, read length was 4,382 bp, and the median Phred read quality was 14.2. A total of
2,338,855 lllumina reads were generated by the sequencer, with a median Phred read
quality of 37.8. De novo genome assembly was performed with data retrieved from
Nanopore and lllumina sequencing in a hybrid approach, using Unicycler v0.4.6 (10)
(parameters were as follows: R1, lllumina file; R2, lllumina file; I, Nanopore reads). Further
analyses included assessment of genome completeness with CheckM v1.0.11 (11) (by
default), multilocus sequence typing (MLST) using CGE DTU tools (12), and annotation with
Prokka v1.13 (13) (by default); the NCBI Prokaryotic Genome Annotation Pipeline v4.6 was
used to determine the number of coding sequences, rRNAs, and tRNAs. We used ABRicate
(14) with the CARD and NCBI databases to retrieve antibiotic resistance genes.

Unicycler assembly retrieved 7 contigs. Two of the contigs corresponded to the
complete genome and a plasmid, with 60X coverage and lengths of 2.72 Mb and 4.4
kb, respectively. The 5 other contigs had coverage between 1.71X and 1.83X.

The assembled genome of this S. pseudintermedius isolate (63X coverage) has a size
of 2,717,621 bp, with a G+C content of 37.50% and 2,548 coding sequences, 59 tRNAs,
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and 19 rRNA copies. CheckM determined completeness of 99.43%. MLST (12) showed
that the strain belongs to the most prevalent ST in Europe, ST71, achieving 100%
coverage and identity for all of the genes tested (ack, cpn60, fdh, pta, purA, sar, and tuf).

A plasmid of 4,439 bp, pSP-G3C4, was also obtained. It has a G+C content of 30.07%
and 64X coverage. In a BLAST search, we obtained a match with Staphylococcus
epidermidis ATCC 12228 plasmid pSE-12228-01 (NCBI accession number NC_005008).

Table 1 shows the results of disk diffusion susceptibility tests with aminoglycosides,
fluoroquinolones, tetracyclines, macrolides, beta-lactams, clindamycin, and co-trimoxazole.
Genome analyses with ABRicate revealed the presence of several genes that confer
resistance to most of the aforementioned antibiotics, including blaZ and mecA for beta-
lactam resistance, aac(6')-le-aph(2”)-la, aph(3’)-llla, and aad(6) for aminoglycoside resis-
tance, ermB for erythromycin and clindamycin resistance, and dfrG for trimethoprim resis-
tance. We also found sat4, which confers resistance to streptothricin. Point mutations at
positions 12, 251, 2032, and 2140 in the gyrA gene (encoding a topoisomerase) explain
quinolone resistance (15). The tet(K) gene, conferring resistance to tetracycline, was found
in the plasmid.

A SCCmec lI-lll cassette characteristic of S. pseudintermedius (15) harbors the meth-
icillin resistance gene mecA. Furthermore, aad(6), sat4, and aph(3')-llla genes are
located contiguously in the genome, which is an antibiotic resistance gene cluster
already described for this species (16). It seems that a fourth gene could be involved in
the cluster, namely, ermB, which is located near the triad of genes mentioned previ-
ously. Boerlin et al. (17) already reported that there could be a link between macrolide
and aminoglycoside resistance in Staphylococcus strains of canine origin.

We confirm that a long- and short-read hybrid approach is an excellent option for
sequencing and assembling de novo genomes for in-depth assembly and characterization.

Data availability. The genome sequence of S. pseudintermedius G3C4 has been
deposited in the GenBank database with accession number CP032682 and RefSeq acces-
sion number NZ_CP032682; the plasmid has been deposited under GenBank accession
number MN612109. All raw sequence files can be found under BioProject accession
number PRINA493792.
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Annex 2

“Whole-Genome Sequencing and De Novo Assembly of 61 Staphylococcus psendintermedins
Isolates from Healthy Dogs and Dogs with Pyoderma”
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Abstract

Background —Staphylococcus pseudintermedius is the main etiologic agent of
canine pyoderma. The mechanisms leading a commensal bacterium to transform
itself into a pathogen have so far remained elusive to research. Whole genome
sequencing is the most comprehensive way of obtaining relevant genomic
information about microorganisms.

Hypothesis/Objectives — The comparative analysis of the complete genome of S.
pseudintermedius strains isolated from healthy dogs and dogs with pyoderma could
help to understand the pathogenesis of pyoderma.

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

Results —The average genome size of S. pseudintermedius was 2,62MB, with 45%
being core genome. The genomes of the pathogenic strains were, on average, larger
than those of the strains from healthy dogs (2,743MB vs. 2,579MB; (P-value =
4.883e-07), due to a greater presence of phages and prophages (3.55 vs. 1.35; P-
value = 0.0009233) and antimicrobial resistance genes (P-value = 4.753e-0). In
contrast, the total number of virulence factors did not change between samples from
healthy dogs and dogs with pyoderma.

Conclusions and clinical importance — The analysis of the pangenome of S.
pseudintermedius is a very promising tool to understand the pathogenesis of canine
pyoderma and the transformation of a commensal bacterium into a pathogen.

Introduction

Staphylococcus pseudintermedius (S. pseudintermedius) is a component of the dog
skin microbiota ?* 2°> and the main causative agent of pyoderma in this species.®: & A
study in dogs with pyoderma concluded that S. pseudintermedius isolated from skin
lesions (pustules) were identical, using pulse-field gel electrophoresis (PFGE), to the
S. pseudintermedius isolated from non-lesional sites of the same dog.2® This finding
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, medical and
surgical procedures, and/or immunosuppressive disorders.! Staphylococcus
pseudintermedius is considered, therefore, an opportunistic pathogen. Nevertheless,
the mechanisms by which a commensal microorganism is transformed into a
pathogen are poorly understood.

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
organizations. One of the main indications for using antibiotics in small animal
medicine is the bacterial skin infection or pyoderma caused by S. pseudintermedius.
Understanding the pathogenic mechanisms of pyoderma could help prevent the
development of pyoderma and help develop new therapies, which could reduce the
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use of antibiotics. Nevertheless, to date, it has been challenging to find a research
strategy to learn more about how pathogenic S. pseudintermedius populations
originate and what the difference, if any, is between commensal and pathogenic S.
pseudintermedius populations.

The recent development of next-generation sequencing (NGS) techniques that allow
relatively easy and economical mass sequencing of genomes has opened up a new
pathway for studying infectious diseases. In particular, the sequencing of the
complete genome of microorganisms allows a very precise genotypic
characterisation, identifying, for example, factors of virulence or antimicrobial
resistance and allowing the comparison of different strains and isolates. The release
of Oxford Nanopore Technologies’s (ONT) MinlON in 2014 generated much
excitement in the genomics community by offering portability (it measures 3 cm x 10
cm approximately), speed, and the capability of producing reads of virtually any
length. 12 The fact that it can work with longer reads facilitates the assembly of
genomes and the characterization, location, and genomic context of virulence and
resistance genes. 3! So even though it has a higher error rate than the lllumina
system, it has quickly become very useful for rapid clinical responses and
sequencing in the field.® *°

Our research strategy was to perform a whole-genome analysis of S.
pseudintermedius using nanopore sequencing on MinlON Mk1B from ONT. We
planned to compare the genome of S. pseudintermedius isolated from the skin of
healthy dogs with the genome of S. pseudintermedius isolated from skin lesions of
dogs with pyoderma. We aimed to understand the complete genome of S.
pseudintermedius better and detect differences that could explain the change from a
commensal microorganism to a pathogen.

Materials and methods
Bacterial cultures

The present study was carried out on 22 cultures of S. pseudintermedius isolated
from the skin of 6 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 seconds. In the dogs with
pyoderma, samples were obtained, whenever possible, from the content of the
pustules. In three cases where no obvious pustules were present, the samples were
obtained from epidermal collarettes, as described in the literature.'® The samples
were cultured in blood agar at 37°C and incubated for 24 or 48 hours, depending on
the visual growth on the plate. Colonies with characteristic morphology of S.
pseudintermedius were sub-cultured and stored in brain heart infusion (BHI) broth
with 20% glycerol at -80°C for further studies. Before the DNA extraction procedure,
cultures were plated in blood agar and seeded in 3mL of BHI broth at 37°C for 24
hours.

DNA extraction and sequencing

S. pseudintermedius DNA from the BHI broth cultures was extracted with a Zymo
BIOMICS™ DNA Miniprep Kit (Zymo Research, Irvine, CA, USA). DNA quality and
guantity were determined using Nanodrop 2000 Spectrophotometer and Qubit™
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dsDNA BR Assay Kit (Fisher Scientific SL, Madrid, Spain). The sequencing libraries
were prepared by transposase fragmentation using the Rapid Barcoding Sequencing
kit (SQK-RBKO004; Oxford Nanopore Technologies), and 12 barcoded samples were
loaded in a MinlON FLO-MIN106 v9.4.1 flow cell (Oxford Nanopore Technologies,
Oxford Science Park, OX4 4DQ, UK) and sequenced in a MinlON Mk1B. The fast5
files were basecalled with Guppy 4.0.11 (Oxford Nanopore Technologies) with high
accuracy basecalling mode, demultiplexed, and with adapters trimmed. Reads with a
quality score lower than 7 were discarded.

Assembling and visualization of the genomes

Nanoplot 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 EPI2ZME
platform 14 were de novo assembled using Flye 2.7.1.1> Minimap 2.17 was used to
align the assembled sequences to the raw data files.'” The resulting contigs were
then first polished with the graph-based correction method used by Racon 1.4.13
(https://github.com/Ibcb-sci/racon), followed by the neural-network based correction
method used by Medaka 1.0.3 (https://nanoporetech.github.io/medaka/).

Genome completeness was assessed with CheckM 1.1.1. 20 Circlator 1.5.5 was
used to identify the origin and the reverse complementary sequences.!! Genomes
were annotated with NCBI Prokaryotic Genome Annotation Pipeline (PGAP) 2° (after
uploading to NCBI (Bioproject PRINA685966), as well as the total number of coding
sequences, rRNA, and tRNA.

Anvi'o 6.2 7 (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 isolates.

Multi-locus sequence type, antibiotic-resistance genes, virulence factors, and
bacteriophages

Multi-locus sequence types (MLST) were assigned with MLST 2.0. software and
database 2.0.0.16 Antibiotic resistance genes were identified with Abricate 0.8.13 26
(https://github.com/tseemann/abricate) with the CARD database.'® Plasmids
(replicons) were identified with PlasmidFinder 2.1.4 A custom database was also
created to analyse the virulence factors (SPVFDB), containing 58 genes encoding
for virulence factors that include exfoliative toxins, enterotoxins, leukocidins, pore-
forming proteins, and intercellular adhesion proteins. Subsequently, the results were
filtered by genes with identity and coverage 290%. Phigaro 2.2.6 27 and Virsorter
1.0.6 2* were used to identify phage and bacteriophage sequences within the
genomes.

Data availability

The whole-genome assemblies were deposited at DDBJ/ENA/GenBank under
BIOPROJECT PRJINA685966 and with the accession numbers CP066702 to
CP066718, and CP066884, CP066885, and JAENBQO00000000 to
JAENDF000000000. The version described in this paper is version 1.
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Results

DNA extraction and purification from BHI broth cultures developed as expected.
Sequencing libraries were prepared with 12 isolates per library with the Rapid
Barcoding kit (12-plex barcode libraries) and sequenced in the Nanopore MinlON
Mk1B for 24 hours. The mean size of the reads was 2,600 bp. After quality
assessment of the reads, all genomes were assembled, achieving completeness
>96.7% and considered high-quality (completeness >90%, contamination <5%) for
further analyses. Mean sequencing coverage was 249.18x. Table 1 shows the
identification of the different isolates of S. pseudintermedius according to the MLST
and country of origin of the sample. In the case of isolates from dogs with pyoderma,
ST71 and ST257 were predominant. However, in isolates from healthy dogs, these
two STs were absent, and a long list of previously unreported STs was identified (19
out 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 genome size of S.
pseudintermedius was 2.62 MB. Comparing the genomes of the isolated from dogs
with pyoderma (N=33) with those from healthy dogs (N=22), several differences
were detected. The genomes of the pathogenic strains were, on average, larger than
those of the strains from healthy dogs (2,743 MB vs. 2,579 MB; (P-value = 4.883e-
07; Figure 1a). The larger genome size in S. pseudintermedius isolated from lesional
skin resulted from a greater presence of phages and prophages (3.55 vs. 1.35; P-
value = 0.0009233; Figure 1b) and antimicrobial resistance genes (P-value = 4.753e-
07; Figure 1d). In contrast, the total number of virulence factors did not change
between samples from healthy dogs and dogs with pyoderma (Figure 1b).

Global pangenome analyses of the 55 S. pseudintermedius genomes revealed 48%
of core genome and 52% of accessory genome (Figure 2). The accessory genome
of S. pseudintermedius is larger in pyoderma isolates (47% vs. 36%; Figure 3).

Considering that multi-drug resistance (MDR) is defined when the microorganism is
resistant to at least three families of antibiotics, we observed an MDR gene profile in
81.82% (27/33) of the S. pseudintermedius isolates from lesional skin vs. 9.09%
(2/22) of the isolates from healthy dogs. Among the 27 MDR strains isolated from
dogs with pyoderma, 22 held the mecA gene, and we characterized them
genotypically as meticillin-resistant S. pseudintermedius (MRSP).

Furthermore, mecl and mecR1 genes, two genes involved in mecA gene expression,
were present in all ST71 isolates, the ST1631 isolate, and one unknown ST. On the
other hand, the five isolates that belonged to clonal complex 258 (4 ST258 and 1
ST301) possessed only the mecA gene. The samples from healthy dogs did not
harbor mecA gene.

Fifty virulence genes were identified, including accessory 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 55 isolates. Four virulence factor genes, all
encoding for surface proteins (spsD, spsF, spsP, and spsQ), were detected only in
isolates from lesional skin. The remaining genes for virulence factors were present
only in some isolates but without being specific for isolates from healthy dogs or
dogs with pyoderma.
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Discussion

In the present study, we were able to sequence and assemble the complete genome
of multiple isolates of S. pseudintermedius using Nanopore technology. The method
is notably faster, simpler, and less expensive than other sequencing systems, such
as the traditional lllumina system. In addition, the use of Anvi'o allowed for easy
comparison of the genomes between isolates from lesional skin of dogs with
pyoderma and isolates from healthy dogs.

With this approach, the complete genome of 55 S. pseudintermedius isolates was
analysable. S. pseudintermedius isolates from our study have an average genome
size of 2.6 MB. This size is similar to that reported by other authors 3 8 30 and the
NCBI S. pseudintermedius reference genome (NC_014925.1). This is an example of
an open genome, with a core genome of 48% and an accessory genome of 52%.

S. pseudintermedius isolates from pyoderma cases had a significantly larger
genome than isolates from healthy skin. This was at least partly due to the increased
presence of prophages and antimicrobial resistance genes. The presence of a larger
number of resistance genes seems logical in samples from animals with pyoderma
that had possibly been treated with antibiotics. It is more difficult to uncover the
meaning of the increased presence of prophages, and further analysis of the
genome will be needed to interpret this.

Interestingly, hardly any differences were found in the presence of virulence factor
genes. 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 components of the host's
extracellular matrix (ECM), including fibronectin, fibrinogen, and cytokeratin10, and
they are considered to be virulence factors associated with bacterial survival,
immune evasion, and biofilm formation.828 Our results support previous data
indicating that these proteins may play a role in Staphylococcus colonization and/or
infection. 2 22 29 Interestingly, however, most virulence factors are present in strains
isolated from healthy dogs, indicating that commensal populations of Staphylococcus
already have full pathogenic potential. In any case, it is worth noting that this
genomic approach only investigates the presence of certain genetic elements in the
bacterial genome, but not their expression or functionality. In the case of both
antimicrobial resistance and virulence factors, it is necessary to complement genetic
studies with functionality tests.

An unexpected result was the difference in the MLSTSs identified in animals with
pyoderma and in healthy animals. In the strains from dogs with pyoderma, the STs
identified were those most frequently described in Europe (ST71, ST259). 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. %2
However, our results should be interpreted with caution because the number of
samples is small, especially in 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
behaviour.

In summary, our approach has allowed the sequencing and assembling of the
complete genome of 55 S. pseudintermedius strains isolated from healthy dogs and
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dogs with pyoderma, and their analysis and comparison. Our hope is that this new
approach will lead to better a understanding of the pathogenesis of canine pyodermas.
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Figure 1. Genome of pathogenic S. pseudintermedius was larger and
contained more phages, prophages, and antimicrobial resistant genes than
genome of S. pseudintermedius strains from healthy dogs.

Box plots show the distribution of the (a) genome size (b) phage and prophage
numbers (c) virulence factor numbers and (d) antimicrobial resistant gene numbers
of S. pseudintermedius isolated from healthy dogs depicted in turquoise (healthy)
and isolated from dogs with pyoderma depicted in blue (pyoderma). Asterisks denote
statistical differences between healthy and pyoderma. Shapiro-Wilk normality tests
revealed that samples were not normally distributed with the exception of two
datasets: genome size (pyoderma) and virulence factors (pyoderma). Wilcoxon rank
sum exact test revealed significant differences between genome sizes (W = 636, P-
value = 4.883e-07), phage and prophage numbers (W = 173, P-value = 0.0009233),
and antimicrobial resistant genes (W = 68.5, P-value = 4.753e-07). The number of
virulence factor numbers was not different (W = 451, P-value = 0.1209).
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Figure 2. Pangenome visualization of all S. pseudintermedius strains

Core genome is by definition the part of the pangenome that is present and shared
by all the 55 S. pseudintermedius genomes within the pangenome (2033 gene
clusters; 119869 ORFs/Gene Callings). Accessory genome is present and shared by
at least 54 genomes within the pangenome (1706 gene clusters; 27599 ORFs/Gene
Callings). Singleton contains unigue genomes within the pangenome (479 gene
clusters; 496 ORFs/Gene Callings). Visualization of pangenome analyses carried out
with ANVI'O. Central dendrogram clustering of samples is ordered by gene cluster
presence/absence. Item order: Presence absence (D: Euclidean; L: Ward).
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391  Figure 3. Pangenome visualization of healthy vs pyoderma S.

392 pseudintermedius

393 (a) Split pangenome analyses show 22 genomes of S. pseudintermedius isolated
394 from healthy dogs. Core genome is present and shared by all 22 S.

395 pseudintermedius genomes within the pangenome (2098 gene clusters; 50348

396 ORFs/Gene Callings). Accessory genome contains 848 gene clusters; 7009

397 ORFs/Gene Callings. Singleton contains 327 unique gene clusters; 408 ORFs/Gene
398 Callings. (b) Split pangenome analyses show 33 genomes of S. pseudintermedius
399 isolated from dogs with pyoderma. Core genome is present and shared by all 33 S.
400 pseudintermedius genomes within the pangenome (2088 gene clusters; 72427

401 ORFs/Gene Callings). Accessory genome contains 1331 gene clusters; 17265

402 ORFs/Gene Callings. Singleton contains 487 unique gene clusters; 507 ORFs/Gene
403  Callings. (a, b) Visualization of pangenome analyses carried out with ANVI'O.

404  Central dendrogram clustering of samples is ordered by gene cluster

405  presence/absence. Iltems order: Presence absence (D: Euclidean; L: Ward).

406

407

408

409 Table 1. Multi-Locus Sequence Types (MLST) of the different S. pseudintermedius
410 isolates. In brackets, country of origin of the sample.

From healthy dogs From dogs with pyoderma Total
ST 257 1 1
(Spain)
ST 1061 1 1
(Spain)
ST 1248 1 1
(Spain)
Unknown ST 19 9 28
(Spain) (Spain: 3, Italy: 4;
Argentina: 2)
ST71 15 15
(Spain: 6; ltaly: 9)
ST258 4 4
(Italy: 3; Spain: 1)
ST301 1 1
(Italy)
ST503 1 1
ST611 1 1
ST1631 1 1
ST1827 1 1
Total 22 33 55

411



Annex 3

“Whole genome sequencing and de novo assembly of Staphylococcus psendintermedins: a

pangenome approach to unravelling pathogenesis of canine pyoderma” (Under revision)
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Whole-Genome Sequencing and De Novo Assembly of 61
Staphylococcus pseudintermedius Isolates from Healthy Dogs

and Dogs with Pyoderma
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aSVGM, Molecular Genetics Veterinary Service, Universitat Autobnoma de Barcelona, Bellaterra, Barcelona, Spain
bDepartment of Animal Medicine and Surgery, Universitat Autdbnoma de Barcelona, Bellaterra, Barcelona, Spain
<Vetgenomics, Edifici EUREKA, PRUAB, Bellaterra, Barcelona, Spain

dDepartment of Biomedical, Surgical and Dental Sciences—One Health Unit, Milan, Italy

eHospital Escuela de Pequefios Animales (HEPA), Facultad de Ciencias Veterinarias de la Universidad Nacional del Centro de la Provincia de Buenos Aires, Tandil, Buenos

Aires, Argentina
fIRTA, Centre de Recerca en Sanitat Animal (CReSA, IRTA-UAB), Bellaterra, Barcelona, Spain
9Animal Medicine and Surgery, Universitat Autbnoma de Barcelona, Bellaterra, Barcelona, Spain

ABSTRACT We have de novo assembled and polished 61 Staphylococcus pseudinterme-
dius genome sequences with Nanopore-only long reads. Completeness was 99.25%. The
average genome size was 2.70 Mbp, comprising 2,506 coding sequences, 19 complete
rRNAs, 56 to 59 tRNAs, and 4 noncoding RNAs (ncRNAs), as well as CRISPR arrays.

taphylococcus pseudintermedius is a common microorganism of canine skin (1, 2)

and the leading cause of pyoderma in dogs (3, 4). In this study, we aimed to
retrieve S. pseudintermedius high-quality genome sequences from healthy dogs and
dogs with pyoderma using a de novo assembly and polishing strategy with Nanopore-
only long reads.

Samples were obtained by rubbing a sterile swab on the skin of healthy dogs (n = 22; H)
and the nonlesional skin of a dog with pyoderma (n = 6; DH) or from the pustules of dogs
with pyoderma (n = 33; D). After culture in blood agar at 37°C for 24 hours, colonies were
seeded in 3 ml of brain heart infusion (BHI) broth at 37°C for 16 hours. DNA was extracted
with a ZymoBIOMICS DNA miniprep kit (Zymo Research, Irvine, CA, USA). DNA quality and
quantity were determined using a Nanodrop 2000 spectrophotometer and Qubit double-
stranded DNA (dsDNA) broad-range (BR) assay kit (Fisher Scientific SL, Madrid, Spain). The
sequencing libraries were prepared with the rapid barcoding sequencing kit (SQK-RBK004;
Oxford Nanopore Technologies, UK). Twelve barcoded samples were loaded into a MinlON
FLO-MIN106 v9.4.1 flow cell (Oxford Nanopore Technologies Ltd.) and sequenced into a
MinlON Mk1B instrument. The fast5 files were basecalled and demultiplexed and adapters
trimmed with Guppy 4.0.11 (Oxford Nanopore Technologies) (--config dna_r9.4.1_450bp-
s_hac.cfg) (--config configuration.cfg —-barcode_kits SQK-RBK004 --trim_barcodes; min_score
threshold default 60). Reads with a quality score lower than 7 were discarded. Run summary
statistics were obtained with Nanoplot 1.27 (5) (—-N50 --fastq).

Samples assigned to S. pseudintermedius by WIMP (6) were de novo assembled using
Flye 2.7.1 (7) (-nano-raw --genome-size 2.6m --plasmids --trestle). After minimap 2.17
alignment (8), the resulting contigs were polished with Racon 1.4.13 (https://github.com/
Ibcb-sci/racon) and Medaka 1.0.3 (https://nanoporetech.github.io/medaka/) (medaka_con-
sensus; -m r941_min_high_g360). Genome completeness was assessed with CheckM 1.1.1
(lineage_wf) (9). Circlator 1.5.5 was used to identify the origin (10) (fixstart —-min_id 70).
Genomes were annotated with NCBI Prokaryotic Genome Annotation Pipeline (PGAP) (11).
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Multilocus sequence types (MLSTs) were assigned with software MLST 2.0. and database
2.0.0 (https://cge.cbs.dtu.dk/services/MLST-2.0/) (12).
Nanopore sequencing allowed successful de novo assembly and polishing of 61 S.
pseudintermedius isolates (Table 1). The average read N;, value was 4,223.38 bp for
2,848,339.50 reads per flow cell (237,361.63 per barcoded sample). The mean genome
coverage was 235x (39x to 664x), with an average contig Ns, value of 2.6 Mbp (1.6
Mbp to 2.9 Mbp). The average genome completeness was 99.25% (98.6% to 99.4%,
except for HSP082), which is close to previous results with hybrid assemblies (13). The
number of contigs per isolate ranged from 1 to 12 (median, 2). The main contig was cir-
cular for 47 isolates. The average genome size of S. pseudintermedius was 2.70 Mbp
(2.51 to 2.99 Mb), comprising 2,506 coding sequences (CDS; 2,271 to 2,901), 19 com-
plete rRNAs (6 to 7 5S, 6 16S, and 6 23S rRNA genes), 56 to 59 tRNAs, and 4 noncoding
RNAs (ncRNAs), as well as CRISPR arrays (0.5; range from 0 to 2). Pangenome analyses
of isolates from healthy and diseased individuals will help unravel the differences, if
any, that exist between commensal and pathogenic S. pseudintermedius populations.

Data availability. The standardized strain descriptions and accession numbers are
presented in Table 1; the genome sequence assemblies and genomic data are publicly
available in DDBJ/ENA/GenBank under BioProject no. PRINA685966 with the accession
numbers CP066702 to CP066718, CP066884, CP066885, and JAENBQO00000000 to
JAENDF000000000. The versions described in this paper are the first versions. The raw
data are available from the Sequence Read Archive (SRA) under the same BioProject no.,
PRINA685966.
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Abstract: Colistin use has mostly been stopped in human medicine, due to its toxicity. However,
nowadays, it still is used as a last-resort antibiotic to treat hospital infections caused by multi-drug
resistant Enterobacteriaceae. On the contrary, colistin has been used in veterinary medicine until
recently. In this study, 210 fecal samples from pigs (n = 57), calves (n = 152), and the farmer (n = 1)
were collected from a farm where E. coli harboring mcr-1-mcr-3 was previously detected. Samples
were plated, and mcr-genes presence was confirmed by multiplex-PCR. Hybrid sequencing which
determined the presence and location of mcr-1, other antibiotic resistance genes, and virulence factors.
Eighteen colistin resistant isolates (13 from calves, four from pigs, and one from the farmer) contained
mcr-1 associated with plasmids (IncX4, IncI2, and IncHI2), except for two that yielded mcr-1 in the
chromosome. Similar plasmids were distributed in different E. coli lineages. Transmission of mcr-1 to
the farmer most likely occurred by horizontal gene transfer from E. coli of calf origin, since plasmids
were highly similar (99% coverage, 99.97% identity). Moreover, 33 virulence factors, including stx2 for
Shiga toxin E. coli (STEC) were detected, highlighting the role of livestock as a reservoir of pathotypes
with zoonotic potential.

Keywords: Escherichia coli; colistin; mcr; plasmids; MinION nanopore; hybrid sequencing; livestock

1. Introduction

The vast majority of antimicrobials used in veterinary medicine are also used in
human medicine. The consumption of antimicrobial agents has increased the selection of
resistant bacteria in both human and veterinary medicine. Additionally, the presence of
resistance genes in mobile genetic elements has probably played a major role in the inter-
and intra-species transmission of antimicrobial resistance.

Use of colistin in human medicine has been abandoned, due to its toxicity when ap-
plied systemically. Nevertheless, nowadays, the emergence of multidrug-resistant (MDR)
Gram-negative bacteria in hospital settings has left no other choice but to use colistin
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as the last-line treatment option despite its toxicity. Contrarily, in veterinary medicine,
colistin sulfate has been used orally for many decades to treat infections caused by Enter-
obacterales [1]. In particular, colistin tablets are available for calves in many countries for
the prevention and treatment of neonatal colibacillosis [2]. Additionally, studies performed
in different EU countries have reported the prophylactic and metaphylactic use of colistin
for the prevention and treatment of enteric diarrheas in pigs [3—6]. In this scenario, Spain
was the country with the highest sales of colistin for food-producing animals in the EU in
2014 [7]. Fortunately, colistin consumption has been drastically reduced in the last years
after the implementation of a specific program “Reduce Colistin”, targeting pig production
with the voluntary agreement of producers [8].

Until 2015, resistance to colistin was only associated with chromosomal mutations.
More recently, different plasmid-mediated mechanisms conferring resistance to colistin
have been identified [9-13], with the most prevalent one, mcr-1, being distributed world-
wide [14]. The emergence of colistin resistance in mobile genetic elements has raised the
concern of the scientific community, since the transmission of resistance from farm to fork
could further complicate the treatment of severe infections in human hospitals.

Back in 2017, the co-occurrence of mcr-1 and mcr-3 was described for the first time
in Spain in an Escherichia coli of calf origin [15]. This isolate was obtained from a fecal
sample at a slaughterhouse in the frame of the Spanish National Monitoring Program for
antimicrobial resistance carried out in 2015. The farm of origin of the calf was identified,
and a visit was carried out in September 2017 to sample the premises and to determine if
this E. coli genotype was endemic in the farm. In this context, whole genome sequencing
combining Nanopore and Illumina technologies was applied to study the dynamics of the
transmission of colistin resistance within the livestock and the farmer, the characterization
of plasmids, the location and genomic context of resistance genes, and the detection of
virulence factors.

2. Results and Discussion

Visible growth on MacConkey agar supplemented with colistin was observed for
18/210 fecal samples. The multiplex PCR confirmed the presence of mcr-1 in the 18 E. coli
isolates (13 from calves, four from pigs and one from the farmer). No additional mcr-gene
variants were detected.

2.1. Antimicrobial Susceptibility Testing

MIC values for colistin varied, with one isolate exhibiting a MIC of 2 mg/L, 15 iso-
lates equal to 4 mg/L, and two showing a MIC > 8 mg/L (Table S1). Furthermore, all
the colistin-resistant isolates were also resistant to ampicillin, ciprofloxacin, streptomycin,
chloramphenicol, sulfamethoxazole, and trimethoprim. Additionally, 17 isolates exhibited
resistance to tetracycline, 16 to nalidixic acid and florfenicol, 14 to kanamycin, and 13 to
gentamicin. Finally, phenotypic resistance to cefotaxime was observed in three isolates,
whereas resistance to ceftazidime was detected in two (Table S1). All the isolates were MDR.

The 18 mcr-1 positive isolates were sequenced. Chromosome size ranged from
4,613,927 bp (Farmer) to 5,586,543 (calve 15B_22), with an average size of 5,009,072 bp
(Table S2). Completeness ranged from 91.9% (P2_16) to 99.8% (15A_11 and 14_4), with
an average of 98.5%, except for the isolate P2_2 (76.1%). The genome size and CDS num-
ber were similar when compared with the values obtained for phylotype A reference
(NC_000913.3) and for phylotype B1 reference (NC_018658.1).

Ten isolates belonged to phylotype A (seven from cattle, two from swine, and one
from the farmer), and eight to phylotype B1 (six from cattle and two from swine). Phyloge-
netic analysisbased on Single Nucleotide Polymorphisms (SNPs) clustered isolates from
phylotype A and B1 separately (Figure 1). The most represented multi-locus sequence
type (MLST) was ST6395 (three isolates from calves) and ST224 (three isolates from calves),
followed by ST10 (two swine isolates). The ST6395 isolates shared the same serotype
(O4:H26), as well as the ST10 isolates (096:H1) (Table S2).
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Host  Strain Phyl. Serotype MLST
[— Bovine V7_18 B1 0102:H23  ST224
qi Bovine 14_20 B1 0109:H23  ST224
- Bovine 14_24 B1 0109:HS1  ST224
- Swine  P1_10 B1 051:H43 ST20
- Human NC_018658.1 B1 0104:H4 sT678
Bovine 15A_1 B1 0123:H16  ST1431
] Bovine 14_4 B1 0117:H38  ST2539
= Bovine  15B_13 B1 081:H31 sT101
S Swine  P2_16 B1 0-:H51 sT5229
Human  Farmer A 018/aciH20 ST398
Bovine 15A_11 A 0-:HS ST4981
- Bovine 15A_16 A 05:H10 sT43
o Human NC_0009133 A 016:H48 ST10
Swine  P2_27 A 098:H12 ST10
3 Swine P22 A 098:H12 ST10
Bovine  15B_22 A 03:H- ST1638
Bovine V7_16 A 049:H10 ST206
Bovine 15B_4 A 04:H26 ST6395
I“’ Bovine 15B_27 A 04:H26 ST6395
l = Bovine  15B_17 A 04:H26 ST6395

Figure 1. Chromosome phylogeny based on Single Nucleotide Polymorphisms (SNPs) retrieved with CSIPhylogeny and
visualized with FigTree. Isolates are clustered according to phylotype and serotype. Two E. coli references were included
that belonged to different phylotypes: NC_018658.1 for phylotype B1, and NC_000913.3 for phylotype.

A total of 48 plasmids bearing antimicrobial resistance genes (ARGs) (including those
encoding for mcr-1) were retrieved after sequencing and assembling: 36 plasmids from
the bovine isolates (ranging from one to five per isolate), seven from porcine (from one
to two per isolate), and five from the farmer’s isolate (Table S3). Several replicons were
identified in these plasmids, some of them in the same mobile genetic element, and 19
different replicon combinations (Figure 2). The most prevalent replicon was IncX4 (n = 14),
which harbored the mcr-1 gene and was present in isolates from the three hosts considered.
Other common replicons were IncFIB (1 = 9), IncHI2 / IncHI2A combination (1 = 7), IncFIC
(n = 6), and replicon combination IncFIB / IncFIC (n = 6).
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/
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nchl Incl2 IncHI2
IncHI2A
IncFIA(HI1) IncQl
IncHI1A L= inchiz | | neN
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IncFIC(FII) IncQl
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Figure 2. Venn diagram representing the replicons of the antimicrobial resistance gene (ARGs)
plasmids. Replicons inside a box indicate a combination of replicons within the same plasmid.
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2.2. Antibiotic Resistance Genes

A total number of 85 ARGs were identified using Abricate with CARD (Table S3),
encoding resistance to different antibiotic classes; cephalosporins, beta-lactams, aminogly-
cosides, fluoroquinolones, lincosamides, macrolides, peptides, phenicols, sulfonamides,
tetracyclines, and trimethoprims among others. All the isolates were classified as MDR
genotypically. Furthermore, all 85 ARG were encountered in isolates of cattle origin, while
63 of them were found in pigs and 53 in the human isolate (Figure 3).

APH(3')-la =
APH(3"}b =
APH(6)1d 7R

Figure 3. Venn diagram of the antibiotic resistance genes described in this study. Text in blue,
chromosomal location; text in red, plasmid location; bold, located either in the chromosome
or plasmid.

Regarding the localization of the ARGs, 51 were located exclusively in the chromo-
some, 19 in plasmids, and 15 either in the chromosome or in plasmids (Figure 3).

After the in-silico analysis, mcr—1 gene was not found in one isolate of calf origin
(15A_11), even though it had tested positive by PCR. This isolate contained the blactx-m-15
gene located in the chromosome. Upstream CTX-M-15 was a complete IS3 element and
AtnpA from the ISEcp1 element, while downstream, there was AtnpA from the Tn2 element.

2.3. Genetic Context of mcr-1

Of the 17 isolates in which the mcr-1 gene was identified by WGS, 15 carried the
mcr-genes in plasmids (14 IncX4, one IncHI2, and one IncI2). Isolate 15B_22 contained two
copies of the gene in two different plasmids, IncX4 and IncHI2 / IncHI2A. The remaining
two isolates harboured the gene inserted in the chromosome (15B_13 and P2_16).

Four different environments for the mcr-1 gene were found within these isolates
(Table 1). All of these constructs have been previously described in other studies [16]. The
main IncX4-plasmid backbone was present in all IncX4 plasmids (Figure 4 and Figure S1
and Figure S2). The IncX4 plasmid from the farmer shared the highest identity and coverage
with their counterparts from calves (99.97% and 99%, respectively, Table 2). While 13 of
the 14 IncX4 plasmids were approximately 33-35 kbp and had a GC content around 42%,
the IncX4 plasmid from isolate P1_10 was larger (45,441 bp), and with higher GC content
(44.1%). The latest harbored the tetM gene conferring resistance to tetracycline. Two IS26
elements were flanking this extra-region of approximately 12,000 bp. All IncX4 plasmids
carried the type IV secretion system (T4SS), allowing the plasmid to be self-transmissible,
and the HicAB toxin-antitoxin system for plasmid maintenance and stability.
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Table 1. Location and genomic context of mcr-1 gene. mcr-1 gene was found in 17 out of the 18 colistin resistant E. col
isolates either in a plasmid (14 in IncX4, one in Incl2, and one in IncHI2 replicons), or the chromosome. Isolate 15B_22
contained two plasmids with mcr-1 gene (IncX4 and IncHI2). No correlation between phylotypes and specific genomic
context were described. Phyl., phylotype; loc., location; P1., plasmid; Chr., chromosome.

Host Isolate Phyl. MLST mcr-1 mcr-1loc.  PlL. GC% Pl Size (bp) mcr-1 Genomic Context
Human Farmer A ST398 yes IncX4 419 33,270 mcr-1-pap2
Swine P2_16 Bl ST5229 Yes Chr. - - mcr-1-pap2
P1_10 B1 ST20 yes IncX4 44.1 45,441 mer-1-pap2
pP2_2 A ST10 yes IncX4 425 35,296 mcr-1-pap2-AISApl1
P2_27 A ST10 yes IncX4 425 35,326 mer-1-pap2-AISApll
Bovine 15B_27 A S5T6395 yes IncX4 422 34,706 mer-1-pap2-AISApll
15B_17 A ST6395 yes IncX4 42.2 34,758 mcr-1-pap2-AISApl1
15B_4 A ST6395 yes IncX4 41.8 33,577 mer-1-pap2-AISApll
14_24 B1 5T224 yes IncX4 41.8 33,557 mer-1-pap2-AISApll
V7_16 A ST206 yes IncX4 422 34,618 mcr-1-pap2-AISApl1
15A_16 A ST43 yes IncX4 41.8 33,242 mcr-1-pap2
14_20 B1 5T224 yes IncX4 41.8 33,283 mer-1-pap2
14_4 B1 ST2539 yes IncX4 418 33,262 mcr-1-pap?2
V7_18 Bl ST224 yes IncX4 419 33,268 mcr-1-pap2
15B_22 A ST1638 yes IncX4 419 33,268 mer-1-pap2
15B_22 A ST1638 yes IncHI2 45.4 234,156 ISApll-mcr-1-pap2
15A_1 A ST1431 yes IncI2 425 61,766 ISApll1-mcr-1-pap2
15B_13 Bl ST101 Yes Chr. - - ISApll-mcr-1-pap2-ISApll
15A_11 Bl ST4981 no - - - -

1S6-like element IS26 family transposase

tetracycline resistance determinant leader peptide | #)-!-Ns histone family protein
protein Tet(M) ————— " ————hemolysin expression modulator Hha
conjugal transfer protein ———~ . ~~DNA topoisomerase il
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i hymﬁal protein.— _.-conjugal transfer protein
integron integrase - y ~—cag pathogenicity island Cag12 family protein
IS5 family transposase.
hypothetical protein.
Wl wm // _P-type DNA transfer ATPase VirB11
DUF2384 domain-containing protein. ”
hypothetical protein.
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-type IV secretion systom protein
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ilization nuclease d¢ ing protein
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conjugal transfer protein XRE family transcriptional regulator
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Figure 4. BLAST Ring Image Generator (BRIG) visualization of the 14 IncX4 plasmids from this study and three IncX4
plasmids from NCBI: pEC11b, pMCR1-N]J-IncX4, and pP744T-MCRI1. Rings from outside to inside: P1_10, P2_2, P2_27
(blue); V7_18, V7_16, 15B_4, 15B_27, 15B_22, 15B_17, 15A_16, 14_4, 14_24, 14_20 (pink); farmer (orange); pP744T-MCR1,
PMCRI1-N]J-IncX4, pEC11b (grey). IncX4 plasmid from P1_10 is shown as the reference (longest sequence), with an extra-
region of approximately 12,000 bp that is flanked by two IS26 elements and harbors the tetM gene conferring resistance to
tetracycline. Isolates 15B_27 and 15_17 presented IS5 transposase, as P1_10 (pink fragments near 40 kb location for P1_10).
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Table 2. Coverage and identity comparison of the farmer’s mcr-1-IncX4 plasmid versus livestock

IncX4 plasmids.
Isolate ID Coverage (%) Identity (%)
P1_10 74 99.99
P22 94 99.87
P2_27 94 100
V7_16 95 99.97
15B_17 95 99.99
15B_27 95 100
15B_4 98 99.97
14_24 98 99.99
14_4 99 99.96
V7_18 99 99.96
15A_16 99 99.97
14_20 99 99.97
15B_22 99 99.97

IncI2 and IncHI2 plasmids presented a size of 61,766 bp and 234,156 bp, respectively
(File S1 and File S2, respectively). Both plasmids contained the conjugative mechanism
T4SS and the replication machinery. While IncHI2 yielded HipA toxin-antitoxin system,
IncI2 plasmid harbored RelE/ParE, Hok, and HicAB toxin-antitoxin systems. Finally, the
IncHI2 plasmid contained mcr-1 together with six other AMR genes; aadA2, aph(3'’)-Ib,
aph(6)-1d, dfrA12, floR, and tetM.

2.4. Virulence Factors

A total of 33 virulence factors were detected (Table S3). While nine genes were found
exclusively in plasmids, 18 were located in the chromosome. The remaining six virulence
genes were found in both locations, chromosome and plasmids. In general, E. coli from
cattle origin contained the highest amount of virulence genes (27) (Figure 5), followed by
swine (18) and the isolate from the farmer (5).

n=13

Figure 5. Venn diagram representing the virulence factors described by VirulenceFinder. Text in
blue, chromosomal location; text in red, plasmid location; bold, located either in the chromosome
or plasmid.
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A total of 13 plasmids of mainly two replicon families, IncF (n = 11) and Col (n = 2)
harbored these virulence genes (IncF-plasmids information in Table S4).

Some of these virulence factors conferred different pathotypes, such as adherence fac-
tors eae (intimin), tir (translocated intimin receptor), f17A (major F17 fimbriae subunit), f17G
(adherence F17 fimbriae subunit); enzymes katP (plasmid-encoded catalase peroxidase),
ehxA (enterohemolysin), espP (plasmid-encoded extracellular serine protease); secretion-
related genes espA (type IIl secreted effector, needle sheath), espB (type III secreted effector,
translocation pore), nleA (non-LEE encoded effector A), nleB (non-LEE encoded effector
B); toxins astA (enteroaggregative heat-stable toxin, EAST-1), stal (heat-stable enterotoxin
ST-la), cdtB (cytolethal distending toxin subunit B), and stx2 (Shiga toxin).

Isolate 15B_13 of calf origin (phylotype B1, serotype O81:H31, ST101) harbored the
mcr-1 gene in the chromosome and contained stx2 (stx2A and stx2B subunits) encoding
for Shiga toxin. A complete phage D108 was found spanning a region of 86.6 Kbp that
harbored the stx2 gene. Additionally, this isolate also contained several virulence factors;
iha, IpfA, gad, iss, astA, cba, celb, mchB, mchC, and mchF.

3. Discussion

The aim of this study was to conduct a cross-sectional thorough sampling of a farm
where co-occurrence of mcr-1-mcr-3 E. coli was previously detected, and evaluate the
transmission of colistin resistance plasmids within the farm applying WGS. Our approach
using long-reads to assemble, and short reads to polish (hybrid assembly), allowed to close
chromosomes and circular plasmids harboring mcr-1 genes, and to study their location and
genomic context among different E. coli lineages.

mcr-1 positive E. coli were detected in all host species present in the facilities, including
one human (the farmer). According to the farm book, pigs and calves sampled in 2017
were orally treated with colistin. Going back through the farm book, batches of both pigs
and calves reared between 2015 and 2017 were consistently prescribed colistin in the same
phases of their production cycle. This management practice in terms of medication regime
suggests a routine use of colistin in consecutive batches, facilitating the persistence of
colistin resistance mechanisms. Additionally, phenotypic and genotypic resistance to other
families of antimicrobials widely used in the farm were also detected, such as (3-lactams,
tetracycline, aminoglycosides, and sulfonamides.

In agreement with previous studies [14,17-22], the 15 isolates bearing mcr-1 in mobile
genetic elements were associated with IncX4, Incl2, and IncHI2 plasmids, with IncX4 being
the most prevalent. All IncX4 plasmids shared the same backbone, and differences were
due to inserted sequences. In the case of isolate P1_10, this insertion expanded 12 kbp and
comprised the tetM gene. Additionally, isolate 15B_22, presented two plasmids encoding
for mcr-1 [18-20] with IncHI2 plasmid carrying also resistance genes for tetracycline (tetM),
trimethoprim (dfrA12), aminoglycosides (aph(3”)-1b, aph(6)-Id) and florfenicol (floR), as well
as colistin (mcr-1). Different families of ARGs located in the same plasmid facilitated the
persistence and selection of resistance to antibiotics not used in the farm. Even if colistin
was withdrawn (as it happened after our visit to the farm), the use of doxycycline could
co-select indirectly for the mcr-1 gene.

As previously described [17,19,21-23], herein, mcr-1 was also integrated into the
genome in two isolates of different animal origins. In one of them, the ISAp/1 element
was flanking mcr-1 upstream and downstream, a structure that probably facilitated the
movement of the whole element by transposition. The other isolate had lost the ISApl1
element, establishing the mcr-1 as a heritable trait overcoming any possible fitness cost of
plasmid maintenance [24]. Furthermore, this isolate had become permanently resistant
even when the selective pressure was removed [17,25].

Although phylogenetic analysis clustered the E. coli isolates in phylotype A and B1,
there were different MLST linages harboring the colistin resistance genes in highly similar
plasmids (identity ranging from 99.96% to 100%). The farmer’s isolate (ST398) did not
match the MLST type of any of the livestock isolates. Interestingly, ST398 was the only
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ST shared between livestock and bloodstream infections in a study carried out across the
United Kingdom, underlying the zoonotic potential of some E. coli linages [26]. Conversely,
the IncX4 plasmid from the farmer’s isolate was highly similar to those obtained from calves
(14-4, 14-20, 15A-16, 15B-22, and V7_18), sharing length, GC content, and genomic context
(mcr-1-pap2). These results suggest the transmission of resistance through mobile genetic
elements between different E. coli lineages from livestock to the farmer. Several studies
have demonstrated the spread of ARGs from food-producing animals to veterinarians
and personnel in direct contact with animals [27-29], highlighting the importance of
implementing hygiene measures to reduce this transmission. Even though our approach
was focused on detecting the presence or absence of mcr-1-mcr-3 genes by picking a unique
colony per sample, further studies including within-host diversity of mcr-1 E. coli isolates
should be performed to introduce the variability of the E. coli population within a sample.

All the isolates from this study exhibited a MDR profile. In addition, ARGs, as well as
virulence factors, were described both in the chromosome and plasmids. E. coli isolates of
cattle origin showed the highest number and diversity of plasmids encoding for both ARGs
and virulence genes, including stx2. Shiga toxin E. coli (STEC) serotype O81:H31 bearing
stx2 have also been described previously [30] and are considered important foodborne
zoonotic pathogens [30-33]. To our knowledge, this is the first description of a mcr-1
positive STEC of cattle origin and highlights the importance of food producing animals as
reservoirs of ARG and virulence determinants.

On the contrary, isolate 15A_11 resulted negative for the mcr-1 gene after in silico
analysis, even though previous PCR tested positive for this gene. Presumably, the isolate
lost the mcr-1 plasmid during sub-culturing steps, resulting in a false-negative result.
Besides, 15A_11 isolate (phylotype A, ST4981) was resistant to cephalosporins (cefotaxime
and ceftazidime) with blacrx.p1.15 inserted in the chromosome. Interestingly, upstream of
the gene, there was an IS3 element, and downstream there was a truncated Tn2, indicating
a possible recombination event, as has been previously described [34,35]. The acquisition of
blactx-pm-15 in livestock is concerning, since it is widely disseminated [36-38], especially in
healthcare facilities [38—-41], and can compromise the treatment of Gram-negative infections.

Regarding the analyses of the sequencing data, it is important to be aware of the
limitation of databases to obtain the most accurate results. On the basis of an example from
this study, cytolethal distending toxin (CDT) is composed of three subunits (encoded by
three genes, cdtA, cdtB, and cdtC), which are all required for bonding to the cell’s surface
and for entering the cell. However, VirulenceFinder only found the cdtB gene, while cdtA
and cdtC were also present when aligning the sequence with the reference genome from
NCBI. In depth analysis of the sequencing data should consider if a virulence element is
composed of different genes to be fully operative.

4. Materials and Methods
4.1. Study Design

After the identification in 2017 of an E. coli isolate of bovine origin harboring both
mcr-1 and mcr-3, the farm from where the sample was obtained was contacted by the
Spanish Official Veterinary Services to follow up on the finding. This farm belonged to
a private farmer and contained two separate areas. The first area was a farrow-to-finish
system for pig production. At not more than a 100-m distance, and without a physical
barrier, there was a multi-origin bovine fattening farm, also the property of the farmer.

The number of samples to be collected in each of the housing facilities (three housing
facilities for bovine and one for swine) was calculated to allow for the detection of a
prevalence of mcr-1-mcr-3 E. coli of at least 5%, with a 95% confidence level. Sample
size calculations were carried out using the WinEpi tool (http://www.winepi.net/uk/
index.htm, accessed on 1 March 2021). Additionally, the farmer was interviewed by the
Official Veterinary Services, and the farm ’s treatment book was inspected to determine
the antimicrobial treatments prescribed to the two animal species from 2015 to the time
of sampling.
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A total number of 210 fecal samples were collected: 152 from calves (n = 501),
57 from fattening pigs (n = 900), and one from the farmer (n = 3). Fecal samples were taken
from individual animals and transported to the laboratory at 4° C on the day of sampling.
The farmer sent a refrigerated fecal sample by courier within 24 h of the visit to the farm.
Faces were homogenized and plated onto both MacConkey agar and MacConkey agar
supplemented with colistin (2mg/L). For quality control of the colistin plates, a positive
and negative control were also included. Following incubation, one presumptive colistin
resistant E. coli isolate per positive sample was identified by PCR [42] and stored at 80 °C
for further analyses. Detection of the five mcr genes (mcr-1 to mcr-5) described at the time
of sampling was performed by multiplex PCR, as described by Rebelo et al., [43].

4.2. Antimicrobial Susceptibility Testing

Minimal inhibitory concentration (MIC) was carried out for 14 antimicrobial agents
(VetMIC GN-mo, Swedish National Veterinary Institute) in those isolates harboring micr-
genes. Antimicrobials tested were ampicillin (1 to 128 mg/L), cefotaxime (0.016 to 2 mg/L),
ceftazidime (0.25 to 16 mg/L), nalidixic acid (1 to 128 mg/L), ciprofloxacin (0.008 to 1 mg/L),
gentamicin (0.12 to 16 mg/L), streptomycin (2 to 256 mg/L), kanamycin (8 to 16 mg/L),
chloramphenicol (2 to 64 mg/L), florfenicol (4 to 32 mg/L), trimethoprim (1 to 128 mg/L),
sulfamethoxazole (8 to 1,024 mg/L), tetracycline (1 to 128 mg/L), and colistin (0.5 to 4 mg/L).
Epidemiological cut-off values were those recommended by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST). MDR isolates were defined as resistance to at
least three different antimicrobial families [44].

4.3. Whole Genome Sequencing and Data Analysis

DNA from mcr-positive isolates was extracted using QTAGEN DNeasy® Ultraclean
Microbial Kit under manufacturer’s conditions. Illumina (San Diego, CA, USA) libraries
were prepared by enzymatic fragmentation and double indexing using an NGSgo kit
(GenDx, Utrecht, Netherlands), according to the manufacturer’s instructions. The indexed
libraries were pooled, denatured, and diluted to a final concentration of 4 nM. The pooled
library was sequenced on the MiSeq system (Illumina) with a 300-cycle MiSeq reagent kit
v2. lllumina paired-end reads were merged into one unique file per isolate using a custom
python script (https:/ /github.com/isovic/racon/issues/68, accessed on 1 March 2021).

In parallel, DNA was quantified using Qubit dsDNA BR assay (Invitrogen by Ther-
moFisher Scientific), and sequenced using MinlION sequencer (Oxford Nanopore Tech-
nologies, ONT, Oxford, UK) in two runs of 9 samples each. Two sequencing libraries
were prepared using 400 ng DNA per sample with the Rapid Barcoding Kit (SQK-RBK004,
ONT, Oxford, UK) according to the manufacturer’s instructions. The samples were run
using MinKNOWN software (version 18.07.18). Fast5 files generated were basecalled and
demultiplexed using Albacore v2.3. Reads classified as pass (minimum Phred score of 7)
were used for further steps. A second round of demultiplexing was performed with Pore-
chop [45], which also assisted to trim barcodes, chimeric reads, and sequencing adapters.

Nanopore fastQ files were used to perform the assembly of genomes and plasmids
from the 18 isolates with Flye [46] (v2.6), specifying flags “—nano-raw”, and “—plasmids”
to retrieve smaller contigs, such as plasmids. Once the assembly was finished, raw ONT
reads were mapped to the contigs using minimap?2 (v2.17) [47]. A first round of polishing
using Racon [48] (v1.4.10) with ONT reads was performed, followed by two rounds of
polishing with Medaka (v0.11.4), using the “medaka_consensus” option. A final round of
polishing was performed using Illumina reads. First, Illumina reads were mapped to the
ONT-polished contigs using Minimap2 (v2.17) and then a round of Racon (v1.4.10) was
performed. The files obtained from this polishing step were the final assemblies and were
used for the further analyses.

In order to characterize the presence of plasmid replicons, antibiotic resistance genes
(ARGs) and virulence factors, Abricate [49] (v0.8.13) along with PlasmidFinder [50],
CARD [51] and VFDB [52] (respectively) were applied, with a minimum identity and
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coverage of 90%. Insertion sequences, phage presence, and presence of conjugative ele-
ments were analyzed using ISFinder [53], PHASTER [54], and OriTFinder [55], respectively.
Gene annotation was performed with NCBI Prokaryotic Genome Annotation Pipeline
(PGAP) [56] and Prokka [57] (v1.14.16). BUSCO [58] (v4.0.1) was used to assess genome
completeness with the Enterobacteriaceae database (OrthoDb v10.1). SerotypeFinder [59],
MLST [60], CSIPhylogeny [61] to call SNPs and ClermonTyping [62] were also applied.

Contigs were visualized with Bandage [63]. Plasmid annotation was visualized with
BLAST Ring Image Generator [64] (BRIG) and SnapGene Viewer (v5.0.7). Finally, phy-
logeny was visualized with FigTree (v1.4.3) (http://tree.bio.ed.ac.uk/software/figtree/,
accessed on 1 March 2021).

5. Conclusions

In conclusion, co-existence of mcr-1-mcr-3 in E. coli from the farm could not be con-
firmed. Nevertheless, we isolated mcr-1 across the farm in different E. coli linages, mainly
associated with plasmids of the IncX4, IncHI and IncHI2 families. The most likely mecha-
nism for the farmer to have acquired the mcr-1 gene was the horizontal gene transfer from
the calves, since plasmids from both origins were highly similar. Additionally, mcr-1 posi-
tive E. coli isolates were MDR and contained a high number of virulence genes, including
stx2, demonstrating that food-producing animals can be a reservoir of such determinants,
posing a risk for human health, especially for personnel at the farm.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
382/10/3/313/s1, Figure S1: Prokaryotic Genome Annotation Pipeline (PGAP) annotation of the
IncX4 plasmid from the Farmer visualized with SnapGene Viewer; Figure 52: Prokaryotic Genome
Annotation Pipeline (PGAP) annotation of the IncX4 plasmid from P2_2 visualized with SnapGene
Viewer.Table S1: Minimal inhibitory concentration (ug/mL) for the 14 antibiotics tested. R, resistant;
WT, wild type; Table S2: Chromosomal assembly and in-silico analyses of the colistin resistant E.
coli isolates; Table S3: Antibiotic Resistance Genes (ARGs) and Virulence Factors (VFs) described
by Abricate and CARD database; Table S4: IncF-family plasmids harboring virulence factors (VF)
and antibiotic resistance genes (ARGs); File 1: GBK file with the annotation of the IncI2 plasmid
harbouring mcr-1 gene from 15A_1.; File 2: GBK file with the annotation of the IncHI2 plasmid
harbouring mcr-1 gene from 15B_22.
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Objectives: To characterize the clonal spread of carbapenem-resistant Klebsiella pneumoniae and Escherichia
coliisolates between different healthcare institutions in Catalonia, Spain.

Methods: Antimicrobial susceptibility was tested by disc diffusion. MICs were determined by gradient diffusion
or broth microdilution. Carbapenemase production was confirmed by lateral flow. PCR and Sanger sequencing
were used to identify the allelic variants of resistance genes. Clonality studies were performed by PFGE and MLST.
Plasmid typing, conjugation assays, S1-PFGE plus Southern blotting and MinION Oxford Nanopore sequencing
were used to characterize resistance plasmids.

Results: Twenty-nine carbapenem-resistant isolates recovered from three healthcare institutions between
January and November 2016 were included: 14 K. pneumoniae isolates from a tertiary hospital in the south of
Catalonia (hospital A); 2 K. pneumoniae isolates from a nearby healthcare centre; and 12 K. pneumoniae isolates
and 1 E. coli isolate from a tertiary hospital in Barcelona (hospital B). The majority of isolates were resistant to all
antimicrobial agents, except colistin, and all were NDM producers. PFGE identified a major K. pneumoniae
clone (n=27) belonging to ST147 and co-producing NDM-1 and CTX-M-15, with a few isolates also harbouring
blaoxa-4s- Two sporadic isolates of K. pneumoniae ST307 and E. coli ST167 producing NDM-7 were also identified.
blanpm-1 was carried in two related IncR plasmid populations and blaypu-7 in a conjugative 50 kb IncX3 plasmid.

Conclusions: We report the inter-hospital dissemination of XDR high-risk clones of K. pneumoniae and E. coli
associated with the carriage of small, transferable plasmids harbouring blaypm genes.

Introduction

Carbapenem resistance has been rising very rapidly during recent
decades, hence reducing the treatment options that are available
to tackle infections caused by the main Gram-negative nosocomial
pathogens, such as Acinetobacter baumannii, Pseudomonas
aeruginosa and members of Enterobacterales, all of which are

top-priority pathogens according to the global priority list of
antibiotic-resistant bacteria from the WHO.! The main mechanism
of carbapenem resistance among these organisms is the produc-
tion of carbapenem-hydrolysing B-lactamases, such as KPC,
GES and OXA enzymes and MBLs (e.g. IMP, VIM and NDM). In par-
ticular, there is great concern regarding the dissemination of

©The Author(s) 2020. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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NDM-producing Gram-negative bacteria, since carriage of the
blanpm gene is usually associated with resistance to all B-lactam
antibiotics, except monobactams, plus co-resistance to additional
antibiotic families, such as quinolones and aminoglycosides.®*
Since the initial identification of NDM-1 in a Swedish patient of
Indian origin in 2008,> NDM-producing Gram-negative bacteria
have been reported worldwide and up to 29 different NDM allelic
variants are recorded in the NCBI reference gene catalogue (last
accessed 9 June 2020).3* Among Enterobacterales, NDM has been
described in several species, but Escherichia coli and Klebsiella
pneumoniae seem to be the most frequent hosts. In Spain,
NDM was first described in 2011 in E. coli and only a few sporadic
cases and outbreaks have been reported since.®’ Here we have
examined and characterized the clonal spread of NDM-producing
K. pneumoniae between different healthcare institutions in
Catalonia, Spain.

Materials and methods
Ethics

Bacterial samples studied here were recovered from clinical samples used
for microbiological diagnosis at clinical microbiology laboratories. Informed
consent was, therefore, not required. The protocol for this study was
approved by the Ethics Committee on Clinical Research (CEIC) of the
Hospital Clinic de Barcelona (HCB/2014/0499, HCB/2017/0923 and HCB/
2017/0833).

Bacterial samples

Twenty-nine carbapenem-resistant isolates from three healthcare institu-
tions were included: 14 K. pneumoniae isolates recovered from January to
October 2016 from a tertiary hospital in the south of Catalonia (hospital A);
12 K. pneumoniae isolates and 1 E. coli isolate recovered from July to
November 2016 at a tertiary hospital in Barcelona (hospital B); and 2
K. pneumoniae isolates recovered in September and October 2016, respect-
ively, from a primary healthcare centre also in the south of Catalonia.
Isolates were from surveillance and clinical samples. Identification of
species was performed by MALDI-TOF MS. The clinical and microbiological
data from all isolates and patients are provided in Table S1 (available as
Supplementary data at JAC Online).

Susceptibility testing and resistance

Antimicrobial susceptibility was determined by disc diffusion in agar plates
following EUCAST guidelines. Carbapenemase-producing Enterobacterales
were selected according to EUCAST screening cut-off values for carbape-
nems.® Production of KPC, OXA-48-like, VIM, IMP or NDM carbapenemases
was detected using NG-Test® CARBA 5 (NG-Biotech, France). MICs were
determined by gradient diffusion (AB-bioMérieux, Sweden), except for colis-
tin MICs, which were determined by broth microdilution.’ Results were
interpreted according to EUCAST guidelines.'® Isolates were categorized as
MDR, XDR or pan-drug resistant according to ad hoc definitions.'* E. coli
ATCC 25922 was used for quality control.

The presence of genes encoding carbapenemases,”'? ESBLs'® or 16S
rRNA methyltransferases (armA and rmtA-rmtH)* was investigated by
PCR and Sanger sequencing. Alleles were determined through sequence
alignment against the NCBI reference gene catalogue (PRINA313047; last
accessed 9 June 2020).

Epidemiology and molecular typing

Clonality was studied by PFGE using Xbal genomic digestions and a CHEFF-
DRIIT system (Bio-Rad, Spain).’> Molecular patterns were analysed with

InfoQuest™FP-v.5.4 (Bio-Rad) and the unweighted pair group method with
arithmetic mean to create dendrograms based on Dice’s similarity coeffi-
cient, using bandwidth tolerance and optimization values set at 1.5% and
1.2%, respectively. Isolates were considered within the same PFGE cluster
(pulsotype) if their Dice similarity index was >85%.

MLST was performed according to the Pasteur scheme for
K. pneumoniae and the Achtman scheme for E. coli.*®*’

Plasmid analysis

Transferability of blaypm was studied by biparental conjugation in broth me-
dium using azide-resistant E. coli J53 as the recipient. Transconjugant
strains (TC1-4) were selected on LB agar plates containing 1 mg/L imipen-
em and 100mg/L sodium azide. Plasmid profiling was performed by
S1-nuclease digestion followed by PFGE and Southern hybridization with
digoxigenin-labelled probes against blanpw, blaoxa-4s and blacrx-m.

Plasmid incompatibility groups were identified using the PBRT-2.0 kit
(Diatheva, Italy).*® Classification of IncR plasmids into IncR1 or IncR2 arbi-
trary groups was performed by PCR using the following primers: IS26_Rev,
5’-ggcactgttgcaaagttageg-3’; [ISAbal25_Rev, 5’-caaacatgaggtgcgacag-3’;
Tn5403Int_Fwd, 5-ggtttgcgtgacatcacttcg-3’; and Tn5403Int_Rev, 5'-
ccgtgagtgtggcetttagag-3’. Plasmids belonged to the IncR1 group if the PCR
was negative upon using primers 1S26_Rev with ISAba125_Rev, but positive
when combining IS26_Rev with Tn5403Int_Rev and Tn5403Int_Fwd with
[SAba125_Rev (3 and 4.3 kb, respectively). Plasmids belonged to the IncR2
group if positive to the 1S26 _Rev and ISAba125 Rev primer combination
(1.7 kb), but negative for the other two primer pairs.

Genomic DNA extracted using the Wizard Genomic DNA purification kit
(Promega, Spain) was sequenced using MIinION sequencing (Oxford
Nanopore, UK), in accordance with the manufacturer. Base-calling
was done with Guppy-v3.0.3 and demultiplexing with qcat-v1.1.0 (https:/
github.com/nanoporetech/qcat). FASTQ files were mapped using
Minimap2-v2.17 against plasmids from Enterobacterales.’® Mapping reads
were assembled with Flye-v2.5 (https://github.com/fenderglass/Flye).
Annotation was done with Prokka-v.1.12 combined with BLASTP/BLASTN
searches against the UniProtKB/Swiss-Prot and RefSeq databases.?®

ResFinder (https://cge.cbs.dtu.dk/services/ResFinder/), PlasmidFinder
(https://cge.cbs.dtu.dk/services/PlasmidFinder/) and ISFinder (https://www-
is.biotoul.fr/) were used to identify antimicrobial resistance genes, mobile
elements and plasmid replicons. Gene organization diagrams were
drawn using SnapGene® Viewer-v5.1.2 (https://www.snapgene.com/) and
CGViewAdvanced-v.0.0.1." Sequence comparisons were graphically dis-
played using Kablammo.??

FASTQ files of isolates HA-2, HA-3, HA-4, HB-377 and HB-536 have been
deposited into the NCBI Sequence Read Archive (SRA) under accession
numbers SRR11828896, SRR11828895, SRR11828894, SRR18228893 and
SRR11828892, respectively; BioProject PRINA6346391. Annotated plasmid
sequences are available as Supplementary data at JAC Online.

Results

Bacterial isolation and PFGE

Overall, 24 different patients were involved in the study, being ei-
ther colonized (n=7) or infected (n=17), and typically presented
multiple comorbidities (mostly hepatic, pancreatic and cardiovas-
cular diseases). Five of the infected patients died (29%). The most
common treatment for infected patients was the administration
of carbapenems together with tigecycline and/or colistin
(Table S1).

In January 2016, a carbapenem-resistant NDM-producing
K. pneumoniae isolate (HA-3) was recovered at a tertiary hospital
(hospital A) in the province of Tarragona, Spain, from a urine
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sample of a patient admitted to the internal medicine ward who
had just been transferred from a tertiary hospital in Barcelona
(hospital D). From April to June 2016, four additional NDM-
producing K. pneumoniae isolates were recovered from the surveil-
lance and clinical samples of three different patients admitted to
the internal medicine ward of hospital A.

At the beginning of July, an NDM-positive patient from hospital
A was transferred to the liver ICU of a second university hospital in
Barcelona (hospital B). The patient was isolated and enhanced bar-
rier precautions were implemented upon admission. Nevertheless,
11 additional NDM-producing K. pneumoniae isolates and 1 NDM-
producing E. coliisolate were recovered from different wards from
July to November.

During the same period, NDM-producing K. pneumoniae contin-
ued to disseminate at hospital A and eight new isolates were
reported in both the internal medicine and surgery wards, two of
them recovered from a newly admitted patient transferred again
from hospital D. Furthermore, two additional NDM-producing
K. pneumoniae isolates were also reported in September and
October 2016, respectively, from a primary healthcare centre close
to hospital A. Infection control measures and active screening of
both carriers and environmental samples were intensified in all
centres during this period and, at hospital B, hydrogen peroxide
vaporizers were even used to decontaminate those wards involved
in the outbreak. No additional isolates were recovered after
November 2016 (Figure 1).

The analysis of the 28 K. pneumoniae isolates by PFGE
revealed the presence of two different pulsotypes, A and B
(Figure 2). Most of the isolates were highly related and clustered
together into pulsotype A, while pulsotype B contained a single
strain recovered at hospital B (HB-536). Pulsotype A could be
further subdivided into clusters A1 and A2 (20 and 7 isolates, re-
spectively), differing by only one band and sharing 96% similar-
ity (Figure 2). Isolates from pulsotype Al were recovered from

all three centres, while those from the A2 pulsotype were exclu-
sively from hospital A.

Antimicrobial resistance

Antimicrobial susceptibility testing showed that 25 out of the 27
pulsotype A K. pneumoniae isolates were XDR, only remaining sus-
ceptible to colistin. Interestingly, the two pulsotype Al isolates
recovered from the primary healthcare centre (HC-15 and HC-16)
were also susceptible to all aminoglycosides and, therefore, con-
sidered MDR. The single K. pneumoniae isolate from pulsotype B
(HB-536), as well as the NDM-producing E. coli isolate (HB-543),
were also MDR, remaining susceptible to either amikacin, fosfomy-
cin and colistin, or to gentamicin, amikacin, tobramycin, fosfomy-
cin, tigecycline and colistin, respectively (Table S1).

PCR screening confirmed carriage of blaypwm in all K. pneumoniae
and E. coliisolates, as well as blactx-m-group 1 in all K. pneumoniae
isolates. K. pneumoniae isolates from pulsotype A harboured the
blanpm-1 allelic variant, but both the K. pneumoniae isolate from
pulsotype B (HB-536) and the single NDM-producing E. coli isolate
(HB-543) carried blanpm-7- The B-lactamase gene blargm- was also
identified in these two isolates. DNA sequencing also confirmed
the blactx-m-15 allelic variant among K. pneumoniae isolates. Of
note, the rmtF gene was detected in the 25 XDR K. pneumoniae iso-
lates from pulsotype Al.

All isolates were negative for blapc, blayyy and blaywe, but
four K. pneumoniae isolates from pulsotype A2 also carried the
blaoxa-48 gene, encoding a class D carbapenem-hydrolysing B-lac-
tamase (Figure 2). Interestingly, isolates co-carrying OXA-48 and
NDM were recovered at hospital A after the outbreak had been
extended to hospital B, and the first patient at hospital A with
NDM/OXA-48 (HA-4) represents a second referral from hospital D,
the original source of the outbreak at hospital A (Figure 1).

Jan Apr May Jun Jul Aug Sep Oct Nov 2016
,{\Ns &é:"{‘ -] as") ‘o @’éo
“
S SIS L
|_{ haad \ 4 V"VQIV Y _V VY Hospital B
NS* NS 'l' NS*
v , vy v wivwi v [vv Hospital A
> 11 >oA P RPHOFON D YN 9D
& I F I IT Y §F O
AV Y Healthcare
N
& & centre
K P E. coli * Referred from Hospital D

V¥ NDM-1/CTX-M-15, IncR2
V¥ NDM-7/CTX-M-15, IncX3

V¥ NDM-1/CTX-M-15, IncR1
WV NDM-1/0XA-48/CTX-M-15; IncR1

@ nDM-7, Incx3 NS Nanopore sequencing

Internal Medicine Surgery Ward ‘

‘ Liver ICU ‘ ‘ Respiratory ICU

Figure 1. Temporal and spatial distribution of NDM-producing isolates recovered from patients at three healthcare institutions in Catalonia from
January to November 2016. Coloured boxes show the different wards hosting the patients at the time of isolation. Bacterial isolates are represented
by an inverted triangle (K. pneumoniae) or a circle (E. coli). Colour codes indicate carriage of different combinations of B-lactamases and IncR or IncX3
plasmids. Isolates recovered from patients referred from hospital D are shown with an asterisk. The transfer of patients between the three healthcare
centres is represented with a dotted line. NS indicates isolates selected for Nanopore sequencing. Superscript numbers indicate isolates recovered
from the same patient (Table S1). 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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Figure 2. PFGE dendrogram of NDM-producing K. pneumoniae isolates from three healthcare centres in Catalonia (HA, hospital A; HB, hospital B; and
HC, primary healthcare centre). Other, carriage of additional B-lactamases; PT, pulsotype; PG, plasmid incompatibility group of plasmids harbouring
blanom; NS, isolates selected for Nanopore sequencing. Braces indicate classification to the corresponding PFGE cluster or pulsotype. Isolates
were included in the same pulsotype if their Dice similarity index was >85%. Superscript numbers indicate isolates recovered from the same patient
(Table S1). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

Molecular typing and plasmid analysis

MLST studies identified isolates from pulsotype A as belonging to
ST147, while the NDM-7-producing K. pneumoniae (pulsotype B)
andE. coliisolates belonged to ST307 and ST167, respectively.

The transferability of putative plasmids harbouring blanpm-1,
blactx-m-15, blaoxa-4s and blaypm-7 Was analysed by conjugation
using K. pneumoniae producing NDM-1/0XA-48 or NDM-7 as
donors. Four different types of transconjugant E. coli strains were
obtained: TC1, carrying blanpm-1, blacrx-m-15 and blapxa-4s; TC2, car-
rying b[GNDMfl and blaCTX*M*lS; TC3, Corrying jUSt bIGOXAAS; and TCA',
that only acquired blaypm-7. None of the transconjugant strains
acquired the rmtF gene. TC1 and TC2 transconjugants acquired re-
sistance to all B-lactam antibiotics, but not to aminoglycosides,
while TC3 transconjugants only showed reduced susceptibility to
B-lactams and TC4 transconjugants acquired resistance to all
B-lactams, except aztreonam. The MIC values and molecular char-
acteristics for representative isolates and transconjugant strains
areshownin Table 1.

These results suggested that ST147 K. pneumoniae isolates car-
ried blanpm-1 and blacrx-m-15 in the same plasmid, while blagya-4s
and rmtF were likely to be located in two separate plasmids.
In contrast, blaypwm-7 and blacrx-m-15 were apparently located in dif-
ferent plasmids in the ST307 K. pneumoniae isolate HB-536. To cor-
roborate these results, the location of the blanpm-1, blacTx-m-1s,
blapxa-48 and blanpm-7 genes was investigated by S1-PFGE and
Southern blotting. As shown in Figure 3(a and b), DNA probes spe-
cific for blanpm and blactx-m-15 hybridized with the same bands in

NDM-1-producing K. pneumoniae (ST147) isolates and the corre-
sponding transconjugant strains (TC1 and TC2), while the same
probes hybridized with different bands in the NDM-7-producing
K. pneumoniae (HB-536) isolate and the corresponding transconju-
gant strain (TC4) and only the blanpm probe hybridized against the
NDM-7-producing E. coli isolate (HB-543). In addition, DNA probes
against blagya-48 hybridized with a smaller band in an isolate co-
producing NDM-1/OXA-48 (HA-4) and the same band was also
identified in the corresponding OXA-48 (TC3) or NDM-1/0XA-48
(TC1) transconjugant strains (Figure 3c).

PBRT showed that K. pneumoniae isolates producing NDM-1 or
NDM-1/0OXA-48 were positive for IncR and IncFlIs, or IncR, IncFIls
and IncL plasmid replicons, respectively, while the corresponding
E. coli transconjugants presented the following plasmid replicons:
TC1 (NDM-1/OXA-48), positive for IncR and IncL; TC2 (NDM-1),
positive for IncR; and TC3 (OXA-48), positive for IncL. The
K. pneumoniae isolate producing NDM-7 (HB-536) presented
IncX3, IncFIB-KN and IncFIIy plasmid replicons, but only the IncX3
replicon was transferred to the E. coli transconjugant (TC4).
Likewise, the single E. coli clinical isolate producing NDM-7 also
harboured an IncX3 plasmid replicon (Table 1).

Plasmid sequences

K. pneumoniae isolates initially selected to characterize the plas-
mids harbouring blaypm and blaoxa-4s genes included: the first
NDM-1-producing isolates at both hospital A and hospital B (HA-3
and HB-377, respectively); the first NDM-1/OXA-48-producing
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Figure 3. S1-PFGE and Southern hybridization of K. pneumoniae or E. coli isolates harbouring different combinations of B-lactamases. (a)
Hybridization with the blanpm probe. (b) Hybridization with the blacrx-m-15 probe. (c) Hybridization with the blaoxa-4s probe. Braces indicate molecular
detection of different bla genes. Transconjugants are shown in blue. Arrows indicate weak bands. Of note, mirroring double bands were attributed to
incomplete cleavage by the S1 nuclease so that other conformations of the plasmid rather than the linear one are also seen. This figure appears in
colour in the online version of JAC and in black and white in the print version of JAC.

isolate that was recovered at hospital A (HA-4) [all three of
them belonging to ST147 (Figures1 and 2)]; and the ST307
K. pneumoniae isolate producing NDM-7 (HB-536).

Genomic sequencing corroborated previous results showing
that ST147 K. pneumoniae isolates harboured both the blanpm-1
and blacrx-m-15 genes in a single plasmid belonging to the IncR in-
compatibility group (Figures S1 to S3). There were, however, some
interesting differences. The HA-3 and HA-4 isolates, both recov-
ered at hospital A from patients referred from hospital D, shared
almost identical plasmids of approx. 74 kb (pNDM-HA3 and pNDM-
HA4, respectively) that carried blaypm-1 Within a Tn3000 trans-
poson. In both plasmids the upstream 1S3000 element was par-
tially replaced by a full-length Tn5403, as previously described.®
The Tn3000 transposon was in turn flanked by two IS26 elements
in reverse orientation (Figure 4). The bulk of the remaining plasmid
backbone shared high similarity (>99% average identity) with
p48896_1 (CP024430), an IncR plasmid carrying blacrx-m-1s
(but not blaypm) that was recently recovered from an ST147
K. pneumoniae isolate in Pakistan.??

Additional resistance genes included the aminoglycoside
resistance gene aph(3’)-Ia, as well as gnrB, involved in low-level
quinolone resistance.?* On the other hand, plasmid pNDM-HB377
(from the first isolate recovered at hospital B) presented a slightly
smaller IncR plasmid of approx. 67 kb, also containing both blanpm-1
and blacrx-m-15. The genetic structures surrounding blanpm-1 in
pNDM-HB377 were similar to those of pNDM-HA3 and pNDM-HA4,
except for a 5494 bp sequence containing Tn5403 that was missing
upstream of blanpm-1 (Figure 4). In addition, pPNDM-HB377 presented
an inversion of a 52 kb region containing blacrx-m-15s, the IncR repB
gene and mobC, involved in plasmid mobilization. The region
containing the aminoglycoside resistance gene aph(3’)-Ia was
also missing (Figure 5).

These findings suggested a slightly different plasmid popula-
tion between NDM-producing K. pneumoniae isolates from hospi-
tals A and B. To corroborate such differences, specific PCR primers
(see the Materials and methods section) were designed to differ-
entiate between pNDM-HA3/HA4-like plasmids (hereafter IncR1
group) and pNDM-HB377-like plasmids (hereafter IncR2 group).
PCR screening showed that all NDM-1-producing K. pneumoniae
isolates from hospitals B and C carried blaypwm-1 in a plasmid from
the IncR2 group, while isolates from hospital A carried blaypwm-1 in
plasmids from either group (Figure 2). Sequence analysis of yet an-
other IncR2 plasmid (pNDM-HA2), but from an isolate at hospital
A, also yielded a plasmid of roughly 67kb, almost identical to
pNDM-HB377 (Figure S4). Interestingly, isolates carrying the IncR2
group plasmid belonged to pulsotype A1, while isolates harbouring
the IncR1 group belonged to pulsotype A2 (Figure 2).

The immediate genetic structures downstream of blanpm-1
were identical in these plasmids and comprised genes commonly
associated with blaypm genes in Enterobacterales and
Acinetobacter spp. (Figure 4).2>%°

In addition, the HA-4 isolate harboured a second plasmid of
approx. 64 kb carrying blapxa-4g and belonging to IncL (pOXA48-
HA4) that was highly similar (>99% average identity and 100%
query coverage) to the IncL pUR17313-1 plasmid (KP061858)
sequenced in Portugal from an Enterobacter cloacae clinical isolate
(Figure S5).2” blapxa 4s Was located within Tn1999.2 (Figure 4) and
no additional antimicrobial resistance genes were identified in
pOXA48-HAL.?®

On the other hand, the ST307 K. pneumoniae isolate HB-536
carried blanpm-7 (but not blactx-m-15) in an IncX3 plasmid of 50.5 kb
(pPNDM-HB536) highly similar (>98% average identity and 99%
query coverage) to the pAR_0162 plasmid recovered from E. coli
(CP021682) (Figure S6). The sequence upstream of blanpm-7
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Figure 4. Schematic drawing showing the genetic elements surrounding the blaypm genes in pPNDM-HA3, pNDM-HB377 and pNDM-HB536, as well as
the blapxa-4s gene in pOXA48-HA4. Arrows are proportional to the lengths of the genes and are orientated in the direction of transcription. Red arrows
represent resistance genes, orange arrows represent full-length transposon-related genes and ISs, blue arrows represent partial or truncated trans-
poson-related genes and ISs, and purple arrows are used for the remaining set of genes. 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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Figure 5. Graphical comparison of plasmids pNDM-HA3 and pNDM-HB377 in either: (a) parallel orientation or (b) antiparallel orientation (reverse
complement sequence of pNDM-HB377). The shaded stripes show regions shared between the two plasmids. The locations of the [trA sequences
flanking a 52 kb inversion are shown. 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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comprised several partial or complete ISs and transposons (again
Tn5403 and IS3000) among which stood out the presence of an
[SAba125 that was truncated by an IS5 element. The region down-
stream of blanpm-7 also presented the canonical ble, trpF and dsbC
genes, but the adjacent cutA1 gene was partially deleted upon the
insertion of an 1S26 element (Figure4). The blaypm-7 gene was
the only antimicrobial resistance gene present in plasmid pNDM-
HB536.

Discussion

NDM was first reported in Spain in 2011 from an E. coli isolate in a
Spanish traveller returning from India.” Since then, NDM-
producing Enterobacterales have slowly crawled into the Spanish
healthcare system, initially associated with imported sporadic
cases, then autochthonous and, more recently, causing small
hospital outbreaks.??9-3>

A recent nationwide study comparing the genome sequences
of NDM-producing K. pneumoniae and E. coli isolates in Spain also
suggested the inter-hospital and inter-regional spread of a few
clonal lineages.®

Here we report the inter-hospital dissemination of NDM-1-
producing K. pneumoniae isolates between at least three health-
care settings in Catalonia from January to October 2016, with
some isolates also co-producing OXA-48. A single clone carrying
both blanpm-1 and blactx-m-15 in the same transferable IncR plas-
mid and belonging to the high-risk clone ST147 was responsible
for such dissemination. Nevertheless, three distinct populations
of ST147 isolates were identified according to the number and
types of plasmids carried.

The first population clustered together into pulsotype A2 was
associated with the isolate from the index case patient at hospital
A, probably acquired from a previous hospital admission (hospital
D), and carried blanpm-1 within an IncR1 plasmid of approx. 74 kb
characterized by the presence of a Tn5403 insertion upstream of
blanpm-1 (Figure 2). The second population is a subset of the
previous one, ST147 K. pneumoniae isolates with the IncR1 plas-
mid and belonging to pulsotype A2, but co-producing OXA-48
from an IncL plasmid. This population appeared at hospital A after
a second patient transfer from hospital D. These two populations
only disseminated among patients from hospital A (Figures 1 and
2). Interestingly, OXA-48-producing K. pneumoniae in Spain is
commonly found in many hospitals and associated with several
lineages, including ST405, ST15 and ST101, but, to our knowledge,
not ST147.23° Most likely, the identification of OXA-48 associated
with ST147 in this study reflects the acquisition of the IncL plasmid
from OXA-48-producing strains previously circulating at hospital D,
the original source of the outbreak.

The third population comprises ST147 K. pneumoniae isolates
carrying blanpm-1 and blacrx-m-15 in an IncR2 plasmid of approx.
67 kb, highly similar to IncR1, except for a 52 kb inversion and the
loss of a region upstream of blanpwm-1 (Figures 4 and 5).

IncR2 plasmids may have resulted from homologous recom-
bination through [trA sequences at an IncR1 plasmid that devel-
oped into this particular inversion, since [trA genes were located
flanking the inverted region. Isolates within this population
belonged to pulsotype Al and appeared first at hospital A, but
further spread to other centres through the referral of patients
(Figures 1 and 2).

K. pneumoniae ST147 is commonly associated with carbape-
nem resistance and is considered one of the main high-risk clones
of MDR K. pneumoniae currently disseminating worldwide.?”*¢ In
Spain, NDM-1-producing K. pneumoniae ST147 was first reported
in 2018 causing a small outbreak at a tertiary hospital in
Tenerife.>* More recently, a retrospective surveillance study has
reported sporadic IncR NDM-1-producing ST147 K. pneumoniae
isolates in the south of Catalonia during the summer of 2016, as
well as causing another small outbreak in Galicia in 2015.% The
genetic structures surrounding blaypwm-1 in those isolates matched
that of IncR1 plasmids in the present study, although the plasmid
was slightly larger (110kb) and lacked blacrx-m-15. The index case
in our study was referred from another hospital within Catalonia
and, hence, it is not clear whether these ST147 isolates are related
to previous outbreaks in Spain.

In our study, two sporadic isolates of K. pneumoniae and E. coli
producing NDM-7 and belonging to ST307 and ST167, respectively,
were identified in one of the hospitals. They were recovered from
two patients that overlapped in the same ward and both carried
blanpm-7 in an IncX3 plasmid of approx. 50kb, thus suggesting
horizontal transfer. E. coli and K. pneumoniae isolates harbour-
ing blanpm-7 in similar IncX3 plasmids have also been described
in Spain, mainly in Madrid, where they were associated with the
dissemination of K. pneumoniae ST437 and Enterobacter
hormaechei in 2013 and 2016, respectively.®2® In Catalonia,
NDM-7 has been reported twice in sporadic ST679 (2013) or
ST399 (2015) E. coli isolates associated with IncX4 or IncX3
plasmids, respectively, both of which were recovered from
patients that had just returned from Pakistan.?3° In our
study we could not relate either of these two patients to recent
travel, although one of them was originally from Pakistan.
Nevertheless, it is important to highlight that K. pneumoniae
ST307 is also one of the main MDR K. pneumoniae high-risk
clones and E. coli ST167 is considered an epidemic clone com-
monly associated with the worldwide dissemination of IncX3
plasmids harbouring blaypm.s and blaypm.7.2"°

We acknowledge several limitations in our study. First, WGS
was performed using a single Nanopore approach, while the use of
a hybrid approach would have allowed for additional and more ac-
curate comparisons with isolates from previous studies. Also, only
a handful of isolates were sequenced and sequence similarity was,
therefore, assumed for the remaining isolates on the basis of PFGE,
MLST and conventional PCR data. Unfortunately, further WGS
studies were beyond our possibilities. Finally, the index case and
the spread of NDM-producing K. pneumoniae at hospital D was not
known, although we are aware that an investigation is currently
ongoing at the hospital and the results will be made available in
due course.

Overall, the results presented here report the dissemination of
XDR and MDR high-risk clones of K. pneumoniae and E. coli among
different hospitals in Catalonia, whose success in the clinical set-
ting is likely related to the carriage of small, transferable plasmids,
harbouring blaypm genes that provide resistance to last-resort anti-
microbials. In Spain, such XDR clones are increasingly being
reported in outbreak situations and autochthonous dissemination,
and our results reinforce previous findings suggesting the national
spread of NDM-producing K. pneumoniae associated with a few
clonal lineages.
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