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1. INTRODUCTION
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The genus Arcobacter comprises Gram-negative bacteria with curved shapes and oxidase
activity. The species Arcobacter butzleri, Arcobacter cryaerophilus, Arcobacter skirrowii and
Arcobacter thereius have been considered as emergent enteropathogens for humans and animals
(Collado and Figueras, 2011). The bacteria of this genus have a worldwide distribution and can be
isolated from a broad range of habitats and hosts (Collado and Figueras, 2011; Merga et al., 2014;
Hsu and Lee, 2015, and references therein). The most important reservoirs for these bacteria are
farm animals, wastewater, marine waters and shellfish. It has been demonstrated that the presence
of Arcobacter in water correlates with the presence of faecal contamination, and wastewater always
show presence of this microbe as signature (Collado et al., 2008; McLellan et al., 2010; Fisher et
al., 2014). The colonization of Arcobacter in other habitats such as drinking water, irrigation water,
ready-to-eat vegetables and other processed food products occur through faecal contamination
(Collado and Figueras, 2011; Merga et al., 2014; Fernandez et al., 2015; Hsu and Lee, 2015;
Ferreira et al., 2017, and references therein). Regarding the prevalence in food products of animal
origin, the highest prevalence in meat products occur in poultry and pork. In animals, Arcobacter
can produce abortions and mastitis, among other disorders. In humans, produces diarrhoea as the
main disease, but can also produce bacteraemia, being 4. butzleri the most prevalent species
(ICMSF, 2002; Collado and Figueras, 2011 and references therein).

1.1 Taxonomy
1.1.1 Taxonomic classification

The genus Arcobacter was proposed in 1991 to classify two species (4. cryaerophilus and
Arcobacter nitrofigilis) previously considered atypical campylobacters (Vandamme et al., 1991).
The differential characteristics between Campylobacter and Arcobacter is the ability of the latter to
grow at lower temperatures, i.e. 15°C-30°C (Vandamme et al., 1991, 1992). Initially, these two
genera were ascribed to the family Campylobacteraceae, order Campylobacterales (Collado and
Figueras, 2011). However, in 2017, Waite and co-workers analysed the class Epsilonproteobacteria
based on their phylogenetic relationship with the 16S and 23S rRNA genes and with 120 single-
copy proteins. These authors proposed a reclassification of the Epsilonproteobacteria and
Desulfurellales within the new phylum Epsilonbacteraeota, without specific relation with the other
Proteobacteria, and the creation of the new family Arcobacteraceae that only comprises the genus
Arcobacter (Waite et al., 2017). They also showed that Arcobacter was related with the genera
Sulfurimonas and Sulfuricurvum (Waite et al., 2017), as evidenced by other studies (Miller et al.,
2007; Roalkvam et al., 2015). In 1992, two new species were added to the genus: A. skirrowii,
isolated from animal origin and from aborted cattle foetuses; and A. butzleri from human and
animal origin (Vandamme et al., 1992). Two new species were incorporated in 2005, Arcobacter
halophilus isolated from a hypersaline lagoon (Donachie et al., 2005) and Arcobacter cibarius from
broiler carcasses (Houf et al., 2005). Since then, the number of species has increased very fast
(Figure 1) and nowadays the genus is composed by 27 species (Figure 2) (Diéguez et al., 2017;
Tanaka et al., 2017; and http://www.bacterio.net/arcobacter.html).
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Figure 1. Number of described species (bars) and accumulated total
number of species (line) from 1991 to 2017.

1.1.2 Morphology and biochemical characteristics

Arcobacter species are Gram-stain-negative curved or helical rod-shaped cells, non-spore
forming, and motile by a polar flagellum (Vandamme et al., 1992). Cells are 0.1-0.9 um wide and
0.5-3.6 um long (Vandamme et al., 1992; Kim et al., 2010; Zhang et al., 2016). These characteristics
are very similar to Campylobacter spp. However, most of the Arcobacter species can grow in
the presence of at least 5% oxygen and in a range of temperatures from 15°C to 42°C, being
30°C in microaerobiosis the optimal conditions to grow. Despite that, some studies showed
the same incidence of Arcobacter isolated from diarrhoeic human faeces at 25°C and at 37°C
(Kownbhar et al., 2007; Van den Abeele et al., 2014). Additionally, Levican et al. (2016) evidenced
that no significant differences in species recovery from wastewater were found comparing the use
of microaerobic or aerobic conditions for incubation. Two atypical species have been described
in Arcobacter: the obligate anaerobic species A. anaerophilus (Sasi Jyothsna et al., 2013), and
the obligate halophile species A. halophilus that needs the presence of at least 2% NaCl to grow
(Donachie et al., 2005).

Arcobacter are considered fastidious bacteria because they grow and replicate slowly
requiring between 48 and 72 hours. The only exception is the species 4. butzleri, that only need 24
hours to grow. This characteristic of A. butzleri along with the fact that when using an enrichment
step during culturing the latter is the dominating species can be the reasons that explains its higher
prevalence that can mask the incidence of other species (Houf et al., 2002; Collado and Figueras,
2011; Levican et al., 2016). One of these species is A. cryaerophilus, that has been reported as the
most prevalent in wastewater using a metagenomic analysis targeting the 16S rRNA gene (Fisher et al., 2014).

1.1.3 Identification

The species of Arcobacter have been described following the minimal standards for the
phenotypical characterization that were proposed in 1994 by Ursing et al. and were recently
updated by On and co-workers (2017). Despite that, the identification to the species level using this
approach is difficult due to the variable behaviour of the strains. The classical tool used in bacterial
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Figure 2. Maximum-Likelihood tree based on the 16S rRNA gene sequences (1417 bp) showing the
phylogenetic position of the 27 described species of the genus Arcobacter. Bootstrap values (>50
%) based on 1000 replications are shown at the nodes of the tree. Bar, 1 substitutions per 10 nt.
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taxonomy has been the 16S rRNA gene and this gene shows a wide range of similarity between the
type strains of the described Arcobacter species (91.2% to 99.6%) (Levican et al., 2013a; Diéguez
et al., 2017). The high percentage of similarity of this gene (>99%) between the species Arcobacter
ellisii and Arcobacter cloacae demonstrated that it has a low resolution power between certain
species (Levican et al., 2013a). Molecular identification methods developed for Arcobacter,
including m-PCRs (Houf et al., 2000; Douidah et al., 2010) and 16S rDNA-RFLP (Figueras et al.,
2012) have helped to the expansion of the genus. However, these methods showed also certain
disadvantages, as demonstrated by Levican and Figueras (2013). The latter authors concluded that
the use of methods that targets the 16S or 23S rRNA genes can produce misidentifications due to
the lower resolution power of these genes for certain species commented above. In 2017, Khan et
al. developed a m-PCR method for the identification of 6 Arcobacter species. This method included
the detection of A. skirrowii with the primers described by Houf et al. (2000) but with modifications
of the PCR amplification protocol, and new primers targeting housekeeping genes for the
identification of Arcobacter lanthieri, A. butzleri, A, cryaerophilus, A. cibarius and Arcobacter
faecis (Khan et al., 2017). However, the study only included 17 of the 27 described species at the
moment of publication and the validation with the remaining species is still pending to be tested.

The most accurate identification method are the ones that use the sequences of
housekeeping genes, such as 7poB (Levican Asenjo, 2013), hsp60 (Levican Asenjo, 2013) and gyrB
(Collado et al., 2011), to perform a phylogenetic tree with representative strains of all the described
species of the genus. The use of rpoB gene allowed us to identify Arcobacter strains uncovered by
Campylobacter (Figueras et al., 2014). Furthermore, the concatenation of five housekeeping genes
(gyrd, atpA, rpoB, gyrB and hsp60), known as Multilocus Sequence Analysis (MLSA) or
Multilocus Phylogenetic Analysis (MLPA), has been used for the new species description providing
a more robust separation of the species than the 16S rRNA gene (Levican et al., 2015; Diéguez et
al., 2017). Moreover, the low percentages of similarities (<95%) found between some of the species
of the genus evidenced that a deep revision of the taxonomy is needed, as mentioned in the
description of Arcobacter lekithochrous (Diéguez et al., 2017).

Other techniques for the identification and quantification of Arcobacter have been
developed, such as real-time PCR (qPCR) methods. These methods target the 16S and 23S rRNA
genes (Lee et al., 2012; Hausdorf et al., 2013), the housekeeping gene Asp60 (De Boer et al., 2013)
and the ghnDH gene, that encodes the gamma subunit of a quinohemoprotein amine dehydrogenase
(Webb et al., 2016) for the detection of A. butzleri from stool samples. However, so far the existence
of possible interferences with other new species has not yet been studied. Additionally, some of
these methods showed that Arcobacter can uncover Campylobacter, as demonstrated by Banting et
al. (2016). One of the most fast, cheap and reproducible method for the identification of bacteria is
the Matrix- Assisted Laser Desorption lonization Time-Of-Flight (MALDI-TOF) mass spectrometry
method (Alispahic et al., 2010; Levican et al., 2012, 2015). This method has helped to recognize
Arcobacter in the clinical setting (Figueras et al., 2014). However, this method and its results
depends on the species and strain included within the database that in some cases are limited, as
occurs in the Biotyper database of Bruker or the one of the bioMérieux system which was unable to
identify a strain of 4. butzleri isolated from a bacteraemia case (Arguello et al., 2015).



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

1.2 Biology and Ecology

The higher persistence of Arcobacter in contrast with the persistence of Campylobacter in
the environment can be due to the capacity of Arcobacter to grow at ambient temperature in
aerobiosis, and to tolerate the presence of NaCl (Cervenka, 2007; Collado and Figueras, 2011; Hsu
and Lee, 2015). Moreover, the genome of A. butzleri RM4018 is more similar to the
Helicobacteraceae bacteria Sulfurimonas denitrificans and Wolinella succinogenes, and to
Sulfurovum and Nitratiruptor, a deep-sea vent bacterium (Miller et al., 2007). This relationship of
Arcobacter with the genus Sulfurimonas was also evidenced at genomic level in the study of Waite
et al. (2017). Additionally, the genome of A. butzleri RM4018 shows characteristics related with
signal transduction, adaptation, DNA repair, chemotaxis and respiration, that allow this bacterium to
grow and survive in different environmental conditions (Miller et al., 2007).

Bacteria of the genus Arcobacter shows a high abundance (> 10° MPN/100mL) in waters
with a high level of faecal contamination from humans and animals (Maugeri et al., 2000; Collado
et al., 2008; Fernandez-Cassi et al., 2016). However, the low abundance of Arcobacter in human
faeces does not justify their high densities in sewage and wastewater, that have been related with the
capacity of this bacteria to multiply in the sewerage system (McLellan et al., 2010; Fisher et al.,
2014; Banting and Figueras, 2017). Abundance data along with the genomic characteristics of
Arcobacter indicates that these bacteria are free-living organisms that can adapt and replicate in
different environments (Miller et al., 2007; McLellan et al., 2010; Wesley and Miller, 2010).

The isolation of Arcobacter from faeces of symptomatic and asymptomatic individual and
from livestock suggest that Arcobacter species can be considered as opportunistic pathogens (On et
al., 2002; Houf et al., 2007; Collado et al., 2014; Webb et al., 2016).

1.3 Epidemiology

The routes of transmission of Arcobacter have been related with the consumption of
Arcobacter-contaminated water or food (Collado and Figueras, 2011; Hsu and Lee, 2015; Ramees et
al., 2017). This way of transmission was evidenced in 4 outbreaks, 3 related with the consumption
of faecal contaminated water and one with the consumption of chicken (Collado and Figueras,
2011; Ferreira et al., 2015; and references therein). Additionally, Arcobacter has been detected in
restaurant meals with a higher prevalence than other typical food-associated bacteria as Salmonella
or Campylobacter (Collado and Figueras, 2011 and references therein). This potential route has
been also demonstrated with the detection of Arcobacter in different types of vegetables (Gonzalez
and Ferrus, 2011; Hausdorf et al., 2013; Fernandez-Cassi et al., 2016; Mottola et al., 2016a) and can
be related with the use of reclaimed water for irrigation because the prevalence of Arcobacter in this
type of water ranges from 66.6% to 100% (Levican et al., 2016). Another route for Arcobacter
dissemination is related with the person-to-person transmission (Collado and Figueras, 2011). This
mechanism was described in an outbreak that occurred in an Italian school (Vandamme et al., 1992)
where all the isolates recovered from the faeces samples showed the same genotype and phenotype.
A case of person to person transmission was also observed in an infection of a neonate with A.
butzleri that could be acquired by the contact with the mother’s placenta (On et al., 1995).
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For the study of the epidemiology of Arcobacter, different molecular tools have been
developed. Some of these methods are the Enterobacterial Repetitive Intergenic Consensus-PCR
(ERIC-PCR), the Randomly Amplified Polymorphic DNA-PCR (RAPD-PCR), the Amplified
Fragment Length Polymorphism (AFLP), the Pulsed-Field Gel Electrophoresis (PFGE) and the
Multi-Locus Sequence Typing (MLST) scheme. The MLST methods have been used in many
different bacteria genera and in the case of Arcobacter the seven housekeeping genes used in the
analysis were proposed in 2009 by Miller et al. and primers and conditions are available at the
specific database (https://pubmlst.org/arcobacter/). Investigators can deposit their sequences in this
database, compare them with the ones already deposited to find out if the gene alleles of the
analysed strains are new or already known, and determine the sequence type (ST). At the time of
writing the different origins of the available sequences at this database were the following: 44.9% of
the sequences were isolated from animals, 34.3% from food, 14.8% from humans and 4.2% from
environmental waters.

All the above mentioned genotyping methods presented advantages and disadvantages
(Collado and Figueras, 2011; Gonzalez et al., 2012; Ferreira et al., 2017a). The most extended
method for genotyping is the ERIC-PCR method (Houf et al., 2002), because it easy to perform, do
not requires expensive equipment and has a highly reproducibility. Despite that, this method does
not have the high discriminatory power obtained with the PFGE, however the PFGE method is
more complex than the ERIC-PCR. The MLST technique has demonstrated a high discriminatory
power and reproducibility, along with the existence of a database that helps investigators to compare
their results. The major problem of the latter technique is the high cost because it needs the
sequencing of seven housekeeping genes, a technique that is not available in all the laboratories,
and that the comparison of the results depends on the variability of sources available at the database
(Gonzalez et al., 2012; Ferreira et al., 2017a).

1.4 Distribution and prevalence
1.4.1 Arcobacter in water

As mentioned in the beginning of this thesis, Arcobacter can be found in different types of
water including drinking water, rivers, lakes, seawater, wastewater, and water used in food chains
(See section 1.4.2) (Hsu and Lee, 2015; Celik and Unver, 2015; Levican et al., 2016; Salas-Mass6 et
al., 2016; Talay et al., 2016; Rathlavath et al., 2017). The highest prevalence of Arcobacter in water
samples have been reported in wastewater (70.9-100%) (Collado et al., 2008; McLellan et al., 2010;
Fisher et al., 2014, 2015; Hsu and Lee, 2015; Fernandez-Cassi et al., 2016; Levican et al., 2016;
Banting and Figueras, 2017) (Figure 3). In water the presence of Arcobacter has been related with
faecal contamination (Collado et al., 2008; McLellan et al., 2010; Fisher et al., 2014, 2015;
Fernandez-Cassi et al., 2016; Banting and Figueras, 2017). Despite the high concentration of
Arcobacter in wastewater and sewage, it has been demonstrated that the disinfection treatments
used for drinking water production are effective in reducing and eliminating the populations of
Arcobacter (Collado et al., 2010) and the same occurs during wastewater treatment (Fernandez-
Cassi et al., 2016; Banting and Figueras, 2017). However, Webb et al. (2016) demonstrated that
viable A. butzleri are able to survive wastewater treatment, including UVB irradiation, which may
lead to increased density and genetic diversity of this suspected pathogen in environmental waters
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via wastewater effluent discharge. One interesting aspect related with the prevalence of Arcobacter
in water is the one related with prevalence of 4. butzleri and A. cryaerophilus. The use of isolation
methods that involve an enrichment step showed A. butzleri as the most prevalent species, while the
use of direct plating enhanced the recovery of A. cryaerophilus (Levican et al., 2016). Additionally,
when this samples are analysed using metagenomics targeting the 16S rRNA gene, the most
prevalent species is A. cryaerophilus (Fisher et al., 2015). These results evidenced that the
employed culture method influences the recovery of the different species and may produce a bias on
the prevalence of Arcobacter species (Levican et al., 2016; Salas-Masso et al., 2016). Moreover,
there is a different detection of the described A. cryaerophilus subgroups (1A and 1B) in wastewater
depending on the water temperature (Fisher et al., 2014). In that sense, when the water temperature
is higher than 20°C, the number of reads belonging to subgroup 1B is higher than the ones of the
subgroup 1B. This was also demonstrated by culture using direct plating, because the higher
percentage of isolation corresponded to A. cryaerophilus subgroup 1B in wastewater samples from
the Waste Water Treatment Plant (WWTP) of Reus (data not published).
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Figure 3. Percentage of positive samples for Arcobacter species in different water sources.

Data extracted from Hsu and Lee (2015) and updated with Aydin et al. (2007), Celik and Unver (2015), Levican
et al. (2016), Salas-Masso et al. (2016), Talay et al. (2016) and Rathlavath et al. (2017).

1.4.2 Arcobacter in food

The distribution and prevalence of Arcobacter in food products was reviewed by Hsu and
Lee (2015) and updated in Salas-Masso6 et al. (2018) and in this thesis (Laishram et al., 2016;
Barboza et al., 2017a; Ferreira et al., 2017b; Gonzalez et al., 2017; Leoni et al., 2017; Morejon et
al., 2017; Ottaviani et al., 2017; Rathlavath et al., 2017b; Oliveira et al., 2018; Vicente-Martins et
al., 2018). The presence of Arcobacter in meat products have been widely studied and showed that
the percentage of positive samples ranged from 38.9% in poultry products to 10.0% in rabbit meat
(Figure 4) (Barboza et al., 2017a; Oliveira et al., 2018; Salas-Masso et al., 2018; Vicente-Martins et
al., 2018). These results correlated with the ones obtained in food processing environments, where
the higher prevalence of Arcobacter was also observed in poultry processing plants (42.3%, Figure
5) (Ferreira et al., 2017b; Salas-Massé et al., 2018). Arcobacter can be also found in higher
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percentage in seafood, mostly in shellfish, with a 35% of positive results (Figure 4) (Laishram et al.,
2016; Leoni et al., 2017; Morejon et al., 2017; Ottaviani et al., 2017; Rathlavath et al., 2017b;
Salas-Masso et al., 2018; Vicente-Martins et al., 2018). Vegetables also shows a high prevalence of
this bacterium (Gonzalez et al., 2017; Salas-Massé et al., 2018), even in ready-to-eat vegetables
(Salas-Masso6 et al., 2018; Vicente-Martins et al., 2018). In this source, the positive samples for
Arcobacter is around 24% (Figure 4). In milk products the percentage of positive samples for
Arcobacter was 46.1% (Figure 4) (Wesley and Miller, 2010).
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Figure 4. Percentage of positive samples for Arcobacter species in different food sources.
Data extracted from the reviews of Hsu and Lee (2015) and Salas-Masso6 et al. (2018), and from Aydin et al. (2007),
Laishram et al. (2016), Barboza et al., (2017a), Ferreira et al. (2017), Gonzélez et al. (2017), Leoni et al. (2017), Morejon
et al. (2017), Oliveira et al. (2018), Otaviani et al. (2017), Rathlavath et al. (2017), and Vicente-Martins et al. (2017).
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Figure 5. Percentage of positive samples for Arcobacter species in different food processing plants.

Data extracted from Salas- Masso6 et al. (2018) adding missing data from Ferreira et al. (2017).

1.4.3 Arcobacter in animals

The prevalence of Arcobacter in animals have been studied mostly from their faeces (Aydin
et al, 2007; Fernandez et al., 2007; Ho et al., 2008a; Patyal et al., 2011; Wesley and
Schroeder-Tucker, 2011; Gilbert et al., 2014; Salas-Masso6 et al., 2018), but also from mouth washes
(Houf et al., 2008; Fera et al., 2009); blood or lymph (Fera et al., 2009); viscera (Salas-Masso et al.,
2018; Wesley and Schroeder-Tucker, 2011), among others; and is represented in Figure 6. All the
40 caimans studied in Brazil were positive for Arcobacter, as well as horses and wild animals (Wesley
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and Schroeder-Tucker, 2011; Oliveira et al., 2017). For the raccoons faeces (n=10) analysed by
Hamir et al. (2004), 60% were positive for Arcobacter. Regarding the domestic dogs and cats, the
higher prevalence was detected in mouth washes of cats (78.8%) (Fera et al., 2009), while the
presence in faeces and mouth washes of dogs were 2.6% (Aydin et al., 2007; Fernandez et al., 2007;
Houf et al., 2008). Studies of faeces of farm animals showed that Arcobacter was more prevalent in
cattle, with 38.7% of positive samples (Aydin et al., 2007; Fernandez et al., 2007; Salas-Massoé et
al., 2018) and in pig faeces with 38.1% positive (Salas-Masso et al., 2018), while in sheep the
percentage was 10.4% (Aydin et al., 2007; Salas-Masso et al., 2018). Interestingly, the presence of
Arcobacter in poultry faeces (Chickens, turkeys and geese) was lower than 10% (Aydin et al., 2007;
Fernandez et al., 2007; Ho et al., 2008a; Patyal et al., 2011; Salas-Mass6 et al., 2018). The
percentage of positive samples in birds and reptiles were 21.1% and 19.9%, respectively (Fernandez
et al., 2007; Gilbert et al., 2017; Salas-Masso et al., 2018).
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Figure 6. Percentage of positive samples for Arcobacter species in different animals.

Data extracted from Aydin et al. (2007), Fernandez et al. (2007), Ho et al. (2008), Houf et al. (2008), Fera et al.
(2009), Patyal et al. (2011), Wesley and Schroeder-Tucker (2011), Gilbert et al., (2017); Oliveira et al. (2017), and
Salas-Masso et al. (2018).

1.5 Clinical Features
1.5.1 Clinical diagnostic in humans

The genus Arcobacter have been considered as an emergent pathogen. In human, bacteria
of this genus can produce diarrhoea (Collado and Figueras, 2011; Ferreira et al., 2015; Hsu and Lee,
2015, and references therein; Webb et al., 2016) but a clear picture of the relationship with human
disease is still poorly known due to the lack of routine screening of this bacteria in the clinical
laboratories. In Table 1 are summarized the cases associated with Arcobacter, reviewed by Figueras
et al. (2014) and Salas-Masso et al. (2018) and updated with Barboza et al. (2017b). These cases are
mostly associated to 4. butzleri and A. cryaerophilus, but some cases related with 4. skirrowii and
A. thereius have been reported (Wybo et al., 2004; Van den Abeele et al., 2014).

Some studies analysed the prevalence of Arcobacter in faeces of patients with diarrhoea
(Table 1) and the prevalence by culture methods ranges from 0.1% in Belgium and France
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(Vandenberg et al., 2004) to 1.4% in Chile (Collado et al., 2013). However, when molecular
techniques are compared with culture methods, the prevalence is higher, as demonstrated by Webb
et al. (2016). The percentage of positive samples for A. butzleri using culture methods was 0.8%,
while 56.7% positive samples were found using molecular methods (Webb et al., 2016). These
results indicate that the use of culturing methods instead of molecular ones can underestimate the
prevalence of this pathogen (Collado and Figueras, 2011; Figueras et al., 2014), as occurred in
samples from other sources.

The most common clinical feature associated to Arcobacter infections in humans is the
appearance of an acute and watery diarrhoea along with abdominal pain. Sometimes, these
symptoms are accompanied by vomiting and fever, as well as the presence of bloody diarrhoea but
these complications appeared in low proportions (Table 1). The co-infections of Arcobacter with
other pathogens are low, and in 13.7% to 50% of the cases there is no underlying disease (Table 1).
Bacteria of this genus can also produce extra intestinal infections, being bacteraemia cases the most
common in patients with underlying conditions (Table 1). Usually, the infections by Arcobacter are
self-limiting but when the symptoms are prolonged or severe the use of antibiotics is important, see
section 1.5.4. (Table 1). In these cases, when the unique bacteria isolated from faeces is Arcobacter,
the patient recovery using antibiotics could indicate that this bacterium is the etiological agent.

There is no standardized method for the detection and identification of Arcobacter at the
hospital laboratories. In these services, the isolation is carried out with media used for the recovery
of Campylobacter, as Campylosel agar (bioMérieux, Barcelona, Spain) or in the Yersinia Selective
Agar (CIN agar, Cefsulodin-Irgasan-Novobiocin, BD, Madrid, Spain). The differentiation of
Arcobacter from Campylobacter can be assessed testing the aerotolerance and the ability to grow at
15°C, 25°C and 37°C (Collado and Figueras, 2011). Despite that, the use of phenotypic methods
can report wrong results, where Arcobacter is covered by Campylobacter (Vandenberg et al.,
2004; Figueras et al., 2014). The introduction of the MALDI-TOF technique for the
identification of bacterial isolates in the clinical laboratories has helped in some cases to the correct
identification of Arcobacter (Alispahic et al., 2010; Figueras et al., 2014). Additionally, the use
of housekeeping genes as the rpoB gene for the identification of the strains in the research
laboratory, helped clinicians to improve the identification of Arcobacter (Figueras et al., 2014).

1.5.2 Clinical diagnostic in animals

The clinical importance of Arcobacter in animals has been reviewed by Collado and
Figueras (2011) and more recently by Ramees et al. (2017). Despite Arcobacter spp. have been
isolated from different animals, the capacity of this bacteria to produce disease seems only restricted
to a certain type of farm animals (Ho et al., 2006). Species of this genus have been isolated mostly
from faeces and from the intestinal tracts in healthy animals, and also from bovine preputial sheath
(Gill, 1983) and from vaginal swabs of cows (Kabeya et al., 2003). The most important diseases
produced by Arcobacter in animals are abortions, mastitis and diarrhoea (Collado and Figueras,
2011; Ramees et al., 2017, and references therein). Furthermore, during a mastitis outbreak in cows,
the isolated strains were used to re-infect cows producing the same effects in these animals,
demonstrating therefore Arcobacter as the etiological agent of the mastitis (Logan et al., 1982). The
role of Arcobacter in animal diseases have also been tested in rats, producing watery diarrhoea in
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adults and necrosis in the intestine and the liver of neonatal albino rats (Adesiji, 2010; Adesiji et al.,
2012). Another study of experimental infections was carried out with zebrafish (Danio rerio) in
which Arcobacter produced inflammation, necrosis and viscera congestions (Agik et al., 2016). The
latter study suggested that zebrafish can be used as a model of infection for Arcobacter (Agik et al.,
2016). Regarding the species related with animal disease, the most commonly isolated species was
A. cryaerophilus, mostly in porcine abortions (Neill et al., 1985; de Oliveira et al., 1997) and in
mastitis (Logan et al., 1982). Arcobacter butzleri, A. skirrowii and A. thereius have also been
associated sporadically with animal diseases (de Oliveira et al., 1997; On et al., 2003). In the case of
A. butzleri, this species has been associated with diarrhoea and enteritis in several farm animals, as
horses, pigs and cattle, while 4. skirrowii has been reported in haemorrhagic colitis and diarrhoea in
sheep and cattle (Vandamme et al., 1992; Ho et al., 2006). Other animals that showed infections by
Arcobacter were non-human primates (Kiehlbauch et al., 1991; Anderson et al., 1993; Higgins et
al., 1999) with the isolation of 4. butzleri, and also rainbow trout (Oncorhynchus mykiss) were the
reported species was A. cryaerophilus (Yildiz and Aydin, 2006).

1.5.3 Treatment

Currently official protocols for the treatment of Arcobacter infections does not exist, as
indicated in many studies (Collado and Figueras, 2011; Ferreira et al., 2015; Van den Abeele et al.,
2016). The first treatment used for gastrointestinal infections is the fluid therapy, used with many
enteropathogen disorders. Only when the disease is severe or prolonged in time, or when the patient
has an underlying disease, the treatment involves the use of antibiotics (Collado and Figueras,
2011). However, the use of antibiotics is common in enteritis produced by Arcobacter due to the
chronic characteristics, and it is necessary in bacteraemia cases (Table 1). Between the antibiotics
used, the most common is the use of macrolides (erythromycin) and fluoroquinolones
(ciprofloxacin or ofloxacin) in gastrointestinal cases, and in less proportion tetracyclines
(doxycycline). As reported by Figueras et al. (2014), a case of acute bloody and watery diarrhoea
produced by A. cryaerophilus was treated successfully with amoxicillin/clavulanic acid. Cases of
bacteraemia have been treated with B-lactams antibiotics (Yap et al., 2013), cephalosporins of
second generation (Lau et al., 2002), or combinations of two antibiotics (On et al., 1995; Hsueh et
al., 1997; Yan et al., 2000; Arguello et al., 2015) as show in Table 1. In all the cases of bacteraemia
the patients showed an underlying disease.

1.5.4 Antibiotic resistance

In 2015, Ferreira and co-workers reviewed the in vitro antimicrobial susceptibility of the
clinical Arcobacter species i.e. A. butzleri, A. cryaerophilus and A. skirrowii using isolates from
poultry, livestock and shellfish. The most interesting results were the high number of strains that
showed resistance to ampicillin, nalidixic acid, ciprofloxacin, erythromycin or gentamicin, reaching
in some cases a 100% of resistance (Ferreira et al., 2015, and references therein). Similar results
were obtained by Van den Abeele et al. (2016) with strains isolated from humans in Belgium. The
latter authors suggested that treatments of gastrointestinal disease produced by Arcobacter should
be done with tetracyclines, instead of fluoroquinolones and macrolides (Van der Abeele et al.,
2016). However, the antimicrobial susceptibility studies performed with Arcobacter followed
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different methodologies and the comparison of the results should be done carefully (Ferreira et al,
2015). In fact, the contradictory results obtained between the commonly used treatments at the
clinical setting and the observed resistances to the antibiotics used in those treatments in in vitro
studies evidences the needed for a standardized protocol for the treatment of Arcobacter infections.

The resistance to quinolones and their molecular mechanisms in Arcobacter were firstly
studied by Abdelbaqui et al. (2007) in human clinical isolates in France. In this study, the gyr4 gene
of these clinical strains was studied and it was discovered the existence of mutations in the
quinolone resistance-determining region (QRDR) associated to strains that showed resistance to
quinolones (Abdelbaqui et al., 2007). These mutations were situated in the position 254 of the gyr4
gene and produced an amino acid substitution (Thr-85-1le) in the GyrA protein. This mutation had
also been found in other studies of Arcobacter (Van den Abeele et al., 2016; Gonzalez et al., 2017;
Ferreira et al., 2018). In the study of Ferreira et al. (2018), where ciprofloxacin mutants where
inducted at the laboratory, another point mutation was described for the first time in the position
265 of the gyrd gene, corresponding to an amino acid substitution (Asp-89-Tyr) in the GyrA
protein. This new mutation decreased the MIC value for ciprofloxacin to 64mg/L, while the
mutation at position 254 or the presence of the two mutations presented a MIC value higher than
256mg/L (Ferreira et al., 2018).

The molecular analysis of the genome of 4. butzleri RM4018 showed that it presents
genes related with resistance to chloramphenicol (cat gene) and B-lactam antibiotics (three putative
B-lactamases and the operon [lrgdAB) (Miller et al., 2007). Additionally, the analysis of a
metagenome of A. cryaerophilus from sewage showed that this species had a high capacity to
accumulate antibiotic resistance genes, mostly corresponding to genes that confers resistance to
macrolides, fluoroquinolones, aminocoumarin and vancomycin (Millar and Raghavan, 2017).

1.6 Pathogenesis

1.6.1 Adhesion, invasion and cytotoxicity

Not much is known about the mechanisms used in the pathogenesis of Arcobacter.
However, the pathogenesis of Arcobacter has been studied with the analysis of nine putative
virulence genes (cadF, cj1349, ciaB, mviN, pldA, tlyA, hecA, hecB and irgA). These genes have
been found in the genome of 4. butzleri RM4018 and have been associated to pathogenesis in other
taxa (Collado and Figueras, 2011; Douidah et al., 2012; Ferreira et al., 2015, and references
therein). The genes cadF and c¢jl349 are related with cell adhesion by the production of two
fibronectin binding proteins (CadF and Cj1349); ciaB encodes the invasion protein CiaB, while
the mviN gene codifies a protein related with peptidoglycan biosynthesis homologue of MviN in
Escherichia coli; the pldA and the tlyA genes codify a phospholipase with haemolytic activity and
an haemolysin, respectively, while the hecB gene is related with the haemolysis activation; the
hecA gene produces an adhesin of the filamentous hemagglutinin family and the gene irg4 codifies
an outer membrane protein regulated by iron (IrgA). The analysis of these genes was performed by
PCR with primers developed from the sequences present in the genome of 4. butzleri RM4018 by
Douidah et al. (2012). In the study of Douidah et al. (2012), the nine virulence genes were
simultaneously present in 14.3% of the A. butzleri strains (n=192). Since this first study, several
ones have been published and are summarized in Table 2. These studies showed that six of these
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genes (cadF, ¢j1349, ciaB, mviN, pldA and tly4) are present in all the A. butzleri strains isolated
from animals, humans and food processing plants (Karadas et al., 2013; Tabatabaei et al., 2014;
Sekhar et al., 2017). These six genes also showed high prevalence in foods (Karadas et al., 2013;
Tabatabaei et al., 2014; Jribi et al., 2017; Sekhar et al., 2017; Oliveira et al., 2018), fish (Rathlavath
et al., 2017a), water (Karadas et al., 2013; Rathlavath et al., 2017a), vegetables (Mottola et al.,
2016a), and in dairy plants and farms (Piva et al., 2017) (Table 2). The lower prevalence of these six
genes (Table 2) was detected in shellfish isolates of A. butzleri (Collado et al., 2014; Mottola et al.,
2016b; Rathlavath et al., 2017a). The other three genes (hecA, hecB and irgA) showed low
prevalence in all the isolation sources (Table 2). In A. cryaerophilus, the genes that were present in
all the tested strains were the ciaB gene in isolates recovered from food processing plants, the mviN
gene in isolates from shellfish, and the cadF and mviN genes in isolated from vegetables (Collado et
al., 2014; Tabatabaei et al., 2014; Mottola et al., 2016a, 2016b) (Table 2). Interestingly, in
vegetables only the latter mentioned genes (cadF and mviN) were detected. However, the number of
isolates studied was very low (n=4) (Mottola et al., 2016a). The other genes showed prevalence
ranging from 0% to 95.6%, being the most prevalent the ciaB gene in animal (94.6%) and food
(93.2%) strains, and the mviN gene in humans (95.6%) (Table 2). In the case of the species 4.
skirrowii, the analysed genes showed an incidence that ranged between 0% and 96.5% (Table 2),
being the ciaB gene the most prevalent in animal strains (Douidah et al., 2012; Tabatabaei et al.,
2014; Sekhar et al., 2017). The low prevalence of most of the genes in A. cryaerophilus and A.
skirrowii can be due to the absence of the gene or to the presence of some heterogeneities in the
primer binding sites of the gene sequence that do not allow the amplification (Douidah et al., 2012).
However, all these studies were only focused in the presence or absence of the mentioned genes,
and nothing is known about the functions of expression of them and its similarity with these
proteins in other genera (Collado and Figueras, 2011).

Another important virulence factor is the presence of flagellum, that allows the bacteria to
infect and invade cells and is also related with chemotaxis (Ho et al., 2008b; Miller and Parker,
2011). Ho et al. (2008b) studied the role of the flagellin genes flad and flaB in five Arcobacter
species and demonstrated that only the gen flaA is essential for the motility in one mutant strain of
A. butzleri. The genome of A. butzleri RM4018 shows the presence of all the genes related with the
flagella structure, however, genes fIgM or rpoN, responsible of the transcription regulation in other
Epsilonproteobacteria were not present in this genome (Miller et al., 2007). Nonetheless, the
functions of these missing genes could be carried out by extracytoplasmic sigma factors present in
the genome of A. butzleri RM4018 (Miller and Parker, 2011).

The potential of Arcobacter species to adhere, invade and produce cytotoxicity has been
reviewed by Collado and Figueras (2011) and update by Ferreira et al. (2015). These reviews
evidenced that the most common interactions between Arcobacter and the different cell lines tested
were adherence and cytotoxicity, occurring in the 71.3% and 88.5% of the tested strains,
respectively (Ferreira et al., 2015). The capacity of Arcobacter to invade cells was lower (47.3%)
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Table 2. Presence of virulence genes in Arcobacter species from different sources.

Species Source cadF ciaB cj1349 mviN pldA tlyA hecA hecB irgA
A. butzleri Animals®™* 139/139  139/139  139/139  139/139  139/139 139/139  31/109 59/109 28/109
(100) (100) (100) (100) (100) (100) (28.4) (54.1) (25.7)

Human® ¢ 96/96 96/96 96/96 96/96 96/96 96/96 19/89 59/89 33/89

(100)  (100)  (100)  (100)  (100)  (100)  (21.3)  (663)  (37.1)

Food processing” 36/36  36/36  36/36  36/36  36/36  36/36
(100)  (100)  (100)  (100)  (100)  (100)

Food™* %" 138/149  146/149 146/149 149/149 148/149 147/149  34/93 44/93 31/93
(92.6) (98.0) (98.0) (100) (99.3) (98.6) (36.5) (47.3) (33.3)
Shellfish® ™ 90/114  88/114  58/114  89/102  76/102  79/102  26/114  24/102  31/114
(79.0) (77.2) (50.9) (87.2) (74.5) (77.4) (22.8) (23.5) (27.2)
Fish' 75/81 81/81 81/81 81/81 79/81 78/81 8/81 15/81 12/81
(92.6) (100) (100) (100) 97.5) (96.3) 9.9) (18.5) (14.8)
Water® 33/35 32/35 34/35 35/35 33/35 34/35 10/35 10/35 12/35
(94.3) 91.4) (97.1) (100) (94.3) (97.1) (28.6) (28.6) (34.3)
Vegetables' 36/40 40/40 40/40 40/40 40/40 40/40 12/40 28/40 0/40
(90.0) (100) (100) (100) (100) (100) (30.0) (70.0) 0)
Dairy plants® 174/178 178/178 176/178 175/178 175/178 178/178  46/178  33/178  30/178
97.7) (100) (98.9) (98.3) (98.3) (100) (25.8) (18.5) (16.8)
Farm" 30/34 34/34 30/34 34/34 31/34 30/34 0/34 1/34 0/34
(88.2) (100) (88.2) (100) 91.2) (88.2) 0) (2.9 0)
A. cryaerophilus - Apimals™®* 43/112 106/112  62/112  102/112  36/112  45/112 3/91 5/91 2/91
(38.4) (94.6) (55.3) (91.1) (32.1) (40.2) (3.3) (5.5) (2.2)
Humans™" "™ 15/24 22/24 17/24 22/23 14/23 12/23 2/24 8/23 1/24
(62.5) (91.6) (70.8) (95.6) (60.9) (52.2) (8.3) (34.8) (4.2)
Food processing" 9/13 13/13 5/13 11/13 4/13 5/13
(69.2) (100) (38.5) (84.6) (30.8) (38.5)
Food™“*®' 26/44 41/44 30/44 37/44 27/44 26/44 12/25 6/25 15/25
(59.1) (93.2) (68.2) (84.1) (61.4) (59.1) (48.0) (24.0) (60.0)
Shellfish®" 4/25 22/25 3/25 21/21 7/21 14/21 6/25 0/21 0/25
(16.0) (88.0) (12.0) (100) (33.3) (66.7) (24.0) (0) (0)
Vegetables’ 4/4 0/4 0/4 4/4 0/4 0/4 0/4 0/4 0/4

(100) 0 0) (100) 0) 0) ) (©) 0

A. skirrowii Animals®™* 20/58 56/58 21/58 26/58 18/58 20/58 3/43 10/43 0/43
(345)  (965)  (362)  (448)  (31.0)  (345) (7.0) (23.5) 0)
Food processing” 3/5 5/5 3/5 4/5 1/5 3/5
(60.0) (100) (60.0)  (80.0)  (20.0)  (60.0)
Food™* 4/7 5/7 4/7 5/7 1/7 2/7
(57.1) (714 (57.1)  (714)  (143)  (28.6)
Shellfish® 221 15/21 5/21 13/21 4/21 11/21 121 121 0/21
9.5) (71.4)  (23.8)  (62.0)  (19.0)  (52.4) (4.8) (4.8) (0)
Arcobacter spp.* Animals™° 39/48 40/48 38/48 41/48 39/48 39/48 21/48 18/48 1/48
(812)  (833) (792) (854) (812) (812)  (43.7)  (37.5) @.1)
Food" 3/15 6/15 2/15 8/15 /15 8/15 1/15 4/15 1/15

(20.0) (40.0) (13.3) (5.3) 6.7) (5.3) (6.7) (26.7) (6.7)

aDouidha et al. (2012); "Tabatabaei et al. (2014); °Sekhar et al. (2017); 9Karadas et al. (2013); °Oliveira et al. (2018);
fJibri; #Collado et al. (2014); "Mottola et al. (2016b); ‘Rathlavath et al. (2017); IMottola et al. (2016%); Piva et al. (2017);
'Barboza et al. (2017b); ™Figueras et al. (2014); "Barboza et al. (2017a); °Oliveira et al. (2017). *Species not specified in
the studies.
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than the other two interactions (Ferreira et al., 2015). However, the capacity of Arcobacter to
adhere,invade and produce cytotoxicity depends on the strains and the cell line used (Collado and
Figueras, 2011). In a study of Levican et al. (2013b) in which the interactions of 16 Arcobacter
species with the human carcinoma cells Caco-2 were tested, 87.5% of the species showed capacity
of cellular adhesion (with the exception of A. bivalviorum and A. aquimarinus) and 62.5% of the
species invaded the cells. Regarding the ability to produce cytotoxicity, several studies
demonstrated the ability of Arcobacter to produce toxicity on African green monkey kidney (Vero)
and Chinese hamster ovary (CHO) cells (Collado and Figueras, 2011 and references therein).
Despite that, a cytolethal distending toxin (CDT) similar to the one of Campylobacter have not been
found in Arcobacter (Johnson and Murano, 2002; Miller et al., 2007), evidencing that another toxin
could be the agent that produces this cytotoxicity.

1.6.2 Host immune response

Interactions of Arcobacter spp. with the host immune response had been reviewed by
Ferreira et al. (2015). The complement system, that helps to remove microorganisms and cells
affected during infection processes, showed activity against 4. butzleri. However, sensitive levels
depend on the Arcobacter strain origin, being strains isolated from bacteraemia more resistant than
strains from other origins (Ferreira et al., 2015). Regarding the production of defensins that
decrease the bacterial populations, Veldhuizen et al. (2006) demonstrated that in experimental
infections with A. cryaerophilus in porcine intestine cell lines (IPI-21) no expression of these
peptides was observed. In a study developed by Ho et al. (2007), the species A. butzleri, A.
cryaerophilus, A. skirrowii and A. cibarius were tested for cytokine responses of human (Caco-2)
and porcine (IPI-21) epithelial cells. This study demonstrated that the infection by these Arcobacter
species induced the production of the cytokine Interleukin-8 (IL-8) and the consequent
inflammatory process (Ho et al., 2007). The Toll-Like Receptor (TLR-4), a transmembrane receptor
of macrophages and dendritic cells related with innate and adapted immunity, has been widely
studied in A. butzleri (GOlz et al., 2016a, and references therein). These studies used gnobiotic or
germ-free mice and demonstrated that the immune response, both local and systemic, is dependent
of the TLR-4 expression (G0lz et al., 2015a) and that the union of lipopolysaccharides (LPS) and
lipooligosaccharides (LOS) to the membrane receptor TLR-4 produced the increment of the
inflammatory response (Heimesaat et al., 2015a). Furthermore, the absence of TLR-4 receptors
produced a diminution in the apoptosis of colonic cells (Golz et al., 2015b) and in the number of
immune response cells (Heimesaat et al., 2015b). The presence or absence of TLR-4 receptors
produces changes in the expression of genes related with inflammatory and regulatory immune
responses (Golz et al., 2016b; Heimesaat et al., 2016). The ability of Arcobacter to adhere and
invade epithelial cells, along with the production of cytotoxicity and inflammatory response can be
the mechanisms used by the bacteria for the production of illness. Additionally, Biicker et al. (2009)
demonstrated the ability of A. butzleri to decrease the expression of claudin-1, -5 and -8 in tight
junctions that produced the destruction of the epithelial barrier and the increase in paracellular
transport. This mechanism is related with the leak efflux diarrhoea produced by Arcobacter, as
schematized by Collado and Figueras (2011) (Figure 3).
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Figure 3. Mechanisms in the pathogenesis of Arcobacter in intestinal
epithelial cells. Adapted from Collado and Figueras (2011).

1.6.3 Animal models

Several studies investigated the Arcobacter infections in different animal models, as
piglets, chickens and turkeys (Wesley et al., 1996; Wesley and Baetz, 1999), mice (G6lz et al.,
2016a; and references therein) and zebrafish (Acik et al., 2016). The most important results of these
studies were the demonstration that the virulence of Arcobacter depends of the infected host and
the species studied. For example, Wesley et al. (1996) tested the infection of 4. butzleri, A.
cryaerophilus and A. skirrowii in a one-day-old caesarean-derived colostrum-deprived piglets. In
this study A. butzleri exhibit the longer bacteria shedding and the most invasiveness, while A.
cryaerophilus and A. skirrowii did not show these activities (Wesley et al., 1996). This behaviour of
A. butzleri was not present in chickens or turkeys, however this species colonized and even killed
Beltsville white turkeys (Wesley and Baetz, 1999). The behaviour of 4. cryaerophilus in orally
infected Rainbow trout (Oncorhynchus mykiss) was quite different. In these studies, the bacteria
produced degeneration in the respiratory system and viscera haemorrhage, inflammation of
intestine and spleen, and finally produced the death of the host (Yildiz and Aydin, 2006). Acik et al.
(2016) tested A. butzleri infection in Zebrafish (Danio rerio) using intraperitoneal and immersion
infections and showed microscopic lesions in some organs and tissues, however, macroscopic
lesions or clinical symptoms were not observed.

1.7 Genomics

A total of 48 Arcobacter genomes and 19 metagenomes were publicly available at the GenBank
database up to 11" May, 2018 (https://www.ncbi.nlm.nih.gov/genome/?term=arcobacter) and are
summarized in Table 3. From them, 7 genomes are at complete status, 4 belonging to A. butzleri
(RM4018, NCTC 124817, 7hlh and ED-I strains), one to A. nitrofigilis DSM 7299 and 2 to
Arcobacter sp. (L and LPB0137 strains). Only in 5 of these genomes (4. butzleri, A. nitrofigilis, A.
anaerophilus, A. thereius and Arcobacter sp. CAB) an almost complete functional analysis had been
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performed (Miller et al., 2007; Pati et al., 2010; Carlstrom et al., 2013; Roalkvam et al., 2015;
Rovetto et al., 2017), and 6 have been published as genome announcements only describing the
genomic characteristics obtained after their annotation (Toh et al., 2011; Merga et al., 2013; Adam
et al., 2014a, 2014b, 2014c; Mizutani and Tanaka, 2017) (Table 3). The genome of A. butzleri
RM4018, isolated from a clinical human sample, was the first published genome of Arcobacter
(Miller et al., 2007). Analyses performed on this genome evidenced that this strain possessed
pathways and loci characteristic of free-living organisms and presented sulphur metabolism genes
typical of Nitratiruptor, Sulfurovum and Sulfurimonas (Miller et al., 2007). These characteristics
suggested that a re-evaluation of the taxonomy of the genus Arcobacter was needed. In 2017, Waite
and co-workers analysed the genomes of several taxa evidencing that the proteome of the genus
Arcobacter 1s more related to Sulfurimonas, Sulfuricurvum and Thiovulum, in agreement with the
result obtained by Miller et al. (2007). Additionally, the genome of A. butzleri RM4018 also showed
putative virulence genes homologous to the ones described for Campylobacter evidencing the
potential pathogenicity of this species (Miller et al., 2007). The second published genome was the
one of 4. nitrofigilis DSM7299" but in this paper, they did not analyse the relationship of the genes
present with the physiological characteristics of this species (Pati et al., 2010). The latter species is
the one with the biggest genome (3.19 Mb) when compared with the genomes of A.butzleri
RM4018 (2.34 Mb) or Campylobacter jejuni (1.64 Mb). It has been considered that the size could
be an indicative of the adaptation of A. nitrofigilis to the environment (Miller and Parker, 2011).

In 2013, Carlstrom et al. published the genome of Arcobacter sp. CAB isolated from marine
sediment of Berkeley Marina (Berkeley, CA, USA) that was the first Arcobacter dissimilatory
perchlorate-reducing bacteria (DPRB), being also the first DPRB Epsilonproteobacteria isolated in
a pure culture. Furthermore, the halophilic character of the strain CAB, was not observed in other
DPRB, allowing the study of this physiological trait in a new environmental background (Carlstrém
et al., 2013). The analysis of the (per)chlorate reduction island showed that the strain CAB did not
show the essential gene (pcrC) that encodes for the c-type cytochrome, evidencing a new metabolic
pathway within the DPRB (Carlstrom et al., 2013). The low percentage of similarity of the 16S
rRNA gene (94%) of the CAB genome and the ability to oxidize fructose and catechol are
characteristics absent in other Arcobacter species, indicating that the CAB strain belongs not only to
a new Arcobacter species as suggested by the authors (Carlstrom et al., 2013), but also to a potential
new genus.

The lithoautotrophic metabolism was also described two years later in A. anaerophilus 1R-1
by Roalkvam et al. (2015). This species used tryptone, reduced ferric iron citrate and showed the
presence of genes that encodes NAD -reducing hydrogenase. This strain was isolated from the
Utsira aquifer (Utsira, Norway) and showed a metabolic profile similar to Nautiliales, Sulfurovum
and Sulfurimonas, in agreement with previous results of proteomic data (Miller et al., 2007; Waite et
al., 2017). In this study, Roalkvam et al. (2015) compared the genome of 4. anaerophilus IR-1 with
the genomes of A. butzleri RM4018 and A. nitrofigilis DSM 7299 and showed that the free-living
strains (4. anaerophilus IR-1 and A. nitrofigilis DSM 7299") had common pathways for central
carbon metabolism, nitrogen fixation and sulphur reduction that were absent in the genome of 4.
butzleri RM4018 (Roalkvam et al., 2015). Unlike the other two genomes, the genome of A.
anaerophilus IR-1 did not have genes for nitrite reduction, that could indicate a good tolerance to
high nitrite levels (Roalkvam et al., 2015).
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The most deeply study comparing several genomes was recently performed by
Rovetto et al (2017), in which authors completely sequenced the genome of A. thereius LMG
24486" and compared it with 8 more genomes of A. thereius. Comparative analyses showed
that the genomes are very similar, however minor differences can be found between genomes
from different sources i.e. cloacal swab of duck and pig faeces (Rovetto et al., 2017). The
presence of virulence genes and antibiotic resistance genes evidenced the pathogenic role of A4.
thereius and its consideration as emergent pathogen (Rovetto et al., 2017). The genome of 4.
thereius LMG 24486" showed one cluster for thiamine autotrophy that is not present in other
Arcobacter species (Rovetto et al., 2017; Miller et al., 2007; Pati et al., 2010). The comparison
of this genome with the genome of A. butzleri RM4018 evidenced the presence in the genome
of A. thereius LMG 24486" of the type I and II restriction endonucleases and the ectoine
biosynthesis pathway, while the genes involved in urease degradation where absent in this
genome (Rovetto et al., 2017). All these studies evidenced differences between the species
considered as human and animal pathogens and the ones considered as free-living bacteria.
Thus, a deeply phylogenetic and phenotypic analysis involving all the described Arcobacter
species must be performed to improve our knowledge and understanding of this diverse genus.

1.7.1 Genomic indexes used in taxonomy

The use of the DNA-DNA hybridization (DDH) has been widely used for species
delineation (Figueras et al., 2011), however, this methodology is time consuming and produces
experimental errors (Richter and Rossello-Mora, 2009; Figueras et al., 2011). The
disadvantages of the DDH technique along with the increasing genome sequencing,
encouraged researchers to develop other genomic analyses or indexes that involves
bioinformatic comparisons of the genomes. These new tools show a higher reproducibility and
produce more accurate similarity results. The calculation of the in silico DNA-DNA
hybridization (isDDH) described by Meier-Koltoff et al (2013) is the most closely related to
the experimental DDH and can be easily performed using the Genome-to-Genome Distance
Calculator (GGDC). In 2009, Richter and Rosell6o-Mora proposed the Average Nucleotide
Identity (ANI) for species delineation with a cut-off value of 95-96%. There are several tools
to calculate the ANI value like JSpecies (Richter and Rossello-Mora, 2009), OrthoANI (Lee et
al., 2016) or Kostas lab calculator (Goris et al., 2007; Rodrguez and Konstantinidis, 2014).

Despite the parameters to describe new bacterial species are well defined, the criteria
to describe new genera are limited to a value lower than 95% for the 16S rRNA gene
similarity and a G+C contents differing in more than 10% (Rossello-Moéra and Amann, 2001;
Yarza et al., 2008, 2014; Tindall et al., 2010). Furthermore, the ANI and isDDH used for
species delineation are considered not useful for genera description (Konstantinidis and Tiedje,
2005; Goris et al., 2007; Richter and Rossell6-Moéra, 2009; Qin et al., 2014; Chun et al., 2018).
The last years, new genomic indexes have been proposed for genus delineation like the
Average Aminoacid Identity (AAI) with values of 60-80% between genomes of the same
genera and the Percentage Of Conserved Proteins (POCP) with values above 50%
(Konstantinidis and Tiedje, 2007; Luo et al., 2014; Qin et al., 2014). Another parameter used
for evolutionary and ecological links between species has been the Relative Synonymous
Codon Usage (RSCU) (Ma et al., 2015; Farooqi et al., 2016).

25



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

1.7.2 Bioinformatic tools

Several tools have been developed for the genome characterization at functional and
metabolic levels including software and database that analyse the presence of virulence and
resistant genes in the studied genome. For virulence gene detection the most commonly used
databases are the Virulence Factors of Pathogenic Bacteria Database (VFDB) (Chen et al.,
2005), Victors Database (University of Michigan, USA) and PATRIC VF (Wattam et al.,
2017). Antibiotic resistance genes detection can be performed with the Antibiotic Resistance
Database (ARDB) (Liu and Pop, 2009) and the Comprehensive Antibiotic Resistance
Database (CARD) (Jia et al., 2017). An advantage of these databases is that they can be used
trough the Specialty Genes tool available at the PATRIC server (Wattam et al., 2017), that is a
user-friendly web page with tools for deep genomic analyses. Another database for antibiotic
resistance genes detection is the Antibiotic Resistance Gene-Annotation database (ARG-
ANNOT) (Gupta et al., 2014) that is periodically updated. This database must be used with the
BLASTDp tool (Boratyn et al., 2013). Additionally, the annotation by the Rapid Annotation
Subsystem Technology (RAST) (Aziz et al., 2008) allows to detect several genes related with
virulence and antibiotic resistance.

The functional and metabolic pathways can be derived from the genomic information
using the Functional Comparison Tool available in the Seed Viewer (Overbeek et al., 2014)
and that allows the comparison of the annotated proteins with RAST (Aziz et al., 2008)
between two genomes by the reconstruction of their metabolic pathways. For the phenotypic
characterization of the genomes, Weimann et al. (2016) developed the software Traitar. This
software derives 67 phenotypic traits from information extracted from the Global Infectious
Disease and Epidemiology Online Network (GIDEON) and from the Bergey’s Systematic
Bacteriology (Goodfellow et al., 2012).
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2. INTEREST AND OBJECTIVES
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Four different species of Arcobacter have been related with human illness, being A.
butzleri the most prevalent and with less prevalence the species A. cryaerophilus, A. skirrowii
and A. thereius. In fact, A. butzleri represents one of the most common Campylobacteraceae
species isolated from stool specimens of patients with acute enteritis. The typical presentation
of an Arcobacter infection is watery non-bloody diarrhoea, but cases of bacteraemia and
peritonitis can also be found in the literature. Despite the species 4. butzleri have been
described as an emergent pathogen a few studies about their epidemiology and genotypes have
been developed. Moreover, the routes that the bacteria follows to produce infections in animal
and humans is still poorly known. Different genotyping techniques have been developed, such
as AFLP, ERIC-PCR, MLST, etc. to analyse the epidemiological relationships between
Arcobacter strains. Additionally, no specific treatments for cases of Arcobacter infections have
been proposed despite different antimicrobials have been used in several studies. The lack of a
specific recommended treatment along with the increasing number of antibiotic resistance
mechanisms to different antibiotics evidences the needing for performing more studies using
clinical strains that may help to clarify these aspects.

Regarding the taxonomy of Arcobacter, the genus has been enlarged from the two
species that included the original description in 1991 to 27 species in 2018. This increment has
been produced by different reasons. One of them is the utilization of new molecular techniques
to analyse the phylogeny, such as the use of housekeeping genes or genomic information.
Another reason has been the development of new isolation protocols including 2.5% of NaCl
in the enrichment step and using marine agar for the isolation of the strains. Finally, the study
of new environments such as new types of shellfish and Antarctic mammals have also
increased the number of known species. Another taxonomic problem is the one related with
the species 4. cryaerophilus that has been classically differentiated in two DNA-DNA
hybridization subgroups (1A and 1B) but that recent studies concluded that the nomenclature
of these subgroups should be abandoned. Nonetheless, the use of genomic information can
allow us to understand better the relationships between these subgroups.

An important aspect in the taxonomical field is that the similarities between the 16S
rRNA gene of the Arcobacter species ranged from 91.2% to 99.6%, evidencing two main
aspects: 1) the 16S rRNA gene do not have enough resolution power to differentiate some
Arcobacter species i.e. the 99.6% of similarity between A. cloacae and A. ellisii; and ii) the
low similarities below the proposed cut-off for genus boundary (<95%) could represent that
these species belong to a different genus. Apart from the 16S rRNA similarity mentioned
above and a difference in G+C content higher than 10%, there is no standardized criteria for
genus delimitations. However, the introduction in taxonomic studies that compares genomes
either using different indexes (ANI, isDDH etc) or using phylogenomic studies of core genes
may provide new tools for the potential delineation of genera that could be tested in
Arcobacter. The increment in the number of described species along with the proposals of new
families and phyla related with Arcobacter evidence that the taxonomy of this genus should be
reviewed using the new commented technologies. The present study intends to analyse the
taxonomy of Arcobacter using a polyphasic approach including genomic information and to
increase the knowledge about the epidemiology and virulence potential of clinical strains
recovered from human infections.
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To achieve these goals, we developed the following specific objectives:

1.

To characterize the epidemiological relationship of clinical strains isolated from the
faeces of patients from three Spanish hospitals using the MLST approach and to screen
them for their antibiotic susceptibility and for the presence of virulence genes.

To determine, using a polyphasic taxonomic approach, including genomic information,
if seven Arcobacter isolates obtained from different sources can be considered new
species.

To perform a polyphasic re-evaluation of the taxonomic diversity of Arcobacter
cryaerophilus including genomic analyses.

To re-assess the taxonomy of the genus Arcobacter using phylogenetic and genomic
analyses including several genomic indexes and a phenotypic characterization.
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3. MATERIALS AND METHODS
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3.1 Strains used and isolation

The strains used in this thesis are shown in Supp. Table S1. A total of 78 strains
corresponds to field isolates, including strains from human clinical samples, from wastewater,
mammals, shellfish, etc; and 36 strains were obtained from culture collections, including
reference strains (n=10) and the type strains (n=26) of all the described Arcobacter species
(Supp. Table S1). The other 25 strains corresponded to genomes obtained from different
databases (n=16) or from strains isolated in other studies (n=9).

3.1.1 Strains isolated from human faeces

A total of 28 clinical strains isolated from human faeces were used in the study 4.1.
These strains were isolated from human faeces of patients from three different Spanish
hospitals i.e. Hospital Sant Joan de Reus (HSJR, n=5), Hospital Juan XXIII de Tarragona
(HIXXIII, n=22) and Hospital Miguel Servet of Zaragoza (HUMS, n=1). All strains were
isolated from Yersinia Selective Agar (CIN agar, Cefsulodin-Irgasan-Novobiocin, BD, Madrid,
Spain) or Campylosel agar (bioMérieux, Barcelona, Spain) and identified at the hospital
laboratories using phenotypical tests or matrix assisted laser desorption/ionization time-of-
flight (MALDI-TOF) with the Ultraflex instrument, that uses MALDI BIOTYPER 2.0
software (Bruker Daltonics, Bremen, Germany). Strains identified as Campylobacter or
Arcobacter were sent to our laboratory at the University Rovira i Virgili (Reus, Spain) for
further analysis. All the received strains were subcultured in Blood Agar (Merk, Madrid,
Spain) and incubated at 30°C for 2448 h.

3.1.2 Strains isolated from shellfish and water

The strains used in the study 4.2 and several strains of the study 4.6 (Supp. Table S1)
were isolated from shellfish and water samples. Shellfish samples were obtained from local
fishermen of Ebro delta (Spain), while water samples were obtained from a channel
contaminated with untreated human sewage from Poble Nou town (Spain) were the shellfish
were exposed for 4 days. The isolation was performed as previously described by Salas-Masso
et al. (2016) for shellfish samples and with modification of the protocol described by Collado
et al. (2009) for water samples (Salas-Masso et al., 2016). Briefly, 10 g of shellfish flesh and
intervarval liquid were resuspended in 90 ml of Arcobacter broth supplemented with CAT
(cefoperazone [8 png/ml], teicoplanin [4 pg/ml], and amphotericin B [10 pg/ml) and with 2.5%
(w/v) of NaCl (Salas-Masso et al., 2016). For the water samples, 200 ml of the sample was
concentrated by filtration using a 0.45 pm nitrocellulose membrane filter (Millipore,
Darmstadt, Germany) and the filter was resuspended in 9 ml of Arcobacter-CAT broth
supplemented with 2.5% (w/v) of NaCl. Samples were incubated on marine agar at 30°C in
aerobiosis for 48 h. After incubation time, both the water and shellfish samples were processed
in the same way: 200 ul of Arcobacter-CAT broth was inoculated by passive filtration in
marine agar through 0.45 pum filter (Salas-Masso et al., 2017). Marine agar plates were
incubated at 30° for 48 hours in aerobiosis. Colonies with similar morphology to Arcobacter,
i.e. small, circular, translucent and beige to off-white colonies, with entire margins and without
swarming activity, were subcultured in marine agar plates for subsequent analyses.
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3.1.3 Strains isolated from wastewater

The wastewater samples used in the study 4.3. were collected from the inlet of the
lagooning system (tertiary treatment) of the WWTP of Reus city (Spain). The samples were
collected in sterile bottles of 2 L and 200 ml of the sample was concentrated by filtration
through 0.45 pum nitrocellulose membrane filter. Filters were resuspended in 1 ml of distilled
water and mixed in a vortex. From this resuspension, 200 pl of the distilled water was plated
by passive filtration through a 0.45 filter onto blood agar plates. Plates were incubated at 30°C
for 48 hours in aerobiosis. Colonies with similar morphology to Arcobacter as described
above were subcultured in blood agar plates for subsequent analyses.

3.1.4 Strains isolated from mammals

During a Spanish expedition to the Antarctic peninsula in the austral summer of 2010,
one isolate (AHV-9/2010) was recovered from the rectal swab of an elephant seal (Mirounga
leonina) from the Avian island. The swab was introduced in FBP media (Gorman and Adley,
2004) supplemented with 0.5% active charcoal (Sigma Ltd) and conserved at -20°C until the
identification at the laboratory. The swab and 100 pl of the shipping media were added to 10
ml of Campylobacter enrichment broth (Lab M) with 5% horse blood (Oxoid) and
supplemented with CAT (cefoperazone [8 ug/ml], teicoplanin [4 pg/ml], and amphotericin B
[10 pg/ml]). The broth was incubated at 37°C for 5 days in microaerobiosis using CampyGen
sachets (Oxoid). After 48 hours and 5 days of incubation, an aliquot of 100 ul was plated onto
mCCDA agar plates and incubated at 37°C for 72 h in a microaerobic atmosphere. In addition,
a 47 mm diameter cellulose membrane with 0.60 um pores was placed on the surface of a
Columbia agar (Oxoid) with 5% defibrinated sheep blood. Eight to ten drops of enrichment
broth (200 pl) were placed onto the surface of the membrane at 48 hours and 5 days of
incubation. The membrane was left for 20 to 30 min on the agar surface at room temperature
until all the fluid had passed through. The plates were incubated as described above for 5 days
to isolate the less common, slower growing species. Presumptive Arcobacter colonies as
described before for the other isolation sources were only detected in Columbia agar. These
colonies were isolated on blood agar for subsequent analyses.

3.2 DNA extraction and genotyping

Genomic DNA for genotyping and phylogenetic analyses was extracted from pure
cultures using the InstaGene™ DNA Purification Matrix (Bio-Rad, Hercules CA, USA)
following manufacturer instructions. All the strains isolated from the different sources were
genotyped using the ERIC-PCR (Houf et al., 2000) in order to avoid working with clones.
Additionally, clinical strains were also genotyped with the MLST method described by Miller
et al. (2009). For this genotyping method, the seven housekeeping genes (aspA, atpA, ginA,
gltd, glyA, pgm and tkf) included in the Arcobacter scheme of the PubMLST database
(http://pubmlst.org/arcobacter/) were amplified and sequenced using primers and protocols
previously described (Miller et a., 2007, http://pubmlst.org/arcobacter/). The clustering
analysis of the strains was performed with a phylogenetic analysis using the clinical strains
deposited in the database of the Arcobacter scheme. Sequences were aligned with ClustalW
(Larkin et al., 2007) and a Neighbor-Joining (NJ) tree (Kimura, 1980; Saitou and Nei, 1987)
was constructed using MEGA v6.0 (Tamura et al., 2013). Recombination and selection tests
were performed using s.t.a.rt.2 software (https:/pubmlst.org/software/analysis/start2/).
Primers and conditions used for the two genotyping methods are shown in Table 4.
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3.3 Identification

The first approach for the identification of the strains of the study 4.2 at species level
was performed using four different molecular approaches: three different m-PCR (Houf et al.,
2000; Douidah et al., 2010; Khan et al., 2017) and the 16S rRNA gene RFLP (Figueras et al.,
2012). Primers used are summarized in Table 4. For the identification at species level in the
other studies, the rpoB housekeeping gene was analysed. Amplification and sequencing of this
housekeeping gene was performed using primers and conditions described by Levican Asenjo
(2013) (Table 4). Resulting sequences were aligned with the other described species of the
genus using ClustalW algorithm (Larkin et al., 2007) implemented in MEGA v6.0 (Tamura et
al., 2013). Phylogenetic analyses were performed with the Maximum Likelihood (ML) method
(Nei and Kumar, 2000) with MEGA v6.0 (Tamura et al., 2013).

Table 4. Primers used for the genotyping and identification of Arcobacter isolates.

Method Forward Reverse Target Size
Primer primer (bp)
Genotyping
ERIC*? ERIC 1R ERIC 2 Genome NA
MLST® aspABF aspABR aspA 477
atpABF atpABR atpA 489
glnABF glnABR glnA 474
gltABF gltABR gltA 429
glyABF glyABR ghyAl 507
pgmABF1 pgmABR pgm 503
tktABF tktABR tkt 462
aspACF2 aspACR2 aspA 477
atpACF atpACR atpA 489
glnACF2 glnACR1 glnA 474
gltACF gltACR gltA 429
glyACF glyACR ghyAl 507
pgmACF1 pgmACR pgm 503
tktACF tktACR2 tkt 462
Identification
m-PCR 1¢ BUTZ ARCO 16S rRNA 401
SKIRR ARCO 16S rIRNA 641
CRY1 CRY2 23S rRNA 257
m-PCR 2¢ ArcoF ButR 23S rRNA 2061
ArcoF TherR 23S rRNA 1590
ArcoF CibR 23SrRNA 1125
m-PCR 2¢ ArcoF SkiR 23SrRNA 198
GyrasF GyrasR ayrd 395
hsp60F hsp60R hsp60
m-PCR 3¢f SKIRR ARCO 16S rRNA 641
GyrB-F BGyrB-R gyrB 461
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(Continue...)

Method Forward Reverse Target Size
Primer primer (bp)
m-PCR 3% Cpn60-F Cpn60-R cpn60 372
GyrAcry-F GyrAcry-R  gyrd 262
RpoB-F RpoB-R rpoB 152
GyrAcib-F GyrAcid-R  gyrd 72
16S rDNA-RFLP®" CAH16Sla CAH16S1b  16SrRNA 1026
16S rRNA gene' Anti 1 S 16S rRNA 1500
Housekeeping genes'
rpoB poB-ArclSF  rpoB-Arc24R  rpoB 900
atpA atpA-Arc5F  atpA-Arcl2R atpA 751
gyrA gyrA-Arc4F  gyrA-Arc13R g4 1014
gyrB gyrB-Arc-7F  gyrB-Arc-14R gyrB 722
hsp60 cpn60-Arc2F  cpn60-Arc8R  hsp60 570

*Versalovic et al. (1991); PHouf et al. (2002), Miller et al. (2009), ‘Houf et al.
(2000), *Douidah et al. (2010), Khan et al. (2017), Figueras et al. (2008);
"Marshall et al (1999), Martinez-Murcia et al. (1992), ILevican Asenjo (2013)

For strains that clustered in a different branch from the known Arcobacter species, the
16S rRNA gene was amplified using primers and conditions described by Martinez-Murcia et
al. (1992) (Table 4) and the phylogenetic analysis was performed with the NJ method
(Kimura, 1980; Saitou and Nei, 1987) and the ML method (Nei and Kumar, 2000) with
MEGA v6.0 (Tamura et al., 2013). Furthermore, to know the exact taxonomic position of the
strains, a Multilocus Phylogenetic Analysis (MLPA) was performed using the concatenated
sequences of the five housekeeping genes atpAd, gyrd, gyrB, hsp60 and rpoB. These
housekeeping genes were amplified as described by Levican Asenjo (2013) (Table 4).
Phylogenetic analyses of the individual housekeeping genes were performed with the (NJ)
(Kimura, 1980; Saitou and Nei, 1987) and the ML (Nei and Kumar, 2000) methods.

3.4 Characterization of virulence factors and antimicrobial resistance

In the study 4.1., the presence of virulence genes and the antibiotic resistance were
studied. For the detection of the virulence genes, a m-PCR described by Douidah et al. (2012)
was used. With this method, the presence of nine putative genes (cadF, ciaB, cji1349, hecA,
hecB, irgA, mviN, pldA, and tlyA) related with Campylobacter virulence can be detected
(Douidah et al., 2012). Primers and conditions used for this analysis are shown in Table 5.
Arcobacter butzleri LMG 10828 was used as a positive control and water as a negative
control. PCR products were detected on 2% agarose gels prepared in 1X Tris-Borate-EDTA
buffet and stained with RedSafe (INtRON Biotechnology, Lynnwood, WA, USA) at 80V for
90 min, using a 100bp ladder (Thermo Fisher Scientific, Madrid, Spain) as a weight marker.
The amplification products were sequenced with the same primers used for the amplification
to ensure that the amplicons belonged to the expected genes.
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Table 5. Primers described by Douidah et al. (2012) for the detection of virulence genes.

Target Forward Reverse Size (bp)
Primer primer
cadlF cadF-F cadF-R 283
ciaB ciaB-F ciaB-R 284
cjl1349 cj1349-F cj1349-R 659
irgA irgA-F irgA-R 437
hecA hecA-F hecA-R 537
hecB hecB-F hecB-R 528
mviN mviN-F mviN-R 294
pldA pldA-F pldA-R 293
thyA tlyA-F tlyA-R 230

For the antibiotic susceptibility tests the disk diffusion method was used, following
recommendations of the Clinical and Laboratory Standards Institute for Campylobacter with
some modifications (CLSI, 2015). The BBL Sensi-Disc Susceptibility Test Discs (BD, Madrid,
Spain) used contained amoxicillin/clavulanate (20/10 pg), erythromycin (15 pg), gentamycin
(10 pg) tetracycline (30 ug) and ciprofloxacin (5 pug). For the susceptibility test, 100 pul of a
standardized culture containing 10° c¢.f.u. were plated in Blood Agar (Difco) and each disc was
placed on top of the agar. Plates were incubated at 30 °C in air and the inhibition zones were
measured at 24, 48 and 72 h. Each experiment was repeated twice in parallel.

3.5 Genomics

3.5.1 DNA extraction and sequencing

A total of 45 genomes were sequenced in our laboratory, 32 from known species
(Supp. Table S1). Total genomic DNA was extracted from pure cultures grown in blood agar
or marine agar, depending on the requirements, with the Easy-DNA™ gDNA Purification kit
(Invitrogen, Madrid, Spain) following manufacturer’s instructions. The extraction and
structural quality of the extracted DNA was checked by electrophoresis of 10 pl of DNA
sample in a 1.5% agarose gel. The total amount of DNA was quantified using Qubit™ with the
dsDNA Broad Range Assay kit (Invitrogen) and adjusted to 2ng/ul. For the genome
sequencing, paired-end libraries were constructed from 50 ng of DNA with the Nextera DNA
Library Preparation kit (Illumina, Lisbon, Portugal). Resulting libraries were sequenced with
the MiSeq platform of Illumina generating 300x2 paired-end reads. After reads cleaning, the
sequences were assembled using SPAdes (Bankevich et al., 2012) and the CGE assembler
(Larsen et al., 2012) in order to select the better assembly. To ensure that the sequenced
genomes corresponded to the strain of interest, the five housekeeping genes used in the MLSA
analysis performed in the identification (See section 3.3) were extracted from each genome
and compared with the Sanger sequences originally obtained for the first identification of the
strain. The no contamination and correct strain confirmation occurred when a single and
identical copy of these genes are obtained. Assembled genomes were screened for eukaryotic
and prokaryotic sequences and for adaptors, using BLASTn (Boratyn et al., 2013) and
VecScreen (https://www.ncbi.nlm.nih.gov/tools/vecscreen/), respectively. Before the genome
deposit at GenBank, contigs with less than 200 bp were eliminated.
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3.5.2 Genome annotation

The assembled genomes were annotated using three different annotation software in
order to avoid miss identifications and to reduce the number of non-annotated CDS. Some of
this software were also used specifically for some analyses, as the use of Prokka annotation
(Seemann, 2014) for Traitar (Weimann et al., 2016) and Roary (Page et al., 2015) software or
the use of RAST annotation (Aziz et al., 2008) for the Functional Comparison tool. The
annotations systems used were the Prokka v1.11 software (Seemann, 2014) using the
prediction tool Prodigal V2.6 (Hyatt et al., 2010), ARAGORN v1.2 (Laslett et al., 2004) and
Barnap v0.6 (http://www.vicbioinformatics.com/software.barrap.shtml) for the annotation of
rRNA genes, and the Coding sequences were also annotated with RAST (Aziz et al., 2008),
the PATRIC server v3.5.2. (Wattam et al., 2017) and the NCBI Prokaryotic Genome Automatic
Annotation Pipeline (PGAAP). The latter annotation was deposited in GenBank and its
publicly available.

3.5.3 Genomic characterization: phenotype, metabolism and pathogenesis.

For the virulence and antibiotic resistance genes on the genomes of the study 4.5, the
databases available at the Special genes tool of PATRIC were used (Virulence Factors of
Pathogenic Bacteria Database (VFDB) (Chen et al., 2005), Victors Database (University of
Michigan, USA), PATRIC_VF (Wattam et al., 2017), Antibiotic Resistance Database (ARDB)
(Liu and Pop, 2009) and Comprehensive Antibiotic Resistance Database (CARD) (Jia et al.,
2017)). Additionally, the Antibiotic Resistance Gene-Annotation database (ARG-ANNOT)
(Gupta et al., 2014) was also used with BLASTp algorithm (Boratyn et al., 2013). The
functional and metabolic characterization of the genomes of the studies 4.5 and 4.6 was
performed with the functional Comparison Tool of the Seed Viewer (Overbeek et al., 2014)
using the annotations obtained with RAST (Aziz et al., 2008). Furthermore, the metabolic
routes were inferred using the Traitar software (Weimann et al., 2016) from the protein coding
gene files obtained after the genome annotation with Prokka v1.2 (Seemann, 2014).

3.5.4 Genomic indexes

Several genomic indexes were calculated between the genomes in the studies 4.2, 4.3,
4.4, 4.5 and 4.6. The Average Nucleotide Identity (ANI) was calculated with OrthoANI (Lee et
al., 2016) (Studies from 4.2 to 4.5) and with the JSpeciesWS software (Richter et al., 2016)
(Study 4.6), while the in silico DNA-DNA hybridization (isDDH) was calculated in all the
mentioned studies with the GGDC software (Meier-Kolthoft et al., 2013). Additionally, in the
study 4.6 other three indexes were calculated. The Average Aminoacid Identity (AAI) was
calculated from the output files obtained with the Sequence-Based Comparison Tool of RAST
with the  Lycoming  College = Newman Lab  AAIr  calculation  tool
(http://lycofsO1.lycoming.edu/~newman/AAl/). The Percentage Of Conserved Proteins
(POCP) was calculated with BLASTp (Boratyn et al., 2013) as described by Qin et al. (2014),
that considers a conserved protein when it covers an aligned region higher than 50% and
shows an e-value lower than le-5 and a percentage of identity higher than 40% (Qin et al.,
2014). Finally, the Relative Synonymous Codon Usage (RSCU) (Ma et al., 2015; Farooqi et
al., 2016) was computed with the Codon Adaptation Index (CAI) (Sharpl and Li, 1987) using
the CAl-calc webserver (Puigbo et al., 2008). The differences in the RSCU were statistically
analysed by multinomial regression using the R package (R Core Team, 2015). Results of
RSCU were represented by a Principal Component Analysis (PCA) with R package and
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visualized with ggplot2 and ggfortify (Wickham, 2009; Horikoshi and Tang, 2015; Tang et al.,
2016).

3.5.5 Phylogenetic analysis

A phylogenetic analysis was performed for the genomes used in the studies 4.5 and
4.6. The phylogenetic relationship of the 13 representative genomes of A. cryaerophilus
(LMG 242917, LMG 10229", LMG 9861, LMG 9065", LMG 9871, LMG 29976", and LMG
10210) analysed in the study 4.5 was performed with the pipeline implemented in the PATRIC
(Wattam et al., 2017) server using the ML estimation (Nei and Kumar, 2000) with RAXML
(Stamatakis, 2014) taking as outgroup the genome of A. trophiarum LMG 25534". The
PATRIC pipeline constructs a phylogeny with the homologous proteins identified by BLASTp
(Boratyn et al., 2013) and clusters these proteins with the Markov Cluster Algorithm (MCL)
(Dongen, 2000). After that, an alignment of the protein set is performed using MUSCLE
(Edgar, 2004), and the Hidden Markov Models (HMM) were constructed with HMMER tools
(Eddy, 1998).

The genomes used in the study 4.6 were phylogenetically analysed using 13
housekeeping genes extracted from the genomes and studying the core genome. For the core
genome analysis, the software Roary (Page et al., 2015) was used to extract and align the core
genome shared by the 55 genomes used. For this analysis, a cut-off of 80% was used for the
BLASTp search. Both phylogenies were represented with the Split Decomposition Analysis
(SDA) as described by Sawabe et al. (2007) with the program SplitsTree v4.14.2 (Huson and
Bryant, 2006) using the neighbor net drawing (Bandelt and Dress, 1992) and Jukes-Cantor
correction (Jukes and Cantor, 1969).

3.6 Phenotypical characterization

The recommendations in the minimal standards for describing new taxa of the family
Campylobacteraceae (Ursing et al., 1994; On t al., 2017) were used for the colony
morphology, the temperature and atmospheric conditions for growth, the analysis of the
biochemical properties and the resistance to antimicrobial agents. All tests were carried out at
least twice for the strains considered as potential new species, from the nearest species
recognized after the phylogenetic analyses and for the species used as positive and negative
controls. In some cases (see results from studies 4.2 to 4.4), the phenotypic characteristics of
the nearest species were extracted from the literature. The morphology of the colonies was
analysed from the growth obtained at 30°C on marine agar or blood agar for 24-72 hours,
depending on the requirements of the strains. A total of 39 tests were carried out, comprising
tests for growth conditions (n=12) and biochemical properties (n=27). Growth conditions
were evaluated on the required culture media at 22-25°C, 30°C, 37°C and 42°C in aerobiosis,
microaerobiosis and anaerobiosis. The biochemical properties were evaluated at 30°C on blood
agar or blood agar supplemented with 2% NaCl, depending on the strain tested, for each
condition. The biochemical properties tested included catalase, oxidase, and urease activity,
nitrate reduction, glucose fermentation and H,S production in triple-sugar iron agar, hydrolysis
of casein, lecithin, starch and indoxyl acetate, growth in media supplemented with 4% NacCl,
0.05% safranin, 0.005 fuchsine, crystal violet, brilliant green, 0.1, 0.01 and 0.04% triphenyl
tetrazolium chloride (TTC), 1% oxgall, 0.1% sodium deoxycholate, 1% glycine, and growth
in charcoal cefoperazone deoxycholate agar (CCDA), minimal media and MacConkey agar.
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For the antibiotic resistance, the tested antibiotics were nalidixic acid (30 pg 1-1), cephalothin
(30 pg I-1) and cefoperazone (64 mg 1-1).

3.6.1 Transmission Electron Microscope

Bacterial cells were observed at the Transmission Electron Microscope (TEM) JEOL
1011 for the study of the morphology, the cell size and the presence of flagella. Cells growth
on the required media were fixed in 2% glutaraldehyde in 0.1% phosphate buffer for 30 min.
The suspension was mounted in a copper grid and the excess of liquid was absorbed through
the grid using a cellulose filter positioned in the bottom of the grid. The preparation was
negatively stained with 2% phosphotungstic acid (pH 7.5) for 1 min and the images were
obtained at 100V. The cell measurements were take on the images using ImageJ software
(National Institutes of Health, USA).
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4. RESULTS
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4.1 Antimicrobial susceptibility, virulence potential and sequence types associated with
Arcobacter strains recovered from human faeces. (2017) Pérez-Cataluna, A., Tapiol, J.,
Benavent, C., Sarvis, C., Gomez, F., Martinez, B., Terron-Puig, M., Recio, G., Vilanova, A.,
Pujol, 1., Ballester, F., Rezusta, A., Figueras M.J. J Med. Microbiol. 66:1-8.
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Antimicrobial susceptibility, virulence potential and sequence
types associated with Arcobacter strains recovered from
human faeces
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Abstract

Purpose. The genus Arcobacter includes bacteria that are considered emergent pathogens because they can produce
infections in humans and animals. The most common symptoms are bloody and non-bloody persistent diarrhea but cases
with abdominal cramps without diarrhea or asymptomatic cases have also been described as well as cases with bacteremia.
The objective was to characterize Arcobacter clinical strains isolated from the faeces of patients from three Spanish
hospitals.

Methodology. We have characterized 28 clinical strains (27 of A. butzleri and one of A. cryaerophilus) isolated from faeces,
analysing their epidemiological relationship using the multilocus sequence typing (MLST) approach and screening them for
their antibiotic susceptibility and for the presence of virulence genes.

Results/Key findings. Typing results showed that only one of the 28 identified sequence types (i.e. ST 2) was already present
in the MLST database. The other 27 STs constituted new records because they included new alleles for five of the seven
genes or new combinations of known alleles of the seven genes. All strains were positive for the ciaB virulence gene and
sensitive to tetracycline. However, 7.4 % of the A. butzleri and A. cryaerophilus strains showed resistance to ciprofloxacin.

Conclusion. The fact that epidemiological unrelated strains show the same ST indicates that other techniques with higher
resolution should be developed to effectively recognize the infection source. Resistance to ciprofloxacin, one of the antibiotics
recommended for the treatment of Arcobacter intestinal infections, demonstrated in 10.7 % of the strains, indicates the
importance of selecting the most appropriate effective treatment.

INTRODUCTION proteins extracted from 628 Epsilonbacteria genomes and
33 population genomes from metagenome datasets [3].
Since the first description of the genus Arcobacter with spe-
cies previously considered atypical aerotolerant campylo-
bacters in 1991 and 1992 [1, 4], the genus has evolved very
fast and currently, in 2017, it includes a total of 26 species
[5-7]. Arcobacter spp. have been isolated worldwide from
various sources including food products mainly of animal
origin like meat, milk, as well as from vegetables, shellfish,

The genus Arcobacter, considered closely related to the
genus Campylobacter, belongs to the family Campylobacter-
aceae [1, 2]. The differentiation between Campylobacter and
Arcobacter is based on the capacity of the species of the lat-
ter genus to grow at lower temperatures and to tolerate oxy-
gen [1]. Recently, a new classification has been proposed
with a description of the new family Arcobacteraceae and
Epsilonbacteria being raised to the phylum level with the

new name Epsilonbacteraeota [3]. This reclassification was etc. (2, 8].
supported by a phylogenetic inference with the 16S and 23S In Belgium and France, Arcobacter is the fourth most com-
rRNA genes as well as with 120 concatenated conserved mon bacteria belonging to the family Campylobacteraceae
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isolated from the faeces of patients with enteric disease, and
the third most prevalent in South Africa [9-11]. Bacteria of
this genus are considered emergent pathogens according to
the International Commission on Microbial Specifications
for Foods [12] because they can produce infections in
humans and animals ([2, 13] and references therein). Four
species, i.e. A. butzleri, A. cryaerophilus, A. thereius and
A. skirrowii, have so far been related to human infections
[11, 13, 14]. Among the cases reported, the most common
symptoms are bloody and non-bloody persistent diarrhea
but cases with abdominal cramps without diarrhea or
asymptomatic cases have also been described as well as cases
with bacteremia [11, 13-16]. Cases of person-to-person
transmission have been reported but the most common
routes have been related to the consumption of contami-
nated water, raw or poorly cooked vegetables, shellfish, etc.
[2, 13]. Arcobacter have also been associated with foodborne
and waterborne outbreaks [2, 17, 18].

In 2009, Miller and co-workers developed an Arcobacter
multilocus sequence typing (MLST) scheme and PubMLST
database (http://pubmlst.org/arcobacter/) based on seven
housekeeping genes to determine the epidemiological rela-
tionship of the studied isolates [19]. Since then this epide-
miological typing method has been used in several studies
[20-24]. However, at the time of writing, only 14.8 % (127/
859) of the isolates deposited in the PubMLST database
were from human origin. Considering the limited number
of sequences from clinical sources, it is important to con-
tinue studying these kinds of isolates to create a more robust
database that can be used in epidemiological studies of the
genus. Therefore, the aim of this work was to characterize
clinical strains isolated from the faeces of patients from
three Spanish hospitals, analysing their epidemiological
relationship using the MLST approach and screening them
for their antibiotic susceptibility and for the presence of vir-
ulence genes.

METHODS

Strain isolation

A total of 28 strains recovered from faeces were obtained
from three different Spanish University hospitals between
2013 and 2017. One strain came from the University Hospi-
tal Miguel Servet (prefix strain HUMS) from the city of Zar-
agoza, five from the University Hospital Sant Joan de Reus
(prefix strain HSJR) from Reus and 22 strains were received
from the University Hospital Joan XXIII (prefix strain
HJXXIII) from Tarragona. All strains came from patients
with gastrointestinal symptoms except one that was isolated
from a healthy patient during a medical check-up after
returning from Africa (HSJR-6). All strains were isolated
from Yersinia Selective Agar (CIN agar, Cefsulodin-Irga-
san-Novobiocin, BD, Madrid, Spain) or Campylosel agar
(bioMérieux, Barcelona, Spain). Strains were identified at
the hospital laboratories using phenotypical tests or matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) with the Ultraflex instrument, that uses MALDI

BIOTYPER 2.0 software (Bruker Daltonics, Bremen, Ger-
many). Strains identified as Campylobacter or Arcobacter
were sent to our laboratory at the University Rovira i Virgili
(Reus, Spain) for further analysis. All strains were subcul-
tured in Blood Agar (Merk, Madrid, Spain) and incubated
at 30°C for 24-48h from where the DNA from pure cul-
tures was extracted using InstaGene DNA Purification
Matrix (Bio-Rad Laboratories, Hercules, CA, USA). Each
strain was genotyped with the enterobacterial repetitive
intergenic consensus PCR (ERIC-PCR), using primers and
conditions previously described [25] to find potential
clones. In order to verify the species identity, the rpoB gene
was sequenced using primers (rpoB-Arc-F/rpoB-Arc-R)
and conditions described by Levican [26]. The amplification
product was confirmed by electrophoresis in a 1.5 % agarose
gel with 3.5l of RedSafe (INtRON Biotechnology, Lynn-
wood, WA, USA) nucleic acid staining solution at 100 V for
45 min. The PCR products were diluted to a final concentra-
tion of 75ng pl ' and sequenced by Macrogen Europe. The
obtained rpoB sequences were aligned using CLUSTALW [27]
with those of all type strains of all of the known Arcobacter
species included in our bona fide in-house database using
MEGA v6.0 [28]. A phylogenetic analysis was used to identify
the strains at species level using the neighbour joining (NJ)
method [29, 30].

Multilocus sequence typing

The seven housekeeping genes (aspA, atpA, glnA, gltA, glyA,
pgm and tkt) included in the Arcobacter scheme of the
PubMLST database (http://pubmlst.org/arcobacter/) were
amplified and sequenced using primers and protocols
described there and published by Miller et al. [19]. The
allele and sequence type (ST) assignments of the studied iso-
lates were obtained using the database where they were all
deposited (http://pubmlst.org/arcobacter/). Recombination
and selection tests were performed using s.t.a.r.t.2 software
(https://pubmlst.org/software/analysis/start2/). To analyse
the clustering of our strains with the clinical strains isolated
from humans and deposited in the PubMLST database,
sequences of the seven genes were aligned with cLUSTALW
[27] and a phylogenetic tree was constructed using the NJ
algorithm [29, 30] with MEGA 6.0 [28]. Type strains of A.
thereius and A. cibarius and the strain of A. skirrowii LMG
10238 were used as the outgroup (Fig. 1).

Detection of virulence genes

The DNA from each strain was also screened for the pres-
ence of five virulence genes (ciaB, cadF, ¢j1349, hecA and
irgA) using the PCR primers and conditions described by
Douidah et al. [31], using strain A. butzleri LMG 10828 as
a positive control and water as a negative control. Amplifi-
cation products were analysed on 2% agarose gels at 80 V
for 90min using a 100bp ladder as a weight marker
(Thermo Fisher Scientific, Madrid, Spain). Gels were pre-
pared in buffer 1x Tris-Borate-EDTA (TBE) and stained
with RedSafe (INtRON Biotechnology, Lynnwood, WA,
USA). Image capture was performed using Gel Doc XR Sys-
tem (Bio-Rad, Madrid, Spain). To ensure that the
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Fig. 1. NJ tree showing the distribution of the Spanish STs (black dot and black star) among the human clinical strains of A. butzleri
and A. cryaerophilus available in the PubMLST database. Notice that the Spanish strain (HJXXX-4) assigned to ST2 (black star) cluster

with the only two ST2 strains of the database that corresponded to gastrointestinal cases from France and Belgium. Two groups of
seven Spanish strains each cluster together with other STs of the database (C1 and C2).

amplification products belonged to the expected virulence

genes the PCR products were sequenced with the same pri-
mers used in the amplification.

Antibiotic resistance

The antibiotic susceptibility of each strain was assayed using
the disk diffusion method following recommendations of

the Clinical and Laboratory Standards Institute for Cam-
pylobacter with some modifications [32]. Tested antibiotics
and concentrations were amoxicillin/clavulanate (20/10 pg),
erythromycin (15ug), gentamycin (10ug) tetracycline
(30 ug) and ciprofloxacin (5 ug) using BBL Sensi-Disc Sus-
ceptibility Test Discs (BD, Madrid, Spain). For each strain,
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100 ul of a standardized inoculum containing 10° c.f.u. were
plated in Blood Agar and each disc was placed on top of the
agar. Plates were incubated at 30 °C in air and the inhibition
zones were measured at 24, 48 and 72h. Each experiment
was repeated twice in parallel.

RESULTS AND DISCUSSION

Strain identification and multilocus sequence
typing

The 28 strains received at the Unversitat Rovira I Virgili
were identified at the hospitals as A. butzleri (n=22), Arco-
bacter sp. (n=5) and Campylobacter (n=1). The rpoB gene
analysis showed that 27 strains belonged to A. butzleri and
one to A. cryaerophilus (HSJXII-11) (data not shown).
These results are in agreement with the Arcobacter spp. of
human origin present in the PubMLST database dominated
by the species A. butzleri (94.6%) and A. cryaerophilus
(5.4%) (http://pubmlst.org/arcobacter/). The 22 strains

identified with MALDI-TOF as A. butzleri at the hospitals
were correctly assigned at species level.

The MLST alleles and ST found for the 28 strains are listed
in Table 1 and their relationship with the ST of other strains
of human origin included in the database is shown in Fig. 1.
Only one strain (HJXXIII-4) belonged to the already known
ST 2 (aspA-2; atpA-2; glnA-10; gltA-10; glyA-10; pgm-11;
tkt-10) available in the database from only two clinical
strains from France and Belgium related to gastrointestinal
cases (Fig. 1). The fact that apparently epidemiologically
unrelated clinical strains show the same ST, as has been pre-
viously reported for the Legionella pneumophila MLST
schemes, indicates that this approach does not show enough
resolution to discriminate the infection source, especially
for worldwide distributed STs [33]. The other 27 STs were
all new and therefore our study increased the number of
clinical STs in the database, from 77 (at the time of writing)
to 104. However, of these new STs the majority (20/27,

Table 1. MLST results of the 28 clinical strains with allelic profiles according to the Arcobacter MLST database

The new alleles and the resulting new ST are in bold. Strain HJXXIII-11, reference 877 at the PubMLST database is the one corresponding to

A. cryaerophilus.

Strain PubMLST ID aspA atpA glnA gltA glyA pgm tkt ST

HUMS-1 708 30 5e-d 19°¢ 65" 517 1644 gn brdoe 483
HSJR-2 872 64 34974 1% 1244 522 50 b d 554-d 493
HSJR-3 711 80" 67° 49° 124 47° 44° 33974 485
HSJR-4 873 80" 67° 49° 12074 524 2@ bd 3307 494
HSJR-5 874 80° 67° 49° 2544 171° 265 26% 4 495
HSJR-6 875 38%b 30%¢ 11474 200 518 264 208 496
HSJR-7 876 399°¢ 33974 204 128° 595 317 4074 642
HJXXIII-1 709 73%7¢ 1247 19°¢ ghde 517 10% 4 ¢ g% b d e 484
HJXXIII-2 868 237 45° 26°7¢ 48 b 4 113%¢ 85° 205 490
HJXXIII-3 869 8% ¢ ge-e 137¢ 166° ¢ 519 194 204 491
HJXXIII-4 712 20 bd 20-d 10° 10° 10° 114 10 & 4 2°

HJXXIII-5 705 30%4 5a-d 704 26% 4 1254 102°-¢ 580 d ¢ 470*
HJXXIII-6 870 80° 67° 49° 25% 4 523 266 g% b de 492
HJXXIII-7 706 7397¢ 12°°¢ 30%¢ ob e 220° 10% 4 ¢ 1797 478*
HJXXIII-8 871 304 504 5-¢ 309 525 35074 404 497
HJXXIII-9 707 24%4 2394 224 254 10° 86> 4 26% 4 482*
HJXXIII-10 710 739°¢ 12°°¢ 19 65° 517 10+ % ¢ g brde 486
HJXXIII-11 877 260 81> 4 614 4 177 560 319 227 638
HJXXIII-12 878 80" 67° 49° 25% 4 171° 290 26% 4 639
HJXXIII-13 879 30974 5974 5a-¢ 657 44° 10% ¢ gn brde 640*
HJXXIII-14 880 30 5a-d ga-d 30 559 3594 4974 641
HJXXIII-15 881 80" 67° 49° 1244 524 321 33974 643
HJXXIII-16 882 80° 67° 49° 234 524 304 230 4 679
HJXXIII-17 883 24% 4 2394 224 25% 4 56% ¢ 86> 26% 4 644*
HJXXIII-18 884 73%°¢ 12°7¢ 17¢ 9 e 385° 263° 1477 645*
HJXXIII-19 885 155 4 ¢ 104 b e 344 4 2394 4414 368 51% 4 677
HJXXIII-20 886 50%4 40 ¢ 19% 4 1244 1657 684 48% 4 678*
HJXXIII-21 887 730°¢ 1247 1% 9% d ¢ 220° 10% ¢ 1794 676*

*New ST resulting from new combinations of known alleles. Source of isolation for the already existing alleles in the database are: a, human; b, ani-

mals; ¢, environmental water; d, food; e, shellfish; f, unknown.
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74 %) were generated by the incorporation of new alleles for
five of the seven genes (glyA 12 new alleles, pgm 7, tkt 3,
aspA 2 and gltA 1) as shown in Table 1.

Genes atpA and glnA did not show any new allele. In the
remaining strains (7/27, 25 %), the new STs were due to the
presence, in our strains, of new combinations of known
alleles. All of the known alleles were previously isolated
from humans, among other sources as indicated in Table 1.
In relation to the other strains and as expected, the
A. cryaerophilus strain (HJXXIII-11, 877) was the most dif-
ferent, with four of the seven genes presenting new alleles,
including one for the gltA gene, for which none of the
A. butzleri strain showed any new allele (Table 1). The num-
ber of different alleles found for the 28 strains and for each
of the seven genes was gene-specific, the genes pgm (22
alleles) and glyA (21 alleles) being the most diverse. The
high diversity of glyA and pmg agrees with these being the
genes with more alleles in the database (http://pubmlst.org/
arcoabcter/) with 425 and 286, respectively.

When the composition of the allelic profiles was analysed in
our strains, an apparent association between the alleles
aspA-80, atpA-67 and glnA-49 known only from human
origin was observed (Table 1). This was suggested by the
fact that the combination of these three alleles occurred in
seven of our strains (25 %, Table 1) and also in isolate 271
of the database that was also isolated from humans. None of
the other strains in the database showed these allele combi-
nations nor the alleles atpA-67 and/or glnA-49, and the
allele aspA-80 was only found in another strain (strain 270,
LMG 15577) recovered from the stool of a patient with gas-
troenteritis. These findings support the hypothesis that
these alleles could be a human signature. Further studies
would be required to confirm this observation.

The number of alleles, the synonym substitutions (ds) and
the non-synonymous substitutions (dy) and the polymor-
phic sites for each locus are listed in Table 2. In fact, genes
pgm and glyA that showed a higher number of alleles, i.e. 22
and 21, respectively, were also the genes that showed more
polymorphic sites (Table 2). Several studies have evaluated
the ratio of non-synonymous to synonymous evolutionary
substitutions (dn/ds) of the seven genes included in the
MLST approaches of several genera including Arcobacter
[24, 34-37]. In our study, the ratios ranged from 0.0000 for
the gltA gene to 0.1379 for the glyA gene. These results (dy/

Table 2. Results of recombination and selection tests for each locus

Locus Alleles Polymorphic sites dy dg dn/ds
aspA 11 20 0.0009 0.0585 0.0161
atpA 13 23 0.0039 0.0424 0.0923
ginA 16 20 0.0015 0.0365 0.0402
gltA 14 13 0.0000 0.0473 0.0000
ghyA 21 45 0.0086  0.0624  0.1379
pgm 22 38 0.0016 0.0836 0.0187
tkt 15 21 0.0014 0.0610 0.0226

ds<1) evidenced that a negative selection occurs within
these genes, in agreement with the A. butzleri data obtained
by De Cesare et al. [24] with dy/ds ratios ranging between
0.0000 for gltA to 0.1246 for atpA among the seven loci.

Results of negative selection have also been observed in
other MLST schemes using different loci for Leptospira spe-
cies [34], Lactococcus lactis [36] or Mycoplasma hominis
[37] with results of dy/ds in most of the cases below 0.1.
The only exception is the MLST study for Staphylococcus
lugdunensis where four of the seven genes showed dy/ds
ratios higher than 0.2, but there was no evidence of positive
selection when other selection tests (i.e. Tajima’s test) were
performed [35].

Epidemiological analysis

A phylogenetic analysis (Fig. 1) was performed comparing
the 28 STs from Spain with all those from human origin
(n=132) present in the MLST database, at the time of writ-
ing. This comparison showed that half of the Spanish ST's
(n=14) grouped randomly with the ST's already included in
the database, while the other half (14, 50 %) formed two
clusters (Fig. 1). Cluster 1 (C1) included seven Spanish ST's
[i.e. six from the same hospital (HJXXIII) not related in
time and the ST isolated from the city of Zaragoza] and two
STs from other European countries (one from Germany
and one from France). However, cluster 2 (C2) grouped
seven Spanish STs, recovered from two hospitals [i.e. HSJR
(n=3) and HJXXIII (n=4)], with two STs from strains from
the USA and Thailand (Fig. 1). Apart from these associa-
tions, no other ones could be observed.

Virulence genes and antibiotic susceptibility

The pathogenic mechanisms of Arcobacter spp. are rela-
tively poorly known [2]. However, the prevalence of nine
putative virulence genes (cadF, ¢j1349, ciaB, mviN, pldA,
tlyA, hecA, hecB and irgA) have been screened for using the
PCR described by Douidah et al. [31]. The primers in the
latter study were developed on the basis of only the sequen-
ces of these genes being retrieved from the genome of strain
A. butzleri (ATCC496167). However, only five genes (cadF,
¢j1349, ciaB, hecA and irgA) have shown to be more abun-
dant [31] and are those that have been previously studied
[38, 39] and analysed in this study. Genes cadF and ¢j1349
encode two fibronectin-binding proteins (CadF and
Cj1349); ciaB encodes the invasion protein CiaB; the hecA
gene encodes for an adhesin of the filamentous haemagglu-
tinin family and the gene irgA encodes the iron-regulated
outer membrane protein IrgA. The PCR results for the five
virulence genes found in our study are shown in Table 3. In
the A. cryaerophilus strain only the gene ciaB was detected
and the absence of the other genes in this species can be due
to the absence of them or to the heterogeneity of the gene
sequences which may hamper the amplification [31, 38].
Genes ciaB and ¢j1349 were present in all A. butzleri strains
tested while gene cadF was detected in 96.4 % of the strains.
Genes hecA and irgA were only detected in 3.5 % (n=1) and
7.1% (n=2) of the strains, respectively. Interestingly, the
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Table 3. Presence of virulence genes and antibiotic susceptibility of the 28 clinical strains

Virulence genes

Antibiotic susceptibility

ciaB cadF ¢j1349 hecA

irgA GM AMC E TE CIP
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HSJR-4
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HSJR-6
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HJXXIII-1
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HJXXIII-8
HJXXIII-9
HJXXIII-10
HJXXII-11
HJXXIII-12
HJXXIII-13
HJXXIII-14
HJXXIII-15
HJXXIII-16
HJXXIII-17
HJXXIII-18
HJXXIII-19
HJXXIII-20
HJXXIII-21

+ 4+ + o+ o+ A+ o+ o+ o+ o+ o+ o+ +
+ o4+ o+ o+ o+ o+ o+ 4+ o+ o+ o+ o+
|

+ 4+ + 4+ + + 4+
I
I

+ 0+ 4+ + 4+ o+ + o+ o+ + o+ o+ o+ o+ o+ + o+ o+ + o+ o+ o+ + 4+
+

+ 4+ o+ o+ o+ o+ o+ o+
|

|
[ IR B R 7 R - B T R O R R S O S SO R SV N R O SV R 7 B O W - B 7 B O W O SV R S O SV S
[ R B T R 7R - B R O R N O S SO BN 7 S V- BN T B /- S - N - I~ - B - R V- B 7 W~ - B R S O SV S
[ R B R 7 R - B T R O R R R SV S RN/ SV R - B O SO R - B O S O S O RN W O S O R S O SV S
[ IR B R 7 R B R O R R S O S R O RN O R R R O SO R - B O W O S O B O W O S O R S O SV R O
7N - I R RV R 7 N IR N 7 RN 7 S~ B¢ B O R B N O S NV N S I 7 S 7 BV R S 7 SV R &)

GM, Gentamycin; AMC, Amoxicillin/Clavulate; E, Erythromycin; TE, Tetracycline; CIP, Ciprofloxacin; R, Resistant; S, Sensitive.

only strain that was positive for the hecA gene was the one
isolated from the healthy patient coming from Africa. The
detected genes in our study are in concordance with those
found from human strains by Karadas et al. [40] or for
strains from different sources (animals, foods...) studied by
Tabatabaei et al. [41]. However, in those studies the cadF
gene was detected in all of the tested A. butzleri strains, in
contrast with the studies of Levican et al. [38] and Collado
et al. [42] in which they reported a lower presence of this
gene in strains isolated from shellfish and sewage.

The susceptibility results (Table 3) showed that nine of the
28 tested strains (32.1 %) were resistant to at least one of the
analysed antibiotics. The strain A. cryaerophilus HSJXXIII-
11 and 7.4 % of the A. butzleri strains showed resistance to
ciprofloxacin. Previous studies also showed resistance to
this fluoroquinolone by strains of Arcobacter spp. of human
clinical origin [43, 44]. However, ciprofloxacin has previ-
ously been recommended for the treatment of Arcobacter
intestinal infections. The highest resistance detected among

our strains (17.9 %) was for amoxicillin combined with the
B-lactamases inhibitor clavulanic acid. Resistance to 3-lac-
tam antibiotics has been reported previously [45-47].

In our study only one strain of A. butzleri showed resistance
to erythromycin (3.6 %) and the same occurred for genta-
mycin. However, Vandenberg et al. [48] found 21.3 % of the
strains were resistant to erythromycin and none of them to
gentamycin. Interestingly, none of our strains showed resis-
tance to tetracycline which is another drug recommended
for intestinal infections [2, 39]. The latter seems to be the
most effective treatment due to the high susceptibility
observed among clinical strains [44, 48, 49].

Conclusions

In the present study 28 clinical Arcobacter strains were ana-
lysed using a MLST approach and only one ST (ST 2) was
already present in the database and the other 27 constituted
new records. These resulted from the presence of new alleles
in five of the seven analysed loci, evidencing a high diversity
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among the clinical strains. More studies are needed to clar-
ify the epidemiology and the molecular relationships among
the different Arcobacter strains around the world. Most
importantly, clinicians should be alerted to the acquisition
of resistances to ciprofloxacin, one of the recommended
treatments for intestinal Arcobacter infections. Furthermore,
antibiotic susceptibility tests of the recovered strains should
be performed before selecting any empirical treatment to
ensure the use of the most effective antimicrobials and to
prevent the development of more resistant clinical strains.
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Arcobacter canalis sp. nov., isolated from a water canal
contaminated with urban sewage

Alba Pérez-Cataluna,t Nuria Salas-Massét and Maria José Figueras®

Abstract

Four bacterial strains recovered from shellfish (n=3) and from the water (n=1) of a canal contaminated with urban sewage
were recognized as belonging to a novel species of the genus Arcobacter (represented by strain F138-33") by using a
polyphasic characterization. All the new isolates required 2% NaCl to grow. Phylogenetic analyses based on 16S rRNA gene
sequences indicated that all strains clustered together, with the most closely related species being Arcobacter marinus and
Arcobacter molluscorum. However, phylogenetic analyses using the concatenated sequences of housekeeping genes (atpA,
gyrB, hspé0, gyrA and rpoB) showed that all the novel strains formed a distinct lineage within the genus Arcobacter. Results
of in silico DNA-DNA hybridization and the average nucleotide identity between the genome of strain F138-33" and those of
the closely related species A. marinus and other relatively closely related species such as A. molluscorum and Arcobacter
halophilus were all below 70 and 96 %, respectively. All the above results, together with the 15 physiological and biochemical
tests that could distinguish the newly isolated strains from the closely related species, confirmed that these strains
represent a novel species for which the name Arcobacter canalis sp. nov. is proposed, with the type strain F138-33" (=CECT
89847=LMG 29148").

The taxonomy of the class Epsilonproteobacteria has recently
been reviewed by Waite et al. [1] on the basis of 16S and 23S
rRNA genes as well as 120 single-copy marker proteins. The
authors proposed that the class Epsilonproteobacteria together
with the order Desulfurellales should be considered a new phy-
lum, Epsilonbacteraeota. In this new phylum, the genus Arco-
bacter within the order Campylobacterales has been proposed
as the only known member of the new family Arcobacteraceae.
This genus comprises Gram-stain-negative, campylobacter-
like bacteria that are able to grow at low temperatures and
under aerobic conditions, these being the features that differ-
entiate the genus Arcobacter from the genus Campylobacter
[2, 3]. Since the description of the genus Arcobacter in 1991
[2], 26 member species have been described [4-6].

In a recent survey on the prevalence of members of the
genus Arcobacter in water and shellfish samples, 27 isolates
were recovered (13 from mussels, 12 from oysters and 2
from water) with the typical colony morphology (small,
translucent, beige to pale orange) of the genus Arcobacter

on marine agar [7]. The samples came from a canal that
receives untreated urban sewage from the village of Poble
Nou (40° 38" 30.8” N 0° 41" 37.2” E), to which the shellfish
were exposed for 72h [7]. The isolation protocol involved
an enrichment step in Arcobacter CAT (cefoperazone,
amphotericin B and teicoplanin) broth supplemented with
2.5% NaCl, followed by sub-culturing on marine agar at
30°C under aerobic and microaerobic conditions [7]. All
the 27 presumptive isolates of the genus Arcobacter were
Gram-stain-negative, slightly curved rods with oxidase
activity, as previously described for this genus [2, 3]. All iso-
lates were genotyped with Enterobacterial Repetitive Inter-
genic Consensus PCR (ERIC-PCR) using previously
described primers and conditions [8] to recognize potential
clones [9]. Patterns that differed by one or more bands were
considered different genotypes, as in other studies [3, 8].
Among the 13 isolates from mussels, 12 isolates from oys-
ters and 2 from water, only four different ERIC-genotypes
were recognized, represented by strains F190-2IL33
from mussels, F138-33" and F181-1F33 from oysters and
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W110-33 from water. The characterization of the four
strains was initially attempted using identification methods
specific for the genus Arcobacter, i.e. two multiplex-PCR
(m-PCR) methods [10, 11] and one RFLP analysis of the
16S rRNA gene [12]. The four strains produced two ampli-
cons of the expected size described for Arcobacter cryaero-
philus and Arcobacter skirrowii with the m-PCR of Houf
et al. [10]. However, with the m-PCR of Douidah et al. [11],
the strains produced an amplicon corresponding to Arco-
bacter butzleri. By contrast, with the 16S rRNA gene RFLP
identification method [12], the four strains produced the
same pattern described for Arcobacter marinus using Msel
and Mnll endonucleases. Considering the contradictory
results, the rpoB (621bp) genes of the four strains
were sequenced using primers and conditions described

previously [13, 14]. The phylogenetic tree reconstructed
with the maximume-likelihood method [15] showed that the
four strains clustered together forming a differential branch
closely related to A. marinus (Fig. S1, available in the online
version of this article). In order to further investigate these
findings, the 16S rRNA gene and the housekeeping genes
atpA, gyrB, gyrA and hsp60 were also amplified and
sequenced as described previously [16]. Alignments were
performed using MEGA 6.0 [17] with the ClustalW algorithm
[18]. The phylogenetic trees were reconstructed using the
neighbour-joining [19, 20] (Figs 1 and 2) and/or the maxi-
mum-likelihood methods [15]. The trees reconstructed with
the latter method with the five individual gene sequences
and with the concatenated sequences are shown in Figs S1
to S7.
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Fig. 1. Neighbour-joining tree based on 16S rRNA gene sequences (1427 bp) showing the phylogenetic position of A. canalis sp. nov.
within the genus Arcobacter. Notice that the genome deposited at the NCBI as [A. marinus] SH-4D_Col1 does not belong to the species
A. marinus because it clusters with A. canalis sp. nov. Bootstrap values (>50 %) based on 1000 replications are shown at the nodes of

the tree. Bar, 2 substitutions per 100 nt.
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Fig. 2. Neighbour-joining tree based on the concatenated sequences of atpA, gyrB, hspé0, rpoB and gyrA (3039 bp) genes showing the
phylogenetic position of A. canalis sp. nov. strains within the genus Arcobacter. Notice that the genome deposited at the NCBI as
[A. marinus] SH-4D_Col1, from where the gene sequences were extracted, does not belong to the species A. marinus because it clus-
ters with A. canalis sp. nov. Bootstrap values (>50 %) based on 1000 replications are shown at the nodes of the tree. Bar indicates 2

substitutions per 100 nt.

The 16S rRNA gene of strain F138-33" (chosen as a repre-
sentative of the four strains) clustered in the phylogenetic
tree with the type strain of the species A. marinus, CECT
7727%, and with a sequence that came from a genome
deposited at the NCBI as A. marinus SH-4D_Coll
(FUY0O00000000) (Fig. 1). In addition, the strain A. mari-
nus F140-37, isolated in a previous study [7], also clustered
in the group. The similarity of the 16S rRNA genes between
the potential novel species represented by strain F138-33T
(1503bp) and the A. marinus strains CECT 77277 and
F140-37 was 99.7 %, while with Arcobacter molluscorum
CECT 7696" and Arcobacter halophilus DSM 18005" it was
much lower, i.e. 97.6 and 96.8 %, respectively. Interestingly,

a 16S rRNA gene sequence similarity of 99.8 % was obtained
between strain F138-33" and the gene extracted from the
genome of A. marinus SH-4D_Coll. The multilocus phylo-
genetic analysis (MLPA) performed with the concatenated
sequences of the five housekeeping genes (atpA, gyrB, hsp60,
gyrA and rpoB, 3039bp) confirmed that the new cluster
formed by the four newly isolated strains (F138-33", W110-
33, F181-1F33 and F190-2IL33) represented a well separated
linage from the species A. marinus (Fig. 2). Notably, this
new cluster also included the concatenated sequences of the
five genes mentioned that were obtained from the genome
labelled A. marinus SH-4D_Coll (FUYOO00000000). This,
together with the 99.8 % sequence similarity observed with

1260


https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.22120
https://doi.org/10.1601/nm.9451
https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.3817
https://doi.org/10.1601/nm.17821
https://doi.org/10.1601/nm.17821

UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Pérez-Cataluna et al., Int J Syst Evol Microbiol 2018;68:1258-1264

strain F138-337, indicated that the genome SH-4D_Coll
belongs to the novel species.

In order to further confirm the latter finding and that we
were dealing with a novel species, the genomes of five
strains i.e. F138-33T (NWVWO00000000); A. marinus strains
F140-37 (NWVX00000000) and CECT 7727 (NXAOO
0000000); A. halophilus DSM 18005" (NXIF00000000)
and A. molluscorum CECT 7696° (NXFY00000000) were
obtained using the MiSeq Illumina platform and assembled
with SPAdes software [21]. The average nucleotide identity
(ANI) and the in silico DNA-DNA hybridization (isDDH)
values were used to compare the genomes of strain F138-
33T and the species A. marinus, A. molluscorum and A. halo-
philus using OrthoANI [22] and GGDC [23] software,
respectively. Table 1 shows that the ANI and isDDH values
obtained between the genome of the newly proposed species
(represented by F 138-33T) and those of A. marinus (strains
CECT 7727%, F140-37 and SH-4D_Coll), A. molluscorum
CECT 7696" and A. halophilus DSM 18005" were all lower
than 96 and 70 %, respectively, with the only exception
being the values obtained with the genome of A. marinus
SH-4D_Coll, which were 97.7 and 79.3%, respectively
(Table 1). In general, for separation of species, an ANI below
95-96 % [22] and an isDDH below 70 % [23] have been rec-
ommended. However, for the genus Arcobacter, ANI values
above 96 % were shown to be the ones that correlated better
with isDDH results above 70 % [5]. The ANI and isDDH
results confirmed that the genome of A. marinus SH-
4D_Coll belongs to the novel species as shown by the
phylogeny of the 16S rRNA gene and MLPA (Figs 1, 2).
Therefore, the name of the genome sequence A. marinus
SH-4D_Coll should be changed in the NCBI database to
Arcobacter canalis SH-4D_Coll because this genome corre-
sponds to the proposed novel species. It is clear that before
the description of our novel species, the most closely related
species to SH-4D_Coll in the databases was A. marinus
CECT 7727, with a 16S rRNA gene sequence similarity of
99.51 % (1417 bp). However, if identification had been done
with the rpoB phylogeny, a branch separated from A. mari-
nus (Fig. S1) could have been detected indicating that
genome SH-4D_Coll represented a distinct taxon. The
genomic information derived from ANI and the isDDH was

shown to have a higher resolution than that from the 16S
rRNA gene for differentiating new species of the genus
Arcobacter.

The DNA G+C content of strain F138-33" was 27.5 %, in
agreement with the values for A. marinus (27 %) and other
species of the genus Arcobacter, which range between 26.6
and 31.9 % [24, 25].

The colony morphology, temperature and atmospheric con-
ditions for growth as well as the biochemical properties and
resistance to antimicrobial agents were evaluated following
the recommendations in the minimal standards for describ-
ing new taxa of the family Campylobacteraceae [26], which
were recently updated [27]. All tests were carried out at least
twice for the four newly isolated strains and for the type
strains of A. marinus CECT 7727" and A. molluscorum
CECT 7696" and the strains of the species used as positive
and negative controls for each test. Phenotypical character-
istics for A. halophilus DSM 18005 were derived from the
description of the species [28] and from the recent re-evalu-
ation of this species done in our laboratory [7]. Colony mor-
phology was analysed from the growth obtained on marine
agar at 30 “C under aerobic conditions for 48 h. A total of 39
tests were carried out, 12 testing growth conditions and 27
testing biochemical properties. Growth conditions were
evaluated on marine agar at 22-25°C, 30°C, 37 and 42°C in
three different atmospheres: aerobiosis, microaerobiosis and
anaerobiosis. The biochemical properties were evaluated at
30 °C on blood agar supplemented with 2 % NaCl for each
condition. The biochemical properties tested included oxi-
dase, catalase and urease activity, nitrate reduction, glucose
fermentation in triple-sugar iron agar, hydrolysis of indoxyl
acetate, casein, lecithin and starch, growth in media supple-
mented with 0.5 and 4% NaCl, 1% oxgall, 0.1 % sodium
deoxycholate, 1% glycine, 0.05% safranin, 0.005 fucsine,
crystal violet, brilliant green, 0.1, 0.01 and 0.04 % triphenyl
tetrazolium chloride, and growth in charcoal cefoperazone
deoxycholate agar (CCDA), minimal media and MacCon-
key agar. Resistance to nalidixic acid (30 pg 17"), cefalotin
(30 g ™Y and cefoperazone (64 mgl_l) was also tested
using TSA supplemented with 2 % NaCl and with each anti-
microbial. The bacterial morphology, cell size and the pres-
ence of flagella were determined using a transmission

Table 1. Results (percentages) of ANl and isDDH between the genome of A. canalis sp. nov. F138-33" and those of the most closely related species

The ANI values are displayed in bold type (down-left) and the isDDH values are in italics (up-right); values below 96 and 70 % indicate that the
genomes belong to different species. Notice that ANI and isDDH values show that the genome [A. marinus] SH-4D_Col1 does not belong to this spe-
cies* but to A. canalis sp. nov.,t in agreement with the phylogenetic results of Fig. 2.

DNA G+C content (mol%) 1 2 3 4 5 6
1 A. canalis sp. nov. F138-33" 27.3 i 79.3t 63.6 63.5 22.8 30.4
2 [A. marinus] SH-4D_Coll 27.1 97.7% oex 63.3* 63.8* 23.0 30.5
3 A. marinus CECT 7727% 27.0 95.4 95.3* ex 93.9 22.9 31.3
4 A. marinus F140-37 27.0 95.4 95.4* 99.2 ol 22.8 30.7
5 A. molluscorum CECT 7696" 26.1 80.3 80.5 80.0 80.2 b 22.8
6 A. halophillus DMS 18005 " 274 86.2 86.2 86.6 86.3 80.2 ol
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electron microscope (TEM), JEOL 1011. Cells were grown
for 24h in marine agar and suspended for fixation in 2%
glutaraldehyde in 0.1 % phosphate buffer for 30 min. The
suspension was mounted in a copper grid and negatively
stained with 2 % phosphotungstic acid (pH 7.5) for 1 min.
Strain F138-33" showed a single polar flagellum under the
TEM (Fig. S8), and all the newly isolated strains showed
motility under the phase contrast microscope. Fifteen tests
could be considered diagnostic because they enabled differ-
entiation of the four novel strains, F138-33%, W110-33,
F181-1F33 and F190-21L33, from the most closely related
species, A. marinus, and also from A. molluscorum and
A. halophilus (Table 2). Differentiation from A. marinus was
based on the capacity of the novel species to grow in marine
agar at 42 °C under microaerobiosis, with 2 % NaCl and in
media with 0.05% safranin or crystal violet supplemented
with NaCl and an inability to produce H,S in triple-sugar
iron media supplemented with NaCl, to reduce nitrate or to
grow with 0.1 % oxgall (Table 2). Phenotypical differentia-
tion of the novel species from the species A. molluscorum
was based on the inability of the novel species to grow with
0.5% NaCl, 0.1% sodium deoxycholate, 1% oxgall or
0.01 % triphenyl tetrazolium chloride, to resist cefoperazone
(64 mgl~") or to reduce nitrate. Another differential charac-
teristic between A. molluscorum and A. canalis sp. nov. was
the capacity of the novel species to grow at 22-25°C, 30 and
37 °C under anaerobiosis, to grow in minimal medium and
to produce H,S in triple-sugar iron media supplemented
with NaCl. Differentiation between the novel species and
A. halophilus could be demonstrated because the latter does
not grow in marine agar at 42 °C under microaerobiosis, or
in media supplemented with 0.05 % safranin or crystal vio-
let, or minimal media or MacConkey agar, among several
other differential characteristics, which are listed in Table 2.

The six genomes studied (F138-33", F140-37, SH-4D-Coll,
CECT 7727, CECT 7696" and DSM 18005") were anno-
tated using RAST [29], and genes encoding for polar lipid
syntheses were searched for. All the genomes possessed
the genes that encode phosphatidylglycerolphosphatase A
(pspA, EC3.1.3.27) and phosphatidase cytidylyltransferase
(cdsA, EC 2.7.7.41), related with the synthesis of phosphati-
dylglycerol. Additionally, the genomes also contained the
gene phosphatidylserine descarboxilase (psd, EC4.1.1.65)
involved in the synthesis of phosphatidylethanolamine.
These results agree with the polar lipids found experimen-
tally in other species of the genus Arcobacter, such as Arco-
bacter pacificus, Arcobacter acticola and Arcobacter haliotis
4, 30, 31].

Considering that during the preparation of this paper an
additional m-PCR method for the characterization of six
species of the genus Arcobacter was described by Khan
et al. [32], the method was tested on the type strain F138-
33T of the novel species and in parallel on A. marinus
CECT 7727%, A. molluscorum CECT 7696 and A. halo-
philus DSM 18005". Strain F138-33" and the type strains
of the other three species showed an amplicon of 654 bp,
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Table 2. Differential characteristics of Arcobacter canalis sp. nov. and
type strains of the most closely related species of the genus
Arcobacter

Taxa: 1, Arcobacter canalis sp. nov. (n=4); 2, A. marinus CECT 77277 3,
A. molluscorum CECT 7696"; 4, A. halophilus DSM 18005". Unless oth-
erwise indicated: +,>95 % strains positive; —, <11 % strains positive; v,
12-94 % strains positive; ND, not determined. All strains show catalase
activity and to grow they require the media to be supplemented with
2% NaCl. In addition, all strains grow in TSA with 4% NaCl and in
marine agar under aerobiosis and microaerobiosis at 22-25°C, 30, 37
and 42°C. None of the strains grow under anaerobiosis at 42°C, in
TSA with 1% glycine, 0.01-0.1 % tripheny! tetrazolium chloride (TTC),
nor in CCDA. None of the strains hydrolyse starch, casein or lecithin
nor show urease activity or resistance to nalidixic acid.

Characteristic 1 2 3 4*

Growth at/with/on:
42°C (microaerobic)t
22-25°C (anaerobiosis)t
30°C (anaerobiosis) T
37°C (anaerobiosis) T
0.5% NaCl (w/v) — —
2% NaCl (w/v)
0.05% Safranini
0.005 % Basic fuchsinet
Crystal violet}

+ + o+ o+
| + +

+ + 4+ 4+ + |
[ +

< 4+ < + 4+
|

Brilliant greeni ND
0.1% Sodium deoxycholates - -
1% (w/v) Oxgallt — + +
0.01% TTC# - - +
Minimal mediumi + + — _
MacConkey# A\ +

Triple-sugar iron+NaCl + - — -

+
|

ND

ND

Resistance to:
Cefoperazone (64 mg I™")# — - + -
Cefalotin (30 mglfl):t v - + -
Enzyme activity
Nitrate reduction¥ — + + +
Indoxyl acetate hydrolysis$§ — + — +

Catalase + — + -

*Information extracted from Donachie et al. [28] and Salas-Masso et al.
[71.

tThese tests were carried out on marine agar.

fThese tests were carried out on TSA supplemented with 2 % NaCl.

§This test was performed under aerobic and microaerophilic condi-
tions and produced the same results, except for A. marinus CECT
77277, which was only positive under microaerophilic conditions.

which was similar to the one expected for A. skirrowii
according to Khan et al. [32]. Results obtained with this
method and with the m-PCRs of Houf et al. [10] and
Douidah et al. [11] and the 16S rRNA gene RFLP [12] are
shown in Fig. S9.

This study has demonstrated the existence of a novel Arco-
bacter species, for which the name A. canalis sp. nov. is
proposed.
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DESCRIPTION OF ARCOBACTER CANALIS
SP. NOV.

Arcobacter canalis (ca.na’lis. L. gen. n. canalis of a canal).

Cells are Gram-stain-negative, slightly curved rods, non-
encapsulated, non-spore forming, 0.2-0.4 um wide and 1.2-
2.8 um long. They are motile by a single polar flagellum.
Colonies on marine agar incubated under aerobic condi-
tions at 30 °C for 48 h are 2-4 mm in diameter, pale yellow
to pale orange, circular with entire margins, convex and
non-swarming. Pigments are not produced in marine agar.
Strains grow on marine agar at 22-25, 30 and 37 °C under
aerobic, microaerobic and anaerobic conditions, and at
42°C under aerobic and microaerobic conditions. After
48h, colonies are smaller at 37 and 42 °C than at room tem-
perature or 30 °C. No growth is observed in blood agar at
the different temperatures tested nor under the different
atmospheric conditions. Produces oxidase and catalase
activity. Does not hydrolyse indoxyl acetate, urea, casein,
lecithin or starch. Not able to produce acid from glucose by
oxidization or fermentation, but produces hydrogen sul-
phide in triple-sugar iron agar medium, and is not able to
reduce nitrate. Under aerobic conditions at 30 °C, grows on
minimal medium with 2% NaCl and on nutrient medium
supplemented with 5% sheep blood and 2 % NaCl contain-
ing 0.05 % safranin or 0.005% crystal violet. Additionally,
strains W110-33 and F181-1F33 grow on 0.005% basic
fuchsine, 0.001 % brilliant green and MacConkey agar sup-

64 mg cefoperazone 1! and 30 pg nalidixic acid 1.

sewage in Poble Nou canal, Catalonia, Spain.
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Supplementary figure S1. Maximum Likelihood tree (model GTR+G+I) based on the rpoB gene
sequence (619 bp) showing the phylogenetic position of 4. canalis sp. nov. strains within the
genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at the nodes
of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S2. Maximum Likelihood tree (model GTR+G) based on the gyrB gene
sequence (617 bp) showing the phylogenetic position of 4. canalis sp. nov. strains within the
genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at the nodes
of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S3. Maximum Likelihood tree (model GTR+G+I) based on the Asp60
gene sequence (545 bp) showing the phylogenetic position of A. canalis sp. nov. strains within
the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at the
nodes of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S4. Maximum Likelihood tree (model GTR+G) based on the atpA gene
sequence (613 bp) showing the phylogenetic position of 4. canalis sp. nov. strains within the
genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at the nodes
of the tree. Bar indicates 2 substitutions per 100 nt
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Supplementary figure S5. Maximum Likelihood tree (model GTR+G+I) based on the gyr4 gene
sequence (647 bp) showing the phylogenetic position of A. canalis sp. nov. strains within the
genus Arcobacter. Arcobacter pacificus has not been added to the phylogeny because the gene

is not available. Bootstrap values (>50%) based on 1000 replications are shown at the nodes of
the tree. Bar indicates 5 substitutions per 100 nt
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Supplementary figure S6. Maximum Likelihood tree based on the concatenated sequences of
atpA, gyrB, hsp60, rpoB and gyrA (3041 bp) genes showing the phylogenetic position of
A. canalis sp. nov. strains within the genus Arcobacter. The region of the gyrd gene of
A. pacificus available at the NCBI database is not the same of the other Arcobacter species
and was not added to the phylogenetic analysis. Bootstrap values (>50%) based on
1000 replications are shown at the nodes of the tree. Bar indicates 2 substitutions per 100 nt.



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

747 A. aquimarinus CECT 84427 (MG195890)
51| 4. defluvii CECT 76977 (MG195894)
; A. cloacae CECT 78347 (MG195892)
9 4. ellisii CECT 7837T (MG195896)
A. suis CECT 7833T (MG195900)
J.[A. venerupis CECT 78367 (MG195902)
A. acticola KCTC 552127 (KU507537.1)
A. anaerophilus DSM 24636T (MG195889)
57 ;Lr A. bivalviorum CECT 7835T (MG195891)
93L 4. ebronensis CECT 84417 (MG195895)
2‘!__ A. lekithochrous CECT 8942T (MKCO00000000)
A. nitrofigilis DSM 72997 (NC_014166)
A. pacificus DSM 250187 (JN118552)
A. mytili CECT 7386T (MG195898)
A. halophilus DSM 18005T (MG195897)
A. molluscorum CECT 7696 (NXFY00000000)
A. marinus CECT 77277 (NXA000000000)
A. marinus F140-37 (NWVX00000000)
100§ A. canalis F138-337 (NWVW00000000)
62 'A. marinus' SH-4D_Coll (FUY000000000) = A. canalis
- A. butzleri RM4018T (NC_009850.1)
og[ A. faecis LMG 285197 (JARS00000000)
A. lanthieri LMG 285167 (JARU00000000)
A. cibarius LMG 21996 (JABW00000000)
of A. porcinus LMG 244877 (LCUHO1)
A. thereius LMG 24486 (LLKQ00000000)
511 A. cryaerophilus LMG 242917 (MG195893)
A. skirrowii LMG 66217 (MG195899)
A. trophiarum LMG 255347 (MG195901)
Helicobacter pylori NCTC 116377 (ATHXO01)

2

52

93

0.1

Supplementary figure S7. Maximum Likelihood tree (model GTR+G+I) based on the 16S rRNA
gene sequence (1427 bp) showing the phylogenetic position of A. canalis sp. nov. strains within
the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at the
nodes of the tree. Bar indicates 10 substitutions per 100 nt
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Supplementary figure S8. Transmission electron microscopy image of a cell of the strain
F138-33T negatively stained. Bar, 1 pm.
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Supplementary figure S9. Results obtained for the new species 4. canalis with four molecular methods
(A-D) used for the identification of Arcobacter spp. [10-12, 32]: A, The amplicons obtained for the four
strains of A. canalis with the mPCR of Houf et al. [10] were of the expected sizes described for A.
cryaerophilus (257 bp) and A. skirrowii (641bp); B, The amplicon of the four strains was of the size
described for A. butzleri (1590 bp) with m-PCR of Douidah ef al. [11]; C, The 16S rDNA-RFLP patter
obtained for the four strains was identical to the one described for 4. marinus [12]; Notice that the latter
species produced identical amplicons than A. canalis with the A, B mPCR methods [10, 11]. D. With the
mPCR of Khan et al. [32] the type strain of 4. canalis showed, as occurred with the nearest species A.
marinus, A. molluscorum and A. halophilus, an amplicon of the size (654bp) described for 4. skirrowii
[32]. Ladders from Invitrogen A and B 1Kb plus, C 50 bp and D 100 bp
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4.3 Arcobacter lacus sp. nov. and Arcobacter caeni, two new species isolated from
wastewater. Pérez-Catalufia, A., Salas-Masso, N., and Figueras, M.J. Int. J. Syst. Evol.
Microbiol. (Under Review)
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Arcobacter lacus sp. nov. and Arcobacter caeni sp. nov., two new species isolated from

reclaimed water.
Alba Pérez-Catalufia', Nuria Salas-Masso' and Maria José Figueras'".

!'Unitat de Microbiologia, Departament de Ciéncies Médiques Basiques, Facultat de Medicina

i Ciéncies de la Salut, IISPV, Universitat Rovira i Virgili, Reus, Spain.

The GenBank/EMTBL/DDBJ accession numbers for the 16S rRNA, atpA, gyrA, gyrB, hsp60,
and rpoB gene sequences of strain RW43-9T are LT629997, LT904795, LT904819, LT904807,
LT904831 and LT904783, respectively; and for the strain RW17-10T they are LT629998,
LT904796, LT904820, LT904808, LT904832 and LT904784, respectively. The accession
number for the genomes of the strains RW43-9" and RW17-10" are MUXF00000000 and
MUXE00000000, respectively.
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Abstract

Two strains (RW43-9" and RW17-10") recovered from secondary treated wastewater from the
Wastewater Treatment Plant (WWTP) in Reus (Spain) were characterized by polyphasic
taxonomy, showing evidence that they were two new Arcobacter species. Based on the 16S
rRNA gene for strain RW43-9", the closest species was 4. butzleri LMG 10828 (99.9%
similarity), while for strain RW17-10" it was A. venerupis CECT 7836" (99.4%). Additionally,
the multilocus phylogenetic analysis of five concatenated housekeeping genes (atpA, gyrA,
gyrB, hsp60 and rpoB) showed that the two strains formed separated branches that are
different from the known Arcobacter species. The whole genome sequence of both strains
(RW43-9" and RW17-10") were obtained and they were compared with the genomes of the
type strains of their nearest species. Using the Average Nucleotide Identity and in silico DNA-
DNA hybridization results were below 96% and 70%, respectively. These results clearly
confirm that they represent new species. Additionally, the phenotypic characterization of the
strains allows their differentiation from other species. Therefore, the two strains were proposed
as new species with the names Arcobacter lacus sp. nov. (type strain RW43-9'= CECT 8994"
= LMG 29062"), and Arcobacter caeni sp. nov. (type strain RW17-10"= CECT 9140" = LMG
29151%).

Keywords: Arcobacter lacus, Arcobacter caeni, reclaimed water, MLPA, 16S rRNA, ANI,
isDDH

Abbreviations: MLPA, Multilocus Phylogenetic Analysis; ANI, Average Nucleotide Identity;
isDDH, in silico DNA-DNA hybridization; TEM, Transmission Electron Microscope.
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The genus Arcobacter is composed of Gram-negative bacteria found in a wide range
of habitats, and until recently was included in the family Campylobacteraceae [1]. The first
two species used to describe the genus Arcobacter by Vandamme and coworkers in 1991 [2]
were Arcobacter cryaerophilus and Arcobacter nitrofigilis, which were first described as
aerotolerant campylobacters. However, in 2017, Waite et al. [3] reviewed the taxonomy of the
g-proteobacteria and proposed the new family Arcobacteraceae, uniquely for the genus
Arcobacter. The genus currently includes 27 species that have mainly been described from

water related environments and shellfish [4-7].

In a study that evaluated the presence of Arcobacter on the inlet and outlet water of a
wastewater treatment plant in the city of Reus (North-East of Spain) two strains (RW43-9" and
RW17-10") were isolated from the secondary treated water at the entrance site of the tertiary
treatment system by lagooning [8]. Isolation was carried out with a prior concentration of 200
ml of water sample by filtration through a 0.45 pm filter (Millipore, Darmstadt, Germany).
The filter was resuspended in 1 ml of distilled water and 100 pl of this resuspension was used
to inoculate by passive filtration (with a 0.45 pm pore diameter filter) the surface of blood
agar plates (BD, Madrid, Spain). After 30 minutes of passive filtration, the filter was removed
and the plates were incubated at 30°C in microaerobic conditions for 48 hours. The colonies
were presumed to be Arcobacter because they were small and translucent. Then they were
Gram-stained and tested for oxidase activity. Under the microscope, both isolates (RW43-9"
and RW17-10") were Gram-stain-negative curved rods and presented oxidase activity, in
accordance with previous descriptions of the genus [2,9]. The two isolates were genotyped
using the Enterobacterial Repetitive Intergenic Consensus PCR (ERIC-PCR) using primers
and conditions previously described [10]. Both isolates showed different ERIC-PCR patterns
(data not shown) evidencing that they represented two different strains. Identification was
made using the sequences of the rpoB gene, which was amplified and sequenced with primers
and conditions previously described [11]. The obtained rpoB sequences (622 bp) were aligned
with the ClustalW algorithm [12] and a phylogenetic tree was built with MEGA 6.0 [13] using
the Maximum Likelihood (ML) method [14]. The phylogenetic tree showed that the two
strains were arranged into two different branches, separate from other species, the species
Arcobacter butzleri being the nearest species to the strain RW43-9" and Arcobacter suis the
nearest species to the strain RW17-10" (Fig. S1). To perform a complete phylogenetic analysis
of these two strains, the 16S rRNA genes and the housekeeping genes atpA, gyrd, gyrB and
hsp60 were additionally amplified and sequenced [11]. Alignments were made with ClustalW
[12], phylogenetic trees were built as above with the Neighbour- Joining (NJ) [15,16] and the
ML methods for the 16S rRNA (Fig. 1, Fig. S2), and the Multilocus Phylogenetic Analysis
(MLPA) of the concatenated sequences of the five mentioned housekeeping genes (Fig. 2, Fig.
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S3) and with the ML method for the individual housekeeping genes (Figs. S1 and S4 to S7).
The resulting trees showed that the two strains again formed independent branches from
known Arcobacter species. In the MLPA, the strain RW17-10" also showed the species 4. suis
CECT 7833" as a nearest species along with 4. venerupis CECT 7836" (Fig. 2, Fig. S3), while
the strain RW43-9" showed A. butzleri LMG 10828 as its nearest one.

The 16S rRNA gene similarities (1413 bp) between the two potential new species and
the other species of the genus were calculated using MegAlign version 7.0.0 (DNASTAR®,
Madison, WI). Strain RW43-9" showed the highest similarity of 99.9% with the species 4.
butzleri LMG 10828", while the similarity with the other species of the genus ranged from
91.2% with A. bivalviorum CECT 7835 to 97.9% with A. faecis LMG 28519" and 4. lanthieri
LMG 28516". The highest similarity of strain RW17-10" was 99.4% with 4. venerupis CECT
7836", while with 4. suis CECT 7833" was only 97.7%. Similarities to the other species of the
genus ranged from 92.9% with A. bivalviorum CECT 7835" to 98.2% with 4. acticola KCTC
522127,

To further confirm that the two strains represented new taxa, we sequenced the
genomes of the strains RW43-9" (MUXF00000000) and RW17-10" (MUXE00000000), as
well as those of the type strains of the species 4. venerupis CECT 7836" (NREP00000000) and
A. suis CECT 7833" (NREO00000000) because they were the closest species on the basis of
the MLPA. Sequencing was carried out with the MiSeq platform (Illumina, Lisbon, Portugal)
obtaining a sequencing depth of coverage >100X for all the genomes. Genomes were
assembled with SPAdes [17,18] and annotated with the Rapid Annotation of microbial
genomes using Subsystems Technology (RAST) [19,20]. The genomes of the strains RW43-9"
and RW17-10" were compared with their nearest species using the Average Nucleotide
Identity (ANI) and the in silico DNA-DNA hybridization (isDDH) calculated with the
OrthoANI [21] and GGDC [22] software, respectively. The values of ANI and isDDH between
each strain and their nearest species were below 96% and 70%, respectively (Table 1). These
results, along with those obtained with the phylogenetic analyses evidenced that the two

strains (RW43-9" and RW17-10") represented two new species of the genus Arcobacter.

The G+C mol% values were 27.2% for the genome of the strain RW43-9" and 26.8% for the
genome of the strain RW17-10", values which are within the 26.6% - 31.9% described for
other Arcobacter species [23,24].

The phenotype was characterized following the recommended minimal standards for
the description of new Campylobacteraceae taxa described by Ursing et al. [25] and updated
by On et al. [26]. This characterization included morphology of the colonies, growth at

different temperatures and atmospheric conditions, biochemical properties and resistance to
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antimicrobials (i.e. nalidixic acid (30 mg I""), cephalothin (30 mg I"') and cefoperazone (64 mg
1"")). Each phenotypic characteristic was tested at least twice in blood agar for the two new
strains (RW43-9" and RW17-10") along with the type strains of the nearest species 4. butzleri
LMG 10828", 4. venerupis CECT 7836" and 4. suis CECT 7833", and the positive and
negative controls for each test. A total of 39 tests were carried out, i.e. 12 tests of growth
conditions (i.e. 22-25°C, 30°C, 37°C and 42°C in aerobic, microaerobic and anaerobic
conditions) and 27 tests for biochemical properties i.e. oxidase, catalase, and urease activity,
nitrate reduction and glucose fermentation in triple-sugar iron agar (TSI), indoxyl acetate
hydrolysis, casein, lecithin and starch, growth in media supplemented with 2% and 4% NacCl,
1% oxgall, 0.1% sodium deoxycholate, 1% glycine, 0.05% safranin, 0.005% basic fuchsine,
0.0005% crystal violet, 0.001% brilliant green, 0.1, 0.01 and 0.04% 2,3,5-triphenyltetrazolium
chloride, growth in charcoal cefoperazone deoxycholate agar (CCDA), minimal media and
MacConkey agar). The colony morphology of the strains was assessed after culturing on blood
agar at 30°C in aerobiosis for 48h. The morphology of the bacteria, the presence of flagella
and cell sizes were evaluated with the transmission electron microscope JEOL 1011-TEM. For
the latter analysis, cells grown on blood agar at 30°C for 48 hours were fixed in 2%
glutaraldehyde-0.1% phosphate buffer for 30 minutes and suspended cells were transferred to
a copper grid and negative stained with 2% phosphotungstic acid (pH 7.5). Under the TEM,
both strains showed the presence of a polar flagellum (Fig. S8). Additionally, both strains
showed motility using the phase contrast microscope. Phenotypic evaluation indicated that
strain RW43-9" could be differentiated from the species A. butzleri LMG 10828" on the basis
of four tests. In this sense, strain RW43-9" showed growth in the presence of nalidixic acid
(30mg I'"), but no growth was observed on TTC 0.04% or on blood agar at 37°C and 42°C in
anaerobic conditions (Table 2). Five tests differentiated strain RW17-10" from its nearest
species A. suis CECT 7833" and A. venerupis CECT 7836": the inability of RW17-10" to grow
in crystal violet and minimal medium; and the ability of RW17-10" to grow in media with
safranine, to produce hydrogen sulphide from TSI agar and to show resistance to cefoperazone
(64 mg I'") (Table 2). Additionally, 6 tests (Table 2) differentiated strain RW17-10" from the
species A. venerupis CECT 7836": the inability of the strain RW17-10" to grow at 37°C in
microaerobiosis and anaerobiosis, in media with 2% of NaCl, basic fuchsine, brilliant green,
and to produce urease activity. In addition, strain RW17-10" can be differentiated from A. suis
CECT 7833 because the latter does not grow in CCDA media, it is susceptible to cephalothin
(30 mg I'")-and shows growth in media with 0.01%TTC (Table 2). Regarding polar lipids, the
genome of the two strains annotated with RAST [19,20] showed two genes involved in the
synthesis of phosphatidilglycerol i.e. phosphatidylglycerolphosphatase A (pspA, EC3.1.3.27)
and phosphatidase cytidylyltransferase (cds4, EC 2.7.7.41); and one gene related with the
synthesis of phosphatidylethanolamine, the gene phosphatidylserine descarboxilase (psd,
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EC4.1.1.65). These polar lipids have been found in other Arcobacter species using
experimental detection by two-dimensional Thin-Layer Chromatography [4,5,27].

Description of Arcobacter lacus sp. nov.

Arcobacter lacus (la’cus. L. gen. n. lacus of a lake or pond, referring to the isolation of the

type strain)

Cells are Gram-stain-negative, slightly curved rods, non-encapsulated, non-spore forming, 0.2-
0.3 um wide and 1.5-1.8 um long. Motile by a single polar flagellum. Colonies grown on
blood agar at 30°C in aerobiosis for 48 hours are 2-4 mm in diameter, beige to off/white,
convex, circular with entire margins and non-swarming. Pigments or hemolysis are not
produced on blood agar. The strain grows on blood agar at 22-25°C, and 30°C in aerobiosis,
anaerobiosis and microaerobiosis; at 37°C in aerobiosis and microaerobiosis and at 42°C in
microaerobiosis. No growth occurs at 37° C in anaerobiosis or at 42° C in aerobiosis and
anaerobiosis. Produces oxidase and catalase activities and reduces nitrates. Indoxyl acetate is
hydrolysed, but not urea, casein, lecithin or starch. The strain is able to produce hydrogen
sulphide in TSI but not to produce acid from glucose in this media. Growth occurs in media
with 2% NaCl, 1% Oxgall, 0.1% sodium deoxycholate, 0.05% safranin, 0.005% basic
fuchsine, 0.0005% crystal violet, 0.001% brilliant green, 0.01% TTC, in CCDA and
MacConkey agars, and in minimal medium. No growth occurs in media with 4% NaCl, 1%
glycine, or in 0.1% or 0.04% TTC. The strain shows resistance to nalidixic acid (30 mg 1),

cephalothin (30 mg 1'") and cefoperazone (64 mg 1™").

The type strain is RW43-9T (=CECT 8994" =LMG 29062") isolated from secondary treated
wastewater at the WWTP in Reus, Spain.

Description of Arcobacter caeni sp. nov.

Arcobacter caeni (cae'ni. L. gen. n. caeni of sludge, indicating the origin of the species from

water contaminated with sewage)

Cells are Gram-stain-negative, slightly curved rods, non-encapsulated, non-spore forming, 0.2-
0.4 pm wide and 2.0-2.5 pm long. Motile by a single polar flagellum. Colonies grown on
blood agar at 30°C in aerobiosis for 48 hours are 1-3 mm in diameter, beige to off-white,
convex, circular with entire margins and non-swarming. Pigments or hemolysis are not
produced on blood agar. The strains grow on blood agar at 22-25°C and 30°C in aerobiosis,
anaerobiosis and microaerobiosis; no growth was observed at the other temperatures and

atmospheres tested. The strain produces oxidase and catalase activity, reduces nitrates, indoxyl
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acetate is hydrolysed, but not urea, casein, lecithin or starch. The strain is able to produce
hydrogen sulphide in TSI agar but not to produce acid from glucose in this media. Growth
occurs in media with 0.05% safranin, and in CCDA and MacConkey agars. No growth is
observed in media with 2% and 4% NaCl, 1% oxgall, 0.1% sodium deoxycholate, 1% glycine,
0.005% basic fuchsine, 0.0005% crystal violet, 0.001% brilliant green, 0.01%, 0.04% and
0.1% TTC, and in minimal medium. Strain is resistant to nalidixic acid (30 mg 1),

cephalothin (30 mg 1'") and cefoperazone (64 mg 1.

The type strain is RW17-10" (=CECT 9140" =LMG 29151") isolated from secondary treated
wastewater at the WWTP in Reus, Spain.
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Figure legends

Figure 1. Neighbour-Joining tree based on 16S rRNA gene sequences (1406 bp) showing the
phylogenetic position of 4. lacus sp. nov. RW43-9" and 4. caeni sp. nov. RW17-10" within the
genus Arcobacter. Bootstrap values (>50 %) based on 1000 replications are shown at the

nodes of the tree. Bar, 2 substitutions per 100 nt.

Figure 2. Neighbour-Joining tree based on the concatenated sequences of atpA4, gyrB, hsp60,
rpoB and gyrA4 (3061 bp) genes showing the phylogenetic position of A. lacus sp. nov. RW43-
9" and A. caeni sp. nov. RW17-10" within the genus Arcobacter. Bootstrap values (>50 %)
based on 1000 replications are shown at the nodes of the tree. Bar indicates 2 substitutions per

100 nt.

Table 1. Results (in percentage) of ANI (bold, down-left) and isDDH (italics, up-right)
between the genomes of A. lacus sp. nov. RW43-9" and 4. caeni sp. nov. RW17-10" and the
genomes of the most closely related species. Values of ANI and isDDH below 96% and 70%,

respectively, indicate that the genomes correspond to different species.

Species 1 2 3 4 5

1  A. lacus sp. nov. RW43-9" ook 55.8 233 232 23.5
2 A. butzleri RM4018" 94.3 ok 23.2 23.3 234
3 A. caeni sp. nov. RW17-10" 80.6 80.3 ok 30.3 34.4
4  A. venerupis CECT 7836" 79.9 80.0 85.8 oAk 31.8
5 A. suis CECT 7833" 80.9 80.8 87.9 86.7 ok
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Table 2. Differential characteristics of Arcobacter lacus sp. nov. RW43-9", A. caeni sp. nov.
RW17-10" and type strains of the most closely-related species of the genus Arcobacter.

Taxa: 1, Arcobacter lacus RW43-9" sp. nov.; 2, A. butzleri LMG 10828"; 3, A. caeni RW17-
10%; 4, A. venerupis CECT 7836"; 5, A. suis CECT 7833". Unless otherwise indicated: +,
>95% strains positive; —, <11% strains positive; V, 12-94% strains positive.

Characteristic A. lacus  A. butzleri* A. caeni A. venerupist A. suis}
Growth at/by/on:
37°C (aerobiosis) + + - - -
37°C (microaerobic) + + - + -
42°C (microaerobic) + vV - - -
37°C (anaerobic) - + - + -
42°C (anaerobic) - + - - -
NaCl 2% + + - + -
NaCl 4% - - - - -
0.1% Sodium deoxycholate + + - - +
0.05% Safranin + + + - -
0.005% Basic fuchsine + + - + -
0.0005% Crystal violet + + - + +
0.001% Brilliant green + + - + -
0.01% TTC + + - - +
0.04% TTC - + - - -
CCDA + + + + -
Minimal medium + + - + +
Tripe-sugar iron + + + - -
Resistance to:
Cefoperazone (64mg 1) + + + - ,
Cephalothin (30mg 1) + + + + -
Nalidixic Acid (30mg 1) + - + + +
Enzyme activity:
Nitrate reduction + + + + +
Urease - - - + ;
Indoxyl acetate hydrolysis + + + + +

* Vandamme et al., 1992
T Levican et al., 2012
i Levican et al., 2013
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Figure 1
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Supplementary figure S1. Maximum Likelihood tree (model GTR+G+I) based on the rpoB gene
sequence (622 bp) showing the phylogenetic position of A. lacus sp. nov. RW43-9" and A. caeni sp.
nov. RW17-10T within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications
are shown at the nodes of the tree. Bar indicates 2 substitutions per 100 nt.
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Supplementary figure S2. Maximum Likelihood tree (model GTR+G+I) based on the 16S rRNA
gene sequence (1427 bp) showing the phylogenetic position of 4. lacus sp. nov. RW43-9T and A4.
caeni sp. nov. RW17-10" within the genus Arcobacter. Bootstrap values (>50%) based on 1000
replications are shown at thenodes of the tree. Bar indicates 10 substitutions per 100 nt



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

1007 4. canalis CECT 89841
99 "— 4. marinus CECT 77271
86| L 4 halophilus DSM 180057
100 - 4. molluscorum CECT 7696
A. mytili CECT 73867
A. bivalviorum CECT 78357
A. pacificus DSM 250187
A. anaerophilus DSM 246361
A. ebronensis CECT 84417
99 r A. haliotis LMG 286527
100 4. lekithochrous CECT 89427
A. nitrofigilis CECT 7204T
99— 4. defluvii CECT 7697%
A. ellisii CECT 78377
100—— 4. aquimarinus CECT 84421
A. cloacae CECT 78347
61 —— A. caeni RW17-10T
— A. suis CECT 78337
88— 4. venerupis CECT 78367
A. butzleriLMG 108287
—— A. lacus RW43-97
A. lanthieriLMG 285167
A. cibarius CECT 72037
A. faecis LMG 28519T
— A. porcinus LMG 244877
—— A. thereius LMG 244867
A. skirrowii LMG 66217
A. eryaerophilus LMG 242917
60 A. trophiarum LMG 255347

94

100

100

99

100

—
0.05

Supplementary figure S3. Maximum Likelihood tree (GTR+G+I) based on the
concatenated sequences of atpA, gyrB, hsp60, rpoB and gyrA (3103 bp) genes showing the
phylogenetic position of A. lacus sp. nov. RW43-9" and A. caeni sp. nov. RW17-10"7 within
the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at the
nodes of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S4. Maximum Likelihood tree (model GTR+G+I) based on the atpA4 gene
sequence (612 bp) showing the phylogenetic position of A. lacus sp. nov. RW43-9" and A. caeni sp.
nov. RW17-10T within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications
are shown at the nodes of the tree. Bar indicates 2 substitutions per 100 nt.
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Supplementary figure S5. Maximum Likelihood tree (model GTR+G+I) based on the gyrd4 gene
sequence (647 bp) showing the phylogenetic position of A. lacus sp. nov. RW43-9" and A. caeni sp.
nov. RW17-10" within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications
are shown at the nodes of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S6. Maximum Likelihood tree (model GTR+G) based on the gyrB
gene sequence (616 bp) showing the phylogenetic position of A. lacus sp. nov. RW43-9T and A.
caeni sp. nov. RW17-10T within the genus Arcobacter. Bootstrap values (>50%) based on 1000
replications are shown at the nodes of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S7. Maximum Likelihood tree (model GTR+G+I) based on the Asp60
gene sequence (595 bp) showing the phylogenetic position of 4. lacus sp. nov. RW43-9T and A.
caeni sp. nov. RW17-10T within the genus Arcobacter. Bootstrap values (>50%) based on 1000
replications are shown at the nodes of the tree. Bar indicates 2 substitutions per 100 nt.
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Supplementary figure S8. Transmission electron microscopy images of the new Arcobacter species
with negative staining using phosphotungstic acid. A, image of A. lacus sp. nov. RW43-9T, bar 500nm;
B, image of 4. caeni sp. nov. RW17-10T, bar 1 um.
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4.4 Arcobacter miroungae sp. nov., a new species isolated from southern elephant seal
(Mirounga leonina). Pérez-Cataluiia, A., Salas-Masso, N., Garcia-Pefia, F., Romalde, J.,
and Figueras, M.J. (In preparation)
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Abstract

The bacterial strain AHV-9/2010" recovered from a rectal swab of one elephant seal
(Mirounga leonina) was identified as belonging to the genus Arcobacter and showed to be
a potential new species. A polyphasic characterization of the strain evidenced that it belongs to
a novel species of the genus Arcobacter. The phylogenetic analysis performed with the
16S rRNA gene showed that the strain represented a new linage being Arcobacter skirrowii
LMG 66217 its closest species. Genomic analyses were performed between the genomes of the
strain AHV-9/2010" and A. skirrowii LMG 66217 using the Average Nucleotide Identity
(ANI) and the in silico DNA-DNA hybridization (isDDH). Results obtained with this
two similarity indexes were below 95 and 70% cutoff values. This results along with
the phylogenetic analyses and the 10 differential phenotypical characteristics with its
closest species A. skirrowii confirmed that the strain AHV-9/2010" belong to anew
Arcobacter species for which the name Arcobacter miroungae sp. nov. is proposed, with the

type strain AHV-9/2010" (= LMG 29975"= CECT 9299").

Keywords: Arcobacter miroungae, Antarctic Peninsula, Mirounga leonina, MLPA, 16S

rRNA, AN, isDDH

Abbreviations: MLPA, Multilocus Phylogenetic Analysis; ANI, Average Nucleotide Identity;
isDDH, in silico DNA-DNA hybridization; TEM, Transmission Electron Microscope.
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The genus Arcobacter was described by Vandamme et al. [1] with two species firstly
ascribed to the aerotolerant campylobacters group. In 2017, Waite and coworkers [2] reviewed
the taxonomy of the Epsilonproteobacteria using more than 4,000 genomes and proposed the
new phylum Epsilonbacteraeota composed by the class Epsilonbacteria and the order
Desulfurellales. In this new reclassification, Arcobacter was included in the new family
Arcobacteraceae [2]. The genus Arcobacter is composed by Gram-stain-negative bacteria
which grows at low temperatures and in the presence of oxygen. The latter two characteristics
are the ones that differentiate Arcobacter from Campylobacter [1]. At the time of writing, the

genus is composed by 27 species [3-5].

During a Spanish expedition to the Antarctic peninsula in the austral summer of 2010,
one isolate (AHV-9/2010) was recovered from a rectal swab of an elephant seal (Mirounga
leonina) from the Avian Island. The swab was introduced in FBP media [6] with 0.5% active
charcoal (Sigma Ltd, Scotland, UK) and frozen at -20° C until analysis. The swab and 100 pl
of the shipping media were added to 10 ml of Campylobacter enrichment broth (Lab M,
Lancashire, UK) with 5% laked horse blood (Oxoid, Hampshire, UK) and CAT (cefoperazone
[8 ug/ml], teicoplanin [4 pug/ml], and amphotericin B [10 pg/ml]) supplement (Oxoid) at 37°C.
The broth was incubated at 37°C for 5 days in 3.5-liter anaerobic containers using CampyGen
sachets (Oxoid). A 47 mm diameter cellulose membrane with 0.60 um pores was placed on the
surface of an Columbia agar (Oxoid) with 5% defibrinated sheep blood. Eight to ten drops of
enrichment broth (200 ul) were placed onto the surface of the membrane at 48 hours and 5
days of incubation. The membrane was left for 20 to 30 min on the agar surface at room
temperature until all of the fluid had passed through. The plates were incubated as described

above, but for a 5 days period of time to isolate the less common, slower growing species.

Presumptive Arcobacter colonies (small, translucent, beige to pale white) were
detected only on Columbia agar plate and these colonies were observed under the optical
microscope after a gram staining, and oxidase activity was tested. Cells were gram-stain-
negative rods, with S shapes and presented oxidase activity [1,7]. To determine the
identification of the strain AHV-9/2010" to the species level, the 7poB gene (622 bp) was
amplified and sequenced as described by Levican [8]. This gene was aligned with the type
strains of the other described species of the genus using ClustalW [9] implemented in Mega
6.0 [10]. A phylogenetic analysis was performed using the Maximum likelihood (ML) method
[11]. Phylogenetic analysis (Figure S1) showed that the strain AHV-9/2010" formed a distinct
branch near to Arcobacter skirrowii LMG 66217, In order to know the exact taxonomic
position of the strain AHV-9/2010T, the 16S rRNA gene (1406 bp) and the housekeeping
genes atpA, gyrd, gyrB and hsp60 were amplified and sequenced as previously described [8].

The 16S rRNA gene, the five housekeeping genes and the concatenated sequences of these
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five housekeeping genes (rpoB, atpA, gyrA, gyrB and hsp60, 3102 bp) were aligned as
described above for the rpoB gene. Phylogenetic trees were constructed using the Neighbor-
Joining (NJ) [12,13] and the ML [11] algorithms for the concatenated sequences and for
the 16S rRNA gene; and the ML method was used for the individual houskeeping genes trees.
All the analyzed trees (Figs. 1 and 2, Supplementary Figs. S1-S7) showed that the strain
AHV-9/2010" represents a potential new species, being its nearest species A. skirrowii LMG
6621T. The 16S rRNA gene similarities was calculated with MegAlign version 7.0.0
(DNASTAR®, Madison, WI). The highest percentage of similarity of the 16S rRNA gene of 4.
miroungae sp. nov. AHV-9/2010" was 99.4% with A. skirrowii LMG 6621T. The
percentage of similarity with the other species of the genus ranged from 91.2% with

Arcobacter bivalviorum CECT 7835 to 98.6% with Arcobacter trophiarum LMG 255347,

To confirm that the new strain belongs to a novel species, the genomes of A.
miroungae sp. TNOV. AHV-9/2010" (PDKH00000000) and A. skirrowii LMG
66217 (NXIC00000000) were sequenced with MiSeq platform of Illumina and
assembled with SPAdes v3.9.0. [14]. The obtained genomes were annotated with the
Rapid Annotation of microbial genomes using Subsystems Technology (RAST) [15].
Genomes were compared using the Average Nucleotide Identity (ANI) and the in silico
DNA-DNA hybridization (isDDH), using the software OrthoANI [16] and GGDC [17],
respectively. The values obtained between the genomes of A. miroungae sp. nov.
AHV-9/2010" and A. skirrowii LMG 66217 were 94.5% for ANI and 61.0% for isDDH. The
values below the cutoff of 95% for ANI and 70% for isDDH evidenced that A. miroungae
sp. nov. AHV-9/2010" represents a new species of the genus Arcobacter [17,18].
Additionally, both genomes showed the presence of genes related with
phosphatidylglycerol synthesis, as phosphatidylglycerolphosphatase A (pspA4, EC3.1.3.27)
and phosphatidase cytidylyltransferase (cds4, EC 2.7.7.41); as well as the gene
phosphatidylserine  descarboxilase  (psd, EC4.1.1.65) for the synthesis of
phosphatidylethanolamine. These genes had also been found by chromatographic methods in
Arcobacter pacificus, Arcobacter acticola and Arcobacter haliotis [4,19,20]; and in
the genome of the type strains of Arcobacter canalis, Arcobacter molluscorum,

Arcobacter marinus, Arcobacter halophilus and A. cryaerophilus [5,21].

To complete the description of this new species, a phenotypical characterization was
performed following the minimal standards proposed for the family Campylobacteraceae
[22,23]. The presence of flagella was studied using the Transmission Electron Microscope
(TEM) JEOL 1011 (Figure S8). Strain was grow in blood agar at 30°C in aerobiosis for 48
hours and cells were prepared for the TEM analysis as previously described [5]. Tests were

assayed at least twice for the strain 4. miroungae sp. nov. AHV-9/2010T and its closest
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species A. skirrowii LMG 6621". The phenotypical results obtained for 4. skirrowii LMG
6621" were extracted from the species description [24] and from results obtained in our
laboratory. Morphology of the colonies were studied from cultures on blood agar at 30°C
for 48 hours. The phenotypic characterization was performed with 39 tests, including 12
tests for growth conditions in different temperatures and atmospheres, and 27 tests
for phenotypic characteristics. The 27 phenotypical tests included: growth in the
presence of different compounds (2% and 4% NaCl, 1% oxgall, 0.1% sodium
deoxycholate, 1% glycine, 0.01 to 0.1% of triphenyl tetrazolium chloride), antibiotics
(cefoperazone 64 mg 1", cephalothin 30 mg I"', nalidixic acid 30 mg I'") and dyes (0.05%
safranine, 0.005% fuchsine, 0.0005% crystal violet, 0.001% brilliant green), growth in
different media (CCDA, McConkey agar, minimal media), hydrolysis of starch, casein,
lecithin and indoxyl acetate, production of H>S and sugar fermentation on triple sugar iron
agar, nitrate reduction in Cook Nitrate agar, and enzymatic activity (catalase, oxidase and
urease). The phenotypical characteristics that allows the differentiation between A.
miroungae sp. nov. AHV-9/2010" and its closest species A. skirrowii LMG 6621" are
summarized in Table 1. Differential characteristics were the ability of 4. miroungae sp. nov.
AHV-9/2010" to grow in minimal media, the production of H,S from triple sugar iron agar and
the resistance to nalidixic acid (30 mg 1), and the inability to grow on blood agar in
microaerobiosis at 42°C and anaerobiosis at 30°C and 42°C, in the presence of 4% NaCl,
0.01% TTC and on CCDA agar. Other differential characteristics but with variable results of
A. skirrowii were the inability of A. miroungae sp. nov. AHV-9/2010" to growth in the

presence of 1% glycine.

Results obtained in this study evidenced that the strain AHV-9/2010" belongs to a novel

species of the genus Arcobacter, for which the name A. miroungae sp. nov. in proposed.

Description of Arcobacter miroungae sp. nov.

Arcobacter miroungae (miroun’gae. N.L. gen. n. miroungae of Mirounga, named because the

organism was isolated from the southern elephant seal, Mirounga leonina.)

Cells are gram-negative staining, curved rods with a single polar flagellum, non-encapsulated
and non-spore forming with 0.2-0.5 pm wide and 1.2-1.9 um long. Cell growth on blood agar
for 48 hours at 30°C in aerobic conditions are 1-3 mm in diameter, pale white, circular with
entire margins, convex and non-swarming. Pigments are not produced on blood agar. Strain
grows on blood agar in aerobiosis and microaerobiosis at 22-25C, 30°C and 37°C, but not at
42°C. In anaerobiosis growth only occurs at 37°C. Produces oxidase and catalase activities, but

not urease activity. Strain hydrolyses indoxyl acetate but not casein, lecithin or starch. Produces
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H,S from triple sugar iron agar and reduces nitrates on Cook nitrate agar. Growth occurs in
blood agar supplemented with 0.1% sodium deoxycholate, 0.05% safranine, 0.005% fuchsine,
0.0005% crystal violet. Growth not occurs in media supplemented with 2% NaCl, 4%
NaCl, 1% oxgall, 1% glycine, 0.001 brilliant green nor 0.01-0.1% TTC. Strain grows in
minimal media but not in CDCA or McConkey agars. Strain is susceptible to cefoperazone (64

mg 1) and cephalothin (30 mg 1"") and showed resistance to nalidixic acid (30 mg I'").

The type strain is AHV-9/2010" (= LMG 29975'= CECT 9299") isolated from a rectal swab

of a southern elephant seal (Mirounga leonina) in the Avian Island (Antarctic Peninsula).
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Figure legends

Figure 1. Neighbour-Joining tree based on 16S rRNA gene sequences (1406 bp) showing the
phylogenetic position of 4. miroungae sp. nov. AHV-9/2010" within the genus Arcobacter.
Bootstrap values (>50 %) based on 1000 replications are shown at the nodes of the tree. Bar, 2

substitutions per 100 nt.

Figure 2. Neighbour-Joining tree based on the concatenated sequences of atpA4, gyrB, hsp60,
rpoB and gyr4 (3061 bp) genes showing the phylogenetic position of A. miroungae sp. nov.
AHV-9/2010" within the genus Arcobacter. Bootstrap values (>50 %) based on 1000

replications are shown at the nodes of the tree. Bar indicates 2 substitutions per 100 nt.

Table 1. Differential characteristics of Arcobacter miroungae sp. nov. AHV-9/2010" and its
closely related species 4. skirrowii LMG 6621".

A. miroungae sp. nov. A. skirrowii

Characteristic AHV-9/2010"

Growth at/with/on:
42°C (microaerobic) -
30°C (anaerobic) -
42°C (anaerobic) -
4% NaCl -
1% glycine - \Y4
0.01% TTC -
CCDA -
Minimal medium + -
Triple-sugar iron + -
Resistance to:
Nalidixic acid (30 mg 1) + _x

*Data extracted from the A. skirrowii description (n=18) (Vandamme et al., 1992).

+ 4+ + o+

—_~
_|_

)*

+ +

*
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Supplementary figure S1. Maximum Likelihood tree (model GTR+G+I) based on the rpoB gene
sequence (622 bp) showing the phylogenetic position of 4. miroungae sp. nov. AHV-9/2010T
within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at the
nodes of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S2. Maximum Likelihood tree (model GTR+G=I) based on the 16S rRNA
gene sequence (1417 bp) showing the phylogenetic position of A. miroungae sp. nov.
AHV-9/2010T within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications
are shown at thenodes of the tree. Bar indicates 10 substitutions per 100 nt.
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Supplementary figure S3. Maximum Likelihood tree (GTR+G+I) based on the concatenated
sequences of atpA, gyrB, hsp60, rpoB and gyrdA (3103 bp) genes showing the phylogenetic
position of A. miroungae sp. nov. AHV-9/2010T within the genus Arcobacter. Bootstrap values
(>50%) based on 1000 replications are shown at the nodes of the tree. Bar indicates 5
substitutions per 100 nt.
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Supplementary figure S4. Maximum Likelihood tree (model GTR+G+I) based on the atp4 gene
sequence (612 bp) showing the phylogenetic position of A. miroungae sp. nov. AHV-9/2010T
within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at the
nodes of the tree. Bar indicates 2 substitutions per 100 nt.
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Supplementary figure S5. Maximum Likelihood tree (model GTR+G+I) based on the gyr4 gene
sequence (686 bp) showing the phylogenetic position of A. miroungae sp. nov. AHV-9/2010T
within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at
the nodes of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S6. Maximum Likelihood tree (model GTR+G) based on the gyrB gene
sequence (618 bp) showing the phylogenetic position of A. miroungae sp. nov. AHV-9/2010T
within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are shown at
the nodes of the tree. Bar indicates 5 substitutions per 100 nt.
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Supplementary figure S7. Maximum Likelihood tree (model GTR+G+I) based on the Asp60
gene sequence (595 bp) showing the phylogenetic position of 4. miroungae sp. nov. AHV-
9/2010T within the genus Arcobacter. Bootstrap values (>50%) based on 1000 replications are
shown at the nodes of the tree. Bar indicates 2 substitutions per 100 nt.
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Supplementary figure S8. Transmission electron microscopy images of a cell of A. miroungae
sp. nov AHV-9/2010T with negative staining using phosphotungstic acid Bar, 500nm.
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4.5 A polyphasic and taxogenomic evaluation uncovers Arcobacter cryaerophilus as a
species complex that embraces four genomovars. (2018) Pérez-Cataluiia, A., Collado, L.,
Salgado, O., Lefinanco, V. and Figueras, M.J. Front. Microbiol. 9:805.
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A Polyphasic and Taxogenomic
Evaluation Uncovers Arcobacter
cryaerophilus as a Species Complex
That Embraces Four Genomovars

Alba Pérez-Cataluna’, Luis Collado?*, Oscar Salgado?2, Violeta Lefifianco? and
Maria J. Figueras ™

" Unit of Microbiology, Department of Basic Health Sciences, Faculty of Medicine and Health Sciences, ISPV, University
Rovira i Virgili, Reus, Spain, ? Faculty of Sciences, Institute of Biochemistry and Microbiology, Universidad Austral de Chile,
Valdivia, Chile, ® Laboratory of Microbial Ecology of Extreme Systems, Department of Molecular Genetics and Microbiology,
Pontificia Universidad Catdlica de Chile, Santiago, Chile

The species Arcobacter cryaerophilus is found in many food products of animal origin
and is the dominating species in wastewater. In addition, it is associated with cases
of farm animal and human infectious diseases,. The species embraces two subgroups
ie., 1A (LMG 242917 = LMG 99047) and 1B (LMG 10829) that can be differentiated
by their 16S rBNA-RFLP pattern. However, some authors, on the basis of the shared
intermediate levels of DNA-DNA hybridization, have suggested abandoning the subgroup
classification. This contradiction indicates that the taxonomy of this species is not yet
resolved. The objective of the present study was to perform a taxonomic evaluation
of the diversity of A. cryaerophilus. Genomic information was used along with a
Multilocus Phylogenetic Analysis (MLPA) and phenotypic characterization on a group
of 52 temporally and geographically dispersed strains, coming from different types of
samples and hosts from nine countries. The MLPA analysis showed that those strains
formed four clusters (I-IV). Values of Average Nucleotide Identity (ANI) and in silico
DNA-DNA Hybridization (isDDH) obtained between 13 genomes representing strains
of the four clusters were below the proposed cut-offs of 96 and 70%, respectively,
confirming that each of the clusters represented a different genomic species. However,
none of the evaluated phenotypic tests enabled their unequivocal differentiation into
species. Therefore, the genomic delimited clusters should be considered genomovars of
the species A. cryaerophilus. These genomovars could have different clinical importance,
since only the cluster | included strains isolated from human specimens. The discovery
of at least one stable distinctive phenotypic character would be needed to define each
cluster or genomovar as a different species. Until then, we propose naming them
“A. cryaerophilus gv. pseudocryaerophilus” (Cluster | = LMG 102297), “A. cryaerophilus
gv. crypticus” (Cluster Il = LMG 9065"), “A. cryaerophilus gv. cryaerophilus” (Cluster
Il = LMG 242917) and “A. cryaerophilus gv. occultus” (Cluster IV = LMG 299767).
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INTRODUCTION

The genus Arcobacter, within the family Campylobacteraceae, was
proposed by Vandamme et al. (1991) to reclassify two species
that were, at that time, assigned to the genus Campylobacter
i.e., Campylobacter nitrofigilis (Arcobacter nitrofigilis, that was
selected as the representative or the type species of the genus)
and Campylobacter cryaerophila (now Arcobacter cryaerophilus).
The phenotypic characteristics that differentiate Campylobacter
and Arcobacter are the ability of the latter to grow in aerobic
conditions and at lower temperatures (Vandamme et al., 1991;

Collado and Figueras, 2011).

Using more than 4000 genomes, Waite et al. (2017) recently
analyzed the 16S and 23S rRNA genes and 120 protein sequences
and as a result they moved the Epsilonproteobacteria to the
phylum level with the name Epsilonbacteraeota. In addition, they
created a new family Arcobacteraceae that includes only the genus
Arcobacter. Currently, the genus Arcobacter includes 27 species
(Park et al., 2016; Whiteduck-Léveillée et al., 2016; Diéguez et al.,
2017; Figueras et al., 2017; Tanaka et al., 2017; Pérez-Catalufia
et al., 2018), four of which have been linked with human disease:
Arcobacter butzleri, A. cryaerophilus, A. thereius, and A. skirrowii
(Collado and Figueras, 2011; Figueras et al., 2014; Ferreira et al.,
2015). The species A. cryaerophilus has been found in many
food products of animal origin (like poultry, pork, lamb, and
seafood and in dairy food processing facilities (Collado et al.,

2008; Collado and Figueras, 2011).

On the basis of the different Restriction Fragment Length
Polymorphism (RFLP) of the 16S and 23S rRNA genes,
Kiehlbauch et al. (1991) and Vandamme et al. (1992) divided
the species A. cryaerophilus into two subgroups, subgroup 1
or 1A and subgroup 2 or 1B (from here on we will call them
subgroups 1A and 1B), represented by strains LMG 242917
(=LMG 9904T) and LMG 10829, respectively. Additionally, it
was demonstrated that the two subgroups showed different
whole-cell protein and fatty acid contents (Vandamme et al,
1992) and clustered apart by their Amplified Fragment Length
Polymorphism (AFLP) patterns (On et al., 2003). A 16S rDNA-
RFLP identification method established the separation of the
subgroups on the basis of their restriction patterns (Figueras
et al,, 2008). Despite strains belonging to both subgroups having
been found at the same time in animal and human clinical
samples and in food products, 1B is generally much more
frequently found than 1A (Collado and Figueras, 2011 and
references therein). In 2010, Debruyne et al. (2010) reassessed
the taxonomy of these two subgroups of A. cryaerophilus using
59 strains isolated mainly from aborted animals (74% of the
strains) and human faces (19%). The clustering of the strains
obtained by AFLP and by the phylogenetic analysis of the cpn60
gene, together with the shared intermediate levels of DNA-DNA
hybridization observed between the strains lead the authors
to conclude that despite A. cryaerophilus having a complex
taxonomy, the subgroup nomenclature should be abandoned

Abbreviations: LMG, Laboratorium voor Microbiologie, Universiteit Gent,
Belgium Culture Collection; MLPA, Multilocus Phylogenetic Analysis; ANI,
Average Nucleotide Identity; isDDH, in silico DNA-DNA hybridization.

(Debruyne et al.,, 2010). Furthermore, it was considered that the
type strain (LMG 242917 = LMG 99047) of A. cryaerophilus was
not representative of the species because it corresponded with
the less abundant 1A subgroup. They therefore proposed that
it should be changed for the strain LMG 10829, representative
of subgroup 1B (Debruyne et al., 2010). However, a recent
metagenomic analysis of Arcobacter populations recovered from
sewage samples of the wastewater treatment plant in the city
of Reus (Spain) and from various cities of the United States
gave evidence that both A. cryaerophilus subgroups (1A and
1B) were dominating in this environment (Fisher et al., 2014).
In addition, a different prevalence of the two A. cryaerophilus
subgroups was found depending on the wastewater temperature,
1B dominating in wastewater samples with temperatures above
20°C. Fisher et al. (2014) concluded that this finding is relevant
because understanding the ecological factors that affect the fate of
Arcobacter spp. in wastewater may help to better understand the
risks associated with these emerging pathogens. The latter study
showed that both subgroups of A. cryaerophilus were abundant
and represented two different ecotypes. Therefore, based on
those findings, a new polyphasic re-evaluation of the taxonomic
diversity of this species is required. The aim of the present study
was to investigate the taxonomy of A. cryaerophilus, evaluating
strains from 9 different countries recovered from wastewater,
different types of shellfish, human faces and various types of
animal samples (feces, various viscera from fetuses, uterus, and
milk). To our knowledge, this is the most diverse collection
of strains of this species studied so far. The polyphasic study
involved a phylogenetic analysis of the sequences of the 16S and
23S rRNA genes and of several housekeeping genes, an analysis
of 13 genomes (7 of which were obtained in this study) from a
representative strains and a phenotypic characterization.

MATERIALS AND METHODS
Strains Used in This Study

The study included a total of 52 strains that were widely
distributed, both geographically and by the type of sample from
which they were isolated that, included different host species
(humans, pigs, cow, deer, clams, etc.) and environments (water,
milk, reclaimed water etc.) as show in Table 1. Six strains
possessed their genomes available at the GenBank database, 36
were field isolates from different sources and countries collected
over a broad time frame (1985-2013) and 10 strains were from
the BCCM/LMG Bacteria Culture Collection (Table 1). Among
the latter was the type strain of A. cryaerophilus LMG 242917
that corresponds to subgroup 1A and the reference strain LMG
10829 of the subgroup 1B (Table1). The 46 strains were re-
evaluated or ascribed to subgroups 1A or 1B using the 16S
rDNA-RFLP method described by Figueras et al. (2008, 2012).
The method consists of the digestion of an amplified fragment
(1026 bp) of the 16S rRNA gene with the enzyme Msel, which
produces a pattern with different band sizes for subgroup 1A
(395, 216, 143, 138 bp) and for subgroup 1B (365, 216, 143, and
138 bp). The RFLP patterns of the six genomes from the GenBank
database (genomes L397 to L401 and L406) were obtained by an
in silico simulation of the enzymatic digestion using GeneQuest
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TABLE 1 | Strains used (n = 52) in this study included field isolates, the type and reference collection strains of the species A. cryaerophilus and genomes from the NCBI
database® and 7 obtained in this studyb (accession numbers in Table 2).

Country Strain Source Isolation year 16S-RFLP Pattern Cluster
Brazil F196 Aborted porcine fetus 1997 1B |
Brazil UF1T Uterus, sow 1997 1B |
Brazil UF2T Uterus, sow 1997 1B |
Brazil UPER3 Uterus, sow 1997 1B |
Canada LMG 10229P Kidney, aborted porcine fetus 1990 1B |
Canada LMG 10241 Kidney, aborted porcine fetus 1990 1B |
Canada LMG 10210P Aborted bovine fetus 1990 1B v
Canada L3974 Wastewater 2008 1B |
Canada 1398 Water 2008 1B |
Canada L3998 Wastewater 2008 1B |
Canada L4008 Wastewater 2008 1B |
Canada L4012 Goose feces 2009 1B |
Canada L4062 Water 2008 1B |
Chile AB3A Abomasum, aborted bovine fetus 2011 1B |
Chile AB74A Abomasum, aborted bovine fetus 2013 1B |
Chile AO2A Lungs, aborted ovine fetus 2011 1B |
Chile AL 20-1 Clam 2011 1B Il
Chile CV-152 Feces, deer 2013 1A Il
Chile CV-2101 Feces, deer 2013 1A Il
Chile EMU-3 Feces, emu 2013 1A Il
Chile FE7 Feces, chicken 2005 Abutz Il
Chile HHS 118A Feces, asymtomatic human 2013 1B |
Chile HHS 133A Feces, asymtomatic human 2013 1B |
Chile HHS 188A Feces, asymtomatic human 2013 1B |
Chile HHS 191A Feces, asymtomatic human 2013 1B |
Chile HHS 205A Feces, asymtomatic human 2013 1B |
Chile MC 2-2 Surf clam 2011 NP |
Chile MCV 42-1 Feces, cow 2011 1B |
Chile ME 15-4 Mussel 2011 Abutz Il
Chile NAV 15-1 Razor clam 2011 1A vV
Chile NAV12-2 Razor clam 2011 NP |
Chile NB14A Jejunum, calf 2011 1B |
Costa Rica 14 PHA Viscera, chicken 2011 1B |
Costa Rica 20 PHF Viscera, chicken 2011 1B |
Ireland LMG 24291TP Brain, aborted bovine fetus 1985 1A Il
Ireland LMG 9065° Placenta, aborted ovine fetus 1989 1A Il
Ireland LMG 98610 Peritoneum, aborted bovine fetus 1990 1B |
Ireland LMG 9863° Placenta, aborted ovine fetus 1990 Abutz Il
Ireland LMG 29976P Eye, aborted porcine fetus 1990 1A I\
Ireland LMG 98710 Kidney, aborted bovine fetus 1990 Abutz Il
Italy 284/1 Cow milk 2012 1B |
Italy BUF3 Buffalo milk 2012 1B |
Italy FEBU4 Feces, buffalo 2012 1B |
New Zealand 8749401 Diarrhoeic feces, human 2008 1B |
New Zealand 8756347 Diarrhoeic feces, human 2008 1B |
Spain 8122333 Diarrhoeic feces, human 2012 1B |
Spain RW15-1 Reclaimed water 2013 1A I\
Spain RW17-4 Reclaimed water 2013 1A I\
Spain RW25-5 Reclaimed water 2013 1A |
Spain RW33-8 Reclaimed water 2013 1A |
Spain RW45-3 Reclaimed water 2013 1A \%
USA LMG 10829 Human blood 1990 1B |
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software (DNASTAR, USA). When a different pattern from that
expected for A. cryaerophilus was obtained, it was compared with
those patterns described for the type strains of all the Arcobacter
species by Figueras et al. (2008, 2012). In addition the identity
of the strains were confirmed by sequencing the rpoB gene using
primers and conditions described in other studies (Collado et al.,

2009; Levican et al., 2015).

Phylogenetic Analysis

A Multilocus Phylogenetic Analysis (MLPA) was carried out
by amplifying and sequencing 4 housekeeping genes (gyrB,
rpoB, atpA, and cpn60) following protocols described by Levican
Asenjo (2013). In addition, these genes and the 16S and 23S rRNA
genes were extracted from the 7 obtained genomes and from the
6 downloaded from the GenBank database. Accession number
or locus tag of each gene and strain are show in Supplementary
Table S1. Genes were aligned (Supplementary Figure S4) using
CLUSTALW (Larkin et al., 2007) implemented in MEGA 6
software (Tamura et al., 2013). The same software was used for
the phylogenetic analysis using Neighbor-Joining (NJ) algorithm
(Kimura, 1980; Saitou and Nei, 1987) and the bootstrap support
for individual nodes was calculated with 1,000 replicates.

Whole Genome Sequencing and Analysis

The genome sequence of the type strain of A. cryaerophilus
(LMG 24291") and of six additional strains (LMG 102297,
LMG 9861, LMG 9065", LMG 9871, LMG 29976", and
LMG 10210) representative of the different MLPA clusters
were obtained in the present study using Illumina MiSeq
platform (San Diego, CA, USA). The genomic DNA was

extracted from pure cultures using the Easy—DNATM gDNA
Purification kit (Invitrogen, Madrid, Spain). Genomic libraries
were prepared with the Nextera® XT DNA Sample Preparation
Kit (Illumina) following manufacturer’s instructions. Genome
assembly was carried out with the SPAdes 3.9 (Nurk et al,
2013) and the CGE assemblers (Larsen et al, 2012) and
the best results were selected for further analysis. Assembled
genomes were annotated using Prokka v1.11 software (Seemann,
2014). Additionally, the protein-encoding sequences (CDS) were
annotated using the Rapid Annotation Subsystem Technology
(RAST) (Aziz et al., 2008) and the PATRIC server v3.5.2.
(Wattam et al, 2017). The general characteristics derived
from the NCBI Prokaryotic Genome Automatic Annotation
Pipeline (PGAAP) and described for the 13 genomes (6 from
the GenBank database and 7 from this study) were: genome
size (Mb), number of contigs, N50 (bp), G+C content (%)
and the number of predicted CDS. Furthermore, the genomes
were compared by the Average Nucleotide Identity (ANI)
and the in silico DNA-DNA hybridization (isDDH) indices
using OrthoANT (Lee et al, 2015) and Genome-to-Genome
Distance Calculator software (Meier-Kolthoff et al., 2013),

respectively.

Additionally, a phylogenetic analysis of the 13 genomes (LMG
242917, LMG 10229", LMG 9861, 1.397-1401, L406, LMG 90657,
LMG 9871, LMG 29976, and LMG 10210) was carried out using
the Maximum Likelihood estimation using RAXML (Stamatakis,
2014) with the pipeline implemented in the PATRIC server

(Wattam et al., 2017). The genome of A. trophiarum LMG
25534Twas used as outgroup. As a first step, the phylogeny was
constructed using a set of homologous proteins identified with
BLASTp (Boratyn et al., 2013) and clustered with the Markov
Cluster Algorithm (MCL) (Dongen, 2000). The second step was
an alignment of the protein set using MUSCLE (Edgar, 2004)
and the Hidden Markov Models (HMM) were constructed with
HMMER tools (Eddy, 1998).

Virulence and Antibiotic Resistance Genes

Virulence genes were searched by BLASTn analysis with
default parameters using the Virulence Factors of Pathogenic
Bacteria Database (VFDB) (Chen et al., 2005), Victors Database
(University of Michigan, USA) and PATRIC_VF (Wattam et al,,
2017). Antibiotic resistance genes were searched using the
Antibiotic Resistance Database (ARDB) (Liu and Pop, 2009) and
the Comprehensive Antibiotic Resistance Database (CARD) (Jia
et al., 2017). The five mentioned databases are included at the
Specialty Genes tool available at the PATRIC server (Wattam
et al, 2017). Furthermore, the Antibiotic Resistance Gene-
Annotation database (ARG-ANNOT) (Gupta et al., 2014) was
also used to search antibiotic resistance genes by BLASTp analysis
using default parameters and the database ARG-ANNOT AA
V3 (March 2017). Virulence and resistance mechanisms were
also searched for with RAST (Aziz et al., 2008) and PATRIC
servers (Wattam et al.,, 2017). Additionally, genes related with
the virulence of Arcobacter (Collado and Figueras, 2011; Douidah
et al, 2012; Levican et al, 2013a) were searched for with
BLASTn using sequences obtained from GenBank and from
the annotated Arcobacter genomes of A. butzleri RM4018,
A. nitrofigilis DSM 7299 and Arcobacter sp. L. The genes
studied were cadF and ¢j1349, which encode two fibronectin
binding proteins; ciaB encodes the invasion protein CiaB, mviN
gene related to peptidoglycan synthesis; pIdA gene encodes a
phospholipase; tlyA gene codifies for a hemolysine; hecB related
to hemolysis activation; hecA gene that encodes an adhesion
protein and finally the gene irgA that codifies an iron-regulated
outer membrane protein (Collado and Figueras, 2011; Douidah
et al., 2012; Levican et al., 2013a). The accession number or
locus tag of those genes are show in Supplementary Table S2.
A phylogenetic analysis was conducted using the three virulence
genes (cj1349, mviN, and pldA) present in all the studied genomes
to evaluate their genetic relatedness and evolution.

Comparison of the Genome Derived

Metabolic and Phenotypic Information

The genomes of the seven representative strains from each
cluster (LMG 10229, LMG 9861, LMG 9065", LMG 9871,
LMG 242917, LMG 29976, and LMG 10210) were compared
using the Functional Comparison Tool implemented in the Seed
Viewer (Overbeek et al., 2014). This software uses the protein
sequences of each compared genome annotated with RAST
(Aziz et al, 2008) and reconstructs the metabolic pathways.
On the other hand, the phenotypic traits derived from each
genome were obtained with Traitar software (Weimann et al,
2016) using the protein annotations obtained with Prokka v1.2
(Seemann, 2014). This software infers phenotypic traits using
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data from the Global Infectious Disease and Epidemiology
Online Network (GIDEON) and from the Bergey’s Systematic
Bacteriology (Goodfellow et al, 2012). The software works
with a total of 67 traits that embrace different microbiological
or biochemical characteristics involved in enzyme activity,
growth, oxygen requirements, morphology, and hydrogen sulfide
production (Weimann et al., 2016).

Phenotypic Characterization

Phenotypic characterization of the 46 strains included 9
tests recommended in the guidelines for defining new
species of the family Campylobacteraceae (Ursing et al.,
1994; On et al, 2017) and 7 additional tests used in the
description of other Arcobacter spp. (Donachie et al., 2005;
Houf et al.,, 2005). Most of these tests were chosen using as
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FIGURE 1 | Neighbor joining tree based on the concatenated sequences of gyrB, rpoB, atpA, and hsp60 (2,408 bp) genes showing the distribution of the 52 strains
in four clusters. Bootstrap values (>50%) based on 1,000 replications are shown at the nodes of the tree. Bar indicates 1 substitutions per 100 bp. Isolation source:
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a criterion the biochemical tests that gave variable results RESULTS AND DISCUSSION
for both A. cryaerophilus subgroups in the previous study
by On (1996), in which a total of 67 phenotypic tests were
analyzed from 9 and 10 strains of subgroups 1A and 1B,
respectively. Growth conditions on blood agar were tested
(BD Difco, NJ, USA) at 37° and 42°C at three different
atmospheres: aerobic, microaerobic ,and anaerobic conditions.
The biochemical properties were tested at 30°C in aerobic
conditions for the 46 strains using positive and negative controls
in parallel for each specific test. To evaluate inter laboratory
reproducibility, the strains LMG 9065, LMG 9861, LMG
9871, LMG 10229 and LMG 24291Twere tested in parallel in
two different laboratories in different countries (Chile and
Spain).

Molecular Identification and Phylogeny

Table 1 shows that 46 of the 52 strains gave RFLP patterns
defined by Figueras et al. (2008) for A. cryaerophilus and 4
showed the one for A. butzleri (FE7, ME15-4, LMG 9863, and
LMG 9871). However, strains NAV12-2 and MC2-2 produced
a new RFLP pattern different to the described ones (Figueras
et al., 2008, 2012). From the 46 strains that gave the pattern
of A. cryaerophilus, 34 gave the pattern of the subgroup 1B
(including the in silico simulated patterns obtained from the 16S
rRNA genes of the 6 GenBank genomes L397- L1401 and L406)
and 12 the one of the subgroup 1A. This demonstrated once
more that subgroup 1B is more abundant than 1A, in agreement
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FIGURE 2 | Neighbor joining tree based on 16S rRNA (1,496 bp) sequences showing the phylogenetic position of the representative strains of the four clusters of
A. cryaerophilus within the genus Arcobacter. Bootstrap values (>50%) based on 1,000 replications are shown at the nodes of the tree. Bar, 5 substitutions per 1,000
bp.
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with results of previous studies (Debruyne et al., 2010; Collado
and Figueras, 2011; Fisher et al., 2014). As Figueras et al. (2012)
explained when describing the 16S rDNA-RFLP identification
method, different RFLP patterns from those expected for the
Arcobacter spp. can obtained for new species or might be due
to the existence of a mutation on the targeted site of the
endonucleases in a known species. The former occurred for
instance in A. mytili (Collado et al., 2009) and A. molluscorum
(Figueras et al., 2011a) among other species (Figueras et al.,
2011b; Levican et al., 2012, 2013b, 2015). Mutations at the
binding site of the endonuclease Msel were described in the
strains LMG 9863 and LMG 9871 (used in this study, Table 1),
but in this case instead of resulting in a new pattern they were
responsible for generating the pattern for A. butzleri instead of

A. cryaerophilus (Figueras et al., 2012).

The MLPA with the concatenated sequences (2,408 bp) of
the four housekeeping genes (gyrB, rpoB, atpA, and cpn60) of
the 52 strains showed that they grouped into four main clusters
(Figure 1). Cluster I had 36 strains, most of them (88.8%)
from the subgroup 1B, and included the reference strain for
the 1B subgroup LMG 10829. The other four strain of this
cluster presented the pattern of subgroup 1A (n = 2) and a
different pattern to those described (n = 2). Cluster II (n = 6)
corresponded to the four strains that showed a 16S rDNA-RFLP
pattern similar to the one described for A. butzleri (Figueras et al.,
2008) and two other strains with the patterns for the subgroups
1A and 1B. Cluster ITI, included the type strain of A. cryaerophilus
LMG 242917 and three field isolates from Chilean animals all
belonging to the subgroup 1A, and Cluster IV comprised six
strains, mostly from subgroup 1A (n = 5). Interestingly, strains
recovered from human specimens belonged exclusively to Cluster
I, suggesting potential host specificity because strains associated
with farm animal abortions were present in the four clusters

(Figure 1).

A representative type strain was selected from each cluster
(I-IV) for further analysis and for constructing a 16S rRNA
gene phylogenetic tree (Figure 2). The tree showed that the four
strains formed separated branches, strains LMG 242917 and
LMG 299767 being the nearest ones. The percentage of similarity
of the 16S rRNA gene between the type strains ranged from 99.5%
between strains LMG 102297 (Cluster I) and LMG 90657 (Cluster
II) to 99.9% between the original type strain of A. cryaerophilus
LMG 242917 (Cluster I1I) and the representative strain of Cluster
IV (LMG 299767). These results agree with what occurs between
other species of Arcobacter, such as A. ellisii and A. cloacae
(Figueras et al., 2011b; Levican et al., 2013b), where the 16S rRNA
gene does not have enough resolution to differentiate the species.
The phylogeny of the 23S rRNA gene (Supplementary Figure S1)
and the one carried out with the concatenated sequences of
the two rRNA genes (Supplementary Figure S2) presented the
same topology shown with the 16S rRNA gene (Figure 2) and
confirmed that the strains of Cluster III are more closely related

to Cluster IV than to the other clusters.

Genome Analysis

The characteristics of the 13 compared genomes
representatives of Cluster I, two of clusters II and IV and

TABLE 2 | Characteristics of the 13 genomes from representative strains from each of the clusters.
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one of Cluster III) are shown in Table 2. The quality of the
genome sequences was in general in agreement with the minimal
standards established for the use of genome data for taxonomical

purposes, that embraces characteristics of the sequencing and
assembly of the genomes like the depth of coverage, the value
of N50 and the number of contigs (Chun et al., 2018). The

TABLE 3 | Results of Average Nucleotide Identity (ANI) and in silico DNA-DNA hibridization (isDDH) between representative genomes of the four clusters.

CLUSTER
| ] 1 v
LMG 102297 LMG 9861 L397 L398 L399 L400 L401 L406 LMG 9065" LMG 9871 LMG 24291T LMG 10210 LMG 299767
Cluster |
LMG 102297 74.7 743 723 735 735 719 757 50.3 50.4 50.1 63.7 62.0
LMG 9861 97.2 69.6 696 687 703 697 723 50.2 49.6 49.7 63.0 62.1
L397 97.1 96.6 735 753 784 719 821 49.3 49.0 49.2 60.1 59.9
L398 96.9 96.6 97.1 784 749 877 7583 49.7 50.3 49.3 60.1 59.7
L399 97.1 96.6 97.3 97.7 75.3 79.0 758 49.8 49.5 49.5 60.2 59.2
L400 97.1 96.7 97.7 97.2 973 741 83.4 491 49.3 49.1 60.3 59.7
L401 96.9 96.6 971 98.6 97.7 97.1 74.6 49.9 49.9 50.5 60.7 59.5
L406 97.3 96.9 98.1 973 974 982 97.2 20.1 50.0 49.7 61.7 60.5
Cluster Il
LMG 90657 93.1 93.1 929 931 931 929 93.1 93.0 81.4 56.1 51.1 51.7
LMG 9871 93.1 93.1 929 931 93.0 929 93.1 93.0 98.1 49.7 51.0 52.2
Cluster Il
LMG 242917 92.9 92.8 926 926 927 925 929 929 94.3 94.4 52.3 54.4
Cluster IV
LMG 10210 95.7 95.8 95.2 952 953 953 952 955 93.5 93.4 93.4 73.4
LMG 299767 95.2 95.5 951 949 949 951 949 951 93.5 93.5 93.9 97.1
Values in bold in the lower triangle corresponds to ANI and in the upper triangle to isDDH.
A. ervaerophilus gv. pseudocryaerophilus 1398
100
A. crvaerophilus gv. pseudocryaerophilus L401
A. cryaerophilus gv. pseudocryaerophilus L399
5 A. ervaerophilus gv. pseudocrvaerophilus 1400
CLUSTERI
A. ervaerophilus gv. pseudocryaerophilus L406
A. crvaerophilus gv. pseudocrvaerophilus 1397
A. crvaerophilus gv. pseudocryaerophilus LMG 102297
A. ervaerophilus gv. pseudocryaerophilus LMG 9861
A. ervaerophilus gv. occultus LMG 10210
CLUSTERIV
A. orvaerophilus gv. occultus LMG 299767
A. cryaerophilus gv. erypticus LMG 9065T
o) CLUSTERII
- A. ervaerophilus gv. crypticus LMG 9871
A. cryaerophilus gv. cryaerophilus LMG 242917 CLUSTERIII
A. trophiarum LMG 255347
FIGURE 3 | Maximum likelihood tree based on the concatenated sequences of 893 core protein sequences showing the distribution of the 13 genomes used in the
same four clusters shown in Figure 1. Boostrap values based on 1,000 replications are shown at the nodes of the tree. Bar indicates 2 substitution per 100 aa.

Frontiers in Microbiology | www.frontiersin.org

April 2018 | Volume 9 | Article 805


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER

Alba Pereg, Coladliitetal.

Arcobacter cryaerophilus Includes Four Genomovars

exceptions were the genome sequence data of strains LMG
102297, LMG 9871, and LMG 9861 that presented a depth of
coverage lower than 50X proposed in the standards (Table 2).
Globally, the genomic characteristics of the 13 compared
genomes shown in Table 2 were very similar, with sizes that did
not differ in more than 0.29 Mb, with a %mol G+C content

TABLE 4 | Antibiotic resistant genes and virulence factors.

CLUSTERS
1 Il L] v

123456738 9 10 11 12 13

ANTIBIOTIC RESISTANCE
Multidrug efflux pumps

CmeABC system? + 4+ 4+ +++++ ++ + + +

MFS Superfamily? -+ -+ + + ++ 4+ - = = =
Macrolids

MacAB—TolG2 e I R i T e
Quinolones

gyrA mutation U
23S rRNA mutations .
OoxBP ++++++++ ++ + + +
B-lactamics

|
|
|
|
|
|
|
+
a
|
|

B-lactamase?®

Colistin
Mcr—1P
Mcr—2P

+ + +
|
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
+ o+ +
|
+ + +
|
+ o+ +

Acriflavin resistance®
Streptomycin/Spectinomycin® — — — — — — — — — — — 4+ —
VIRULENCE FACTORS

Invasion

ciaB® + 4+ 4+ +++++ ++ + + +
mviN© + 4+ 4+ 4+ ++++ ++ + + +
Adhesion

j1349° + + + 4+ + +++ ++ + + +
cadF°® e — - - - - - - - - - -
Filamentous hemmaglutinin

hecA® - - - - - - - - - - - -
Hemolysis

hecB® - — - - - - - - - - - - =
tlyA® - - - - - - - - 4+ -+ - -
Outer membarne protein

iIrgA® - - -+ - -+ = - = - - -
Phospholipase
PIdA®

++++ 4+ ++ ++ + + o+

1, A. cryaerophilus gv. pseudocryaerophilus LMG 102297; 2, A. cryaerophilus
gv. pseudocryaerophilus LMG 9861, 3, A. cryaerophilus gv. pseudocryaerophilus
L397; 4, A. cryaerophilus gv. pseudocryaerophilus L398; 5, A. cryaerophilus
gv. pseudocryaerophilus L399; 6, A. cryaerophilus gv. pseudocryaerophilus
L400; 7, A. cryaerophilus gv. pseudocryaerophilus L401;, 8, A. cryaerophilus gv.
pseudocryaerophilus  L406; 9, A. cryaerophilus gv. crypticus LMG 90657; 10,
A. cryaerophilus gv. crypticus LMG 9871; 11, A. cryaerophilus gv. cryaerophilus LMG
242917 12, A. cryaerophilus gv. occultus LMG 29976 ; 13, A. cryaerophilus gv. occultus
LMG 10210. @RAST/PATRIC results, ?ARG-ANNOT results, °BLASTn of virulence genes
results (See Supplementary Table S2), 9B-lactamase class D, ¢Phospholipase A and C.

ranging between 27.0 and 30.0% and with a number of coding
sequences or CDS of around 2000 (Table 2). The G+C values
were in agreement with those (24.6-31%) described in the recent
emended description of the genus Arcobacter (Sasi Jyothsna
et al., 2013). Table 3 shows the results from the calculated overall
genome related taxonomical indices i.e., ANI and isDDH. For
species delineation the generally accepted ANI and isDDH
boundary values are 95-96 and 70%, respectively (Goris et al.,
2007; Richter and Rossello-Mora, 2009; Meier-Kolthoff et al.,
2013; Chun et al., 2018). However, for the genus Arcobacter,
ANI values above 96% were the ones that better correlated
with isDDH results above 70% in previous studies (Figueras
et al., 2017; Pérez-Catalufia et al., 2018) in agreement with what
happens in other genera (Beaz-Hidalgo et al., 2015; Figueras
etal, 2017; Liu et al., 2017). The ANI values of the representative
strains from each of the four different clusters were below the
96% cut-off indicating that the compared genomes belonged to
different species, while the intra-cluster ANI values ranged from
96.6 to 98.6%. The isDDH results of <70% found between strains
of the four clusters confirmed as the ANI results did that each
cluster represented an independent species. The core genome
phylogenetic tree inferred from 893 protein sequences of the

CLUSTER
I 11 111 v

S - &

aQ — = i — o S

g 8 £ 5 8 & &8
(=2} o o —

g % 1 % v U Y

2 2 2 =2 2 3 2

Toxin-antitoxin system/YefM-Y oeB
Kinase/Doc toxin

Programed cell death/YdcE
Endoribonuclease/MazF-like
Endoribonuclease/YafQ toxin
Flagella protein/FlaA
Transposable elements

Phage replication

Phage introns

Aminoglycoside adenylyltransferases
Bile hydrolysis

Mannose metabolism

Lactate utilization

Benzoate degradation

Phosphoglycerol transferase I
Energy-coupling factor class transporters
Metallocenter biosynthesis

Chromate transport

Adenine deaminase

ABC transporter alkylphosphonate
Multi-subunit cation antiporter
Aerotacxis sensor receptor

Genes enconding polar lipids | 1,23 123

FIGURE 4 | Function based comparison between the representative genomes
of each cluster using RAST annotation results. Black squares represent de
presence and white squares the absence of each subsystem/protein. 1-3
Polar lipids genes: 1. Phosphatidilglycerol phosphatase A (pspA); 2.
phosphatidate cytidylyltransferase (cdsA); 3. phosphatidyl serine
decarboxylase (psd). Genes pspA and cdsA are involved in the synthesis of
phosphatidilglycerol (PG) and psd gene in the synthesis of
phosphatidylethanolamine (PE).

Frontiers in Microbiology | www.frontiersin.org

April 2018 | Volume 9 | Article 805


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER

Alba Pereg, Coladliitetal.

Arcobacter cryaerophilus Includes Four Genomovars

13 genomes obtained with PATRIC showed that the genomes
also grouped into four different well-supported clusters with
bootstraps of 100% (Figure 3). Interestingly, clusters IV and I
formed a separate branch from clusters II and III. This indicates
that the proteins of the genomes of clusters I and IV are more
similar than the nucleotide sequences, and this was also in
agreement with the higher values observed with ANI and isDDH
for these two clusters.

Virulence and Antibiotic Resistance Genes
Of the different methods and databases used for recognizing
virulence factors (Victors, VFDB and PATRIC_VF) none of
them were useful for recognizing virulence genes. There were
only a few exceptions. The phospholipase C identified with
the databases PATRIC_VF and Victors in the genome of
the strain LMG 29976' (Cluster IV). The enzyme UDP-
N-acetylglucosamine 4-6 dehidratase involved in flagelline
glycosylation and identified with the VFDB database in the
genomes 1397 and L399 (Cluster I). Finally, the Pspa protein
(EC 2.3.1.41), essential for gluconeogenesis, identified using
PATRIC_VF in the genome LMG 9871 of Cluster II (Table 4).
However the BLASTn carried out for the detection of virulence
genes showed the presence of different genes related with
adhesion (cj1349), invasion (ciaB and mviN) and phospholipase
activity (pldA) (Table 4). None of the genomes showed the cadF,
hecA and hecB genes that encode a fibronectin binding protein,
an adhesion protein and a factor for hemolysis activation,
respectively. These results agree with those obtained for the
genome of A. thereius LMG 244867 (Rovetto et al., 2017).

The irgA and tlyA genes that encode an iron-regulated outer
membrane protein and a hemolysine, respectively, were the only
ones found i.e. the gene irgA in the genomes L398 and L401
(Cluster I); the gene tlyA in LMG 242917 (Cluster I1I) and LMG
9065" (Cluster IT). The phylogenetic analysis of the concatenated
sequences of the four virulence genes present in all the genomes
(cj1349, mviN, pldA and ciaB) formed the same four clusters
(Supplementary Figure S3). However, the distribution of the
clusters was similar to the one obtained with the core genome tree
(Figure 3), where clusters I and IV formed a separated branch
from clusters II and IIL.

Regarding the presence of antibiotic resistant mechanisms,
all the genomes showed the cmeABC multidrug efflux pump,
the MacAB-TolC system for macrolide resistance, the oxgB gene
related with quinolone resistance and genes related with the
resistance to acriflavine. Resistance to colistin by the genes mcr-
1 and mcr-2 were present in 85% of the genomes. The genome
L406 was the only one that possessed a B-lactamase gene of
class D. Resistance to -lactamic compounds have been reported
in other studies (Atabay and Aydin, 2001; Fera et al., 2003)
and the same B-lactamase gene is present in the genome of
A. butleri RM4018. However, this gene is absent in the genome of
A. thereius LMG 24486" (Rovetto et al., 2017). The genome LMG
29976 was the only one that presented genes for the resistance to
streptomycin/spectomycin. The susceptibility of A. cryaerophilus
to streptomycin has been previously demonstrated (Kabeya et al.,
2004; Rahimi, 2014). However, this is the first report that show
the presence of resistance genes to this antimicrobial compound.
Mutations on the 23S rRNA (Ren et al., 2011) and the gyrA gene
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FIGURE 5 | Phenotypic inference using Traitar software for the representative genomes of each cluster. The software uses two prediction models, the phypat model
(predicts the presence/absence of proteins found in the phenotype of 234 bacterial species) and a combination of phypat+PGL models (uses the information of
phypat combined with the information of the acquisition or loss of protein families and phenotypes through the evolution), to determine the phenotypic characteristics.
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(Carattoli et al., 2002) for erythromycin and quinolone resistance
were not detected, despite gyrA mutations have been found
in some quinolone-resistant A. cryaerophilus strains (Abdelbaqi
et al., 2007; Van den Abeele et al., 2016).

Functional and Phenotypic Inference

Several subsystems where found to be characteristic of each
Cluster on the basis of the functional-based comparison between
the representative genomes (Figure 4). Cluster I genomes (LMG
102297 and LMG 9861) carry specifically multi-subunit cation
antiporters [Na(+) H(+) cation antiporter ABCDEFG] whose
function includes sodium tolerance and pH homeostasis in an
alkaline environment (Ito et al., 2017). Cluster II genomes (LMG
90657 and LMG 9871) were the only ones that did not show
the chromate transport protein ChrA, which confers resistance
to chromate compounds present in the other studied genomes.
Cluster III (LMG 24291T) was the only one that presented
transposable elements as the putative transposase TniA and
the Nucleotide Triphosphate binding protein TniB. Finally, the
enzyme Adenosine deaminase (EC 3.5.4.4) involved in purine
metabolism was only detected in Cluster IV genomes (LMG
29976 and LMG 10210).

From the 67 phenotypic inferred traits analyzed with Traitar
11(16.4%) were found in all the analyzed genomes while 12
were only found in some of them (Figure5). The genomes
of Cluster I (LMG 10229T and LMG 9861) were predicted
to produce hydrogen sulfide while those of Cluster IV (LMG
29976T and LMG 10210) showed acetate utilization and bile
susceptibility. However, none of these characteristics have been
observed when they have been tested in the laboratory on those
strains. This might be due to the inability to reproduce the
necessary conditions in the laboratory for the expression of
these features. None of the other nine traits recognized in some
genomes enabled us to differentiate between the IV Clusters.

Phenotypical Characterization

Table 5 shows the phenotypical results obtained from the
strains of each of the four clusters. In agreement with what
was found in previous studies where phenotypic test did not
differentiate between subgroups 1A and 1B (Neill et al., 1985;
Vandamme et al, 1992; On, 1996), none of the performed
phenotypic tests enabled to clearly distinguish strains from
each of the four phylogenetic clusters. Most of the tests gave
variable results except for Cluster IV. However, this might
be due to the small number of strains (n 2) analyzed
in this group. Considering these results, each of the three
genetically recognized new species (clusters I, II, and IV)
should be considered a different genomovar (gv.) of the
species A. cryaerophilus. A genomovar is a well-delimited
group of strains that correspond to a new species by genomic
information but that cannot be phenotypically differentiated
(Ursing et al., 1995). Cluster III represents the original species
A. cryaerophilus because it embraces the type strain of the
species. The value of the phenotypic characterization has already
been questioned considering the lack of reproducibility of
results between laboratories and some authors have suggested
it is now time to base the description of new taxa on the

TABLE 5 | Phenotypic characteristics of the four clusters.

Characteristics 1 2 3 4
Growth in/on

Air at 37°C + V(+) + -
Microaerobiosis at 37°C + V(+) V(+) -
Anaerobiosis at 37°C V(+) V(=) V(=) -
Air at 42°C V(=) - - -
2% (w/v) NaCl V(+) + V(+) +
3% NaCl V(=) - - -
4% (w/v) NaCl - - -
1% bilis + V(+) V() +
1.5% bilis + + V(+) +
2% bilis + + V(+) +
1% (w/v) glycine V(=) - -
0.1% sodium deoxycholate V(+) V(+) V(+) +
MacConkey V(+) + V(+) +
CdCly V(=) V(=) V(=) v
Resistance to

Cefoperazone (64 mg/L) V(+) + + +
Enzyme activity

Catalase + + + +

Taxa: 1, A. cryaerophilus gv. pseudocryaerophilus (n = 27) [Cluster I]; 2, A. cryaerophilus
gv. crypticus (n = 5) [Cluster ll]; 3, A. cryaerophilus gv. cryaerophilus(n = 3) [Cluster Ill]; 4,
A. cryaerophilus gv. occultus (n = 2) [Cluster IV]. The specific responses for type strains
were coincidental or expressed in brackets. Unless otherwise indicated: +, >95% strains
positive; —, <11% strains positive; V, variable; (), main result of the strains; CO» indicates
microaerobic conditions.

genome sequence analysis (Moore et al., 2010; Sutcliffe, 2015).
According to Sutcliffe (2015), phenotypic characterization is
harder to evaluate nowadays than the genotype. Considering
that genomic characterization is objective and reproducible,
we agree with Sutcliffe (2015) that we should be able to
define species on the basis of genetic characters like the ones
evaluated in this study. This will favor the faster discover of
the large number of taxa waiting to be described (Sutcliffe,
2015). However, this will require a modification of the
Bacteriological Code, which we hope will happen in the near
future.

CONCLUSION

The phylogenetic and genomic analysis showed that the
strains of the species A. cryaerophilus represent four separated
species. In addition, phenotypical and functional traits were
in evidence for the genomes selected as representative of
each cluster. Despite all the results, phenotypic characterization
carried out at the laboratory showed a high inter- and intra-
cluster variability that did not allow us to determine specific
phenotypic characteristics or therefore to define the three
uncovered clusters as three new species. Following current
bacterial taxonomic rules, we will not be able to define these
species until we find phenotypical characteristics that allow
us to discriminate the three new species from each other
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and from the species A. cryaerophilus. Therefore, we describe
them as four genomovars with the names “A. cryaerophilus gv.
pseudocryaerophilus” (pseu.do.cry.a.e.ro’phi.lus. Gr. adj. pseudés
false, N.L. masc. adj. cryaerophilus specific epithet of an
Arcobacter species; N.L. masc. adj. pseudocryaerophilus false
cryaerophilus; Cluster T = LMG 102297), “A. cryaerophilus
gv. crypticus” (cryp’ti.cus. L. masc. adj. Crypticus hidden;
Cluster IT = LMG 9065"), A. cryaerophilus gv. cryaerophilus
(Cluster IIT = LMG 242917) and “A. cryaerophilus gv. occultus”
(oc.cul'tus. L. adj. occultus occulted, hidden; Cluster IV = LMG
299761). Unfortunately, the phenotype derived from the genome
could not be reproduced in the laboratory, either. This might
be due to the inability to mimic in vitro the conditions for the
expression of these pathways or characteristics. The phenotypic
characterization limits a proper description and it might be
considered an important shortcoming in the genomic era in
which all the molecular and genomic data leave no doubts about
the existence of four different species among the investigated

A. cryaerophilus strains.
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Supplementary Figure S1. Neighbour joining tree based on 23S rRNA (2857 bp) sequences
showing the phylogenetic position of the three new species in relation with A.
cryaerophilus and within the genus Arcobacter. Bootstrap values (>50%) based on 1000
replications are shown at the nodes of the tree. Bar, 5 substitutions per 1000 bp.
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Supplementary Figure S2. Neighbour joining tree based on the concatenated sequences of
the 16S and 23S rRNA genes (4353 bp) sequences showing the phylogenetic position of the
three new species within the genus Arcobacter and in relation with A. cryaerophilus.
Bootstrap values (>50%) based on 1000 replications are shown at the nodes of the tree. Bar,
5 substitutions per 1000 bp.
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Supplementary Figure S3. Neighbor-joining tree based on the concatenated sequences
of the four virulence genes c¢j/349, mviN, pldA and ciaB (5386 bp) found in the 13
genomes. Notice the same four clusters observed in Fig. 1. Bootstrap values (>50%)
based on 1000 replications are shown at the nodes of the tree. Bar indicates 2

substitutions per 100 bp.
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Supplementary Table S1. Accession number or locus tag* of the housekeeping genes and genomes used in the study.

Accession number or Locus tag*

Strain
atpA gyrB hsp60 rpoB Genome SRA
LMG 242917 JF803015 JF803152 JF803062 JF803222 NXGKO1 SRR6805241
LMG 9065 CJ670_02570%* CJ670_00435%* CJ670_06770* CJ670_10580%* NXGIO1  SRR6805237
LMG 9861 JF803017 HES565384 JF803061 JF803224 NXGJOI  SRR6805238
LMG 10229 JF803018 GU291961 JF803050 JF803225 NXGDO01  SRR6805240
LMG 10210 CJ673 01840%* CJ673_04040* FN555372 CJ673_08295* NXGEO1 SRR6805236
LMG 29976 JF803016 FR682117 JF803060 JF803223 NXGCO0l SRR6805239
LMG 9871 CJ671 _01645* CJ671_06060* FN555370 CJ671 _03945* NXGHO1 SRR6805235
LMG 10241 JF803019 HES65383 JF803051 JF803226
LMG 9863 KM365529 KM365481 KM365545 KM365513
LMG 10829 MH059956 MH059992 DQ059481 MHO060011
L397 HCJBBIJIN 01690* HCJBBIJIN_00726%* HCJBBJIN 01875* HCJBBIJIN_01069* LRUQO1 NA
L398 IGHLCDKC 01788* IGHLCDKC 00483* IGHLCDKC 00603* IGHLCDKC 01215* LRURO1 NA
L399 LIEKBJFB_01644* LIEKBJFB_00758* LIEKBJFB_00350* LIEKBJFB_01243* LRUSO1 NA
L400 PJKEJCAK 01809*  PJKEJCAK 01240%* PJKEJCAK 01056* PJKEJCAK 01450* LRUTO1 NA
L401 KPFDGGMD 02061* KPFDGGMD 01453* KPFDGGMD 01541* KPFDGGMD 01087* LRUUO1 NA
L406 EINDKKGD 01567 EINDKKGD 00477* EINDKKGD 00519* EINDKKGD 00435* LRUVO1 NA
F196 KM365530 KM365482 KM365546 KM365514
8122333 KM365541 KM365493 KM365557 KM365525
8749401 MHO059957 MH059993 MH059974 MHO060012
8756347 MH059958 MH059994 MHO059975 MHO060013
14 PHA KM365534 KM365486 KM365550 KM365518
20 PHF KM365535 KM365487 KM365551 KM365519
284/1 MH059959 MH059995 MH059976 MHO060014
AB3A KM365536 KM365488 KM365552 KM365520
AB74A KM365538 KM365490 KM365554 KM365522
AL 20-1 KM365542 KM365494 KM365558 KM365526
AO2A KM365537 KM365489 KM365553 KM365521
BUF3 MH059960 MH059996 MHO059977 MHO060015
CV-152 MH059962 MH059998 MH059979 MHO060017
CV-2101 MH059963 MH059999 MH059980 MHO060018
EMU-3 MH059964 MH060000 MH059981 MH060019
FE7 MH059965 MHO060001 MH059982 MH060020
FEBU4 MH059961 MH059997 MHO059978 MHO060016
HHS 118A MH059966 MHO060002 MHO059983 MH060021
HHS 133A KM365539 KM365491 KM365555 KM365523
HHS 188A MH059967 MHO060003 MHO059984 MH060022
HHS 191A MH059968 MHO060004 MHO059985 MH060023
HHS 205A KM365540 KM365492 KM365556 KM365524
MC 2-2 KM365543 KM365495 KM365559 KM365527
MCV 42-1 MH059969 MHO060005 MHO059986 MH060024
ME 15-4 MH059970 MHO060006 MH059987 MHO060025
NAV 15-1 MH059971 MHO060007 MH059988 MH060026
NAV12-2 MH059972 MHO060008 MHO059989 MHO060027
NBI14A MH059973 MHO060009 MH059990 MH060028
RWI15-1 LT986689 LT986694 LT986699 LT986684
RW17-4 LT986690 LT986695 LT986700 LT986685
RW25-5 LT986691 LT986696 LT986701 LT986686
RW33-8 LT986692 LT986697 LT986702 LT986687
RW45-3 LT986693 LT986698 LT986703 LT986688
UFIT KM365531 KM365483 KM365547 KM365515
UF2T KM365532 KM365484 KM365548 KM365516

UPER3 KM365533 KM365485 KM365549 KM365517
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Supplementary Table S2. Accession numbers” or locus tagb of the virulence genes used in the in-house database.

Genes

Accession numbersa / Locus tag*

ciaB
mviN
cj1349
cadF
hecA
hecB
tlyA
irgA

pldA

HF935054"
ABU_RS04395"
HF935058"
HF935040°
HF935065°
ABU_RS04705"
ABLL_RS06845"
HF935067°

ABU_RS04310°

HF935053"
ABLL RS05675"
HF935063°
HF935042°
HF935064°
ABLL_RS04490°

ABU_RS06800"

ABLL _RS05545"

HF935047°
ARNIT RS10565"
HF935061°
HF935041°
HF935066°

ARNIT RS15685"

ARNIT RS10720°

HF935046°
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4.6 Revisiting the taxonomy of the genus Arcobacter: getting order from the chaos.
Pérez-Cataluiia, A., Salas-Masso, N., Diéguez, A., Balboa, S., Lema, A., Romalde, J., and
Figueras, M.J. Front. Microbiol. (Under review)
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Revisiting the Taxonomy of the
Genus Arcobacter: Getting Order
From the Chaos

Alba Pérez-Cataluna’, Nuria Salas-Massd', Ana L. Diéguez?, Sabela Balboa?,
Alberto Lema?, Jesus L. Romalde?* and Maria J. Figueras'™

! Departament de Ciencies Mediques Basiques, Facultat de Medicina, Institut d’Investigacié Sanitaria Pere Virgili, Universitat
Rovira i Virgili, Reus, Spain, 2 Departamento de Microbiologia y Parasitologia, CIBUS-Facultad de Biologia, Universidade
de Santiago de Compostela, Santiago de Compostela, Spain

Since the description of the genus Arcobacter in 1991, a total of 27 species have
been described, although some species have shown 16S rRNA similarities below 95%,
which is the cut-off that usually separates species that belong to different genera.
The objective of the present study was to reassess the taxonomy of the genus
Arcobacter using information derived from the core genome (286 genes), a Multilocus
Sequence Analysis (MLSA) with 13 housekeeping genes, as well as different genomic
indexes like Average Nucleotide Identity (ANI), in silico DNA-DNA hybridization (isDDH),
Average Amino-acid Identity (AAl), Percentage of Conserved Proteins (POCPs), and
Relative Synonymous Codon Usage (RSCU). The study included a total of 39 strains
that represent all the 27 species included in the genus Arcobacter together with 13
strains that are potentially new species, and the analysis of 57 genomes. The different
phylogenetic analyses showed that the Arcobacter species grouped into four clusters.
In addition, A. lekithochrous and the candidatus species ‘A. aquaticus’ appeared, as
did A. nitrofigilis, the type species of the genus, in separate branches. Furthermore,
the genomic indices ANI and isDDH not only confirmed that all the species were well-
defined, but also the coherence of the clusters. The AAl and POCP values showed
intra-cluster ranges above the respective cut-off values of 60% and 50% described
for species belonging to the same genus. Phenotypic analysis showed that certain
test combinations could allow the differentiation of the four clusters and the three
orphan species established by the phylogenetic and genomic analyses. The origin
of the strains showed that each of the clusters embraced species recovered from
a common or related environment. The results obtained enable the division of the
current genus Arcobacter in at least seven different genera, for which the names
Arcobacter, Aliiarcobacter gen. nov., Pseudoarcobacter gen. nov., Haloarcobacter gen.
nov., Malacobacter gen. nov., Poseidonibacter gen. nov., and Candidate ‘Arcomarinus’
gen. nov. are proposed.

Keywords: Arcobacter, Aliiarcobacter gen. nov., Pseudoarcobacter gen. nov., Haloarcobacter gen. nov.,
Malacobacter gen. nov., Poseidonibacter gen. nov., taxonomic criteria
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Reuvisiting the Taxonomy of the Genus Arcobacter

INTRODUCTION

The genus Arcobacter was created by Vandamme et al. (1991) to
accommodate Gram-negative, curved-shaped bacteria belonging
to two species Campylobacter cryaerophila (now Arcobacter
cryaerophilus) and Campylobacter nitrofigilis (now A. nitrofigilis),
considered atypical campylobacters due to their ability to grow
at lower temperatures (15°C-30°C) and without microaerophilic
conditions (Vandamme et al., 1991). The latter species was
selected as the type species for the new genus (Vandamme et al,,
1991). One year later the genus was enlarged with the addition
of two new species, A. skirrowii with an animal origin being
isolated from aborted ovine, porcine and bovine fetuses, and from
lambs with diarrhea, and A. butzleri, which was recovered from
cases of human and animal diarrhea (Vandamme et al., 1992).
Another two new species were incorporated into the genus in
2005. A. halophilus was isolated from water from a hypersaline
lagoon in Hawaii (Donachie et al., 2005), and A. cibarius was
isolated from broiled carcasses in Belgium (Houf et al., 2005).
These species were assigned to the genus Arcobacter on the basis
of the 16S rRNA gene similarity (94% and 95% for A. nitrofigilis
with A. halophilus and A. cibarius, respectively). However, these
values are equal, or even below, the cut-off of 95% for genus
definition (Rossello-Mora and Amann, 2001; Yarza et al., 2008,

2014; Tindall et al., 2010).

From 2009 onward, new species were being described year-
by-year, reaching a total number of 27 in 2017. In some of these
descriptions, the similarity of the 16S rRNA gene was the decisive
character for taxonomic assignation at genus level, although
phylogeny based on housekeeping genes (rpoB first and then gyrB
and hsp60) was also included as additional, more discriminatory
tools for the species (Collado et al., 2009a, 2011; De Smet et al.,
2011). Using this approach, A. molluscorum, A. ellisii, A. defluvii,
or A. bivalviorum were defined, among others (Collado et al,
2009a, 2011; Figueras et al., 2011a,b; Levican et al., 2012), which
showed 16S rRNA similarities ranging from 91.1 to 94.7%, not
supporting their common affiliation. On the other hand, the most
closely related species, which showed a similarity of 99.1% were
A. ellisii and A. defluvii (Collado et al.,, 2011), giving evidence
for the first time of the poor resolution of the 16S rRNA gene
for separating closely related species in the genus Arcobacter.
However, the phylogenetic analysis based on the concatenated
sequences of gyrB, rpoB, and cpn60 genes, together with the
DNA-DNA hybridization results, clearly supported the existence
of these two differentiated taxa (Figueras et al., 2011a). Also in
2011, A. trophiarum was discovered from the intestinal tract of
healthy fattening pigs, which interestingly showed the closest
similarities (>97.4%) with the other species also recovered from
humans or animals, i.e., A. cryaerophilus, A. thereius, A. cibarius,
or A. skirrowii (De Smet et al., 2011; Figueras et al., 2014; Van den

Abeele et al., 2014).

In 2013, the species A. cloacae and A. suis were described,
using a Multilocus Sequence Analysis (MLSA) approach
including five housekeeping genes (Levican et al., 2013) for the
first time. Simultaneously, and due to the highest 16S rRNA gene
similarity with A. marinus (95.5%), the species A. anaerophilus
was incorporated to the genus (Sasi-Jyothsnaetal,2013).

However, this species showed atypical characteristics, including
lack of motility and obligate anaerobic metabolism, which led to
the original description of the genus Arcobacter being emended
(Sasi-Jyothsna et al., 2013). The most recently described species
from shellfish are A. lekithochrous, A. haliotis, and A. canalis
(Diéguez et al., 2017; Tanaka et al., 2017; Pérez-Cataluia et al.,
2018a). The first one included several isolates recovered from
scallop larvae and from tank seawater of a Norwegian hatchery
(Diéguez et al., 2017), the second species came from an abalone
of Japan (Tanaka et al, 2017) and the third from oysters
submerged in a water channel contaminated with wastewater
(Pérez-Cataluna et al., 2018a). However, Diéguez et al. (2018)
evidenced that the species A. haliotis is a later heterotypic
synonym of A. lekithochrous. Additionally, the low 16S rRNA
gene similarity of A. lekithochrous with the known Arcobacter
species (91.0-94.8%) found in the A. lekithochrous description
made Diéguez et al. (2017) suggest that certain species might
belong to other genera and recommend that a profound revision
of the genus might clarify the taxonomy.

On the other hand, adding 2.5% NaCl to the enrichment
medium and subculturing on marine agar, Salas-Masso et al.
(2016) recognized seven potential new species from water and
shellfish (mussels and/or oysters), and recovered new isolates
of A. halophilus and A. marinus of which only the type strains
had been known. In addition, during the characterization of
the most recently described species A. canalis (Pérez-Cataluia
et al., 2018a) and when trying to define the seven mentioned
new species, we observed that the Arcobacter species formed
several different clusters distant enough to suspect they might
correspond to different genera, in agreement with Diéguez et al.
(2017).

There are clear criteria for describing new bacterial species
(Tindall et al., 2010; Figueras et al., 2011a,b). However, the
description of a genus is usually based on a cut-off of <95%
similarity in the 16S rRNA gene sequence, and a G+C (% mol)
content differing by more than 10% (Rossello-Mora and Amann,
2001; Yarza et al., 2008; Tindall et al., 2010; Yarza et al., 2014).
Nowadays, genomic data like the Average Nucleotide Identity
(ANI) and the in silico DNA-DNA hybridization (isDDH) are
used to define bacterial species, although have not yet been fully
explored for delineating genera (Konstantinidis and Tiedje, 2005;
Goris et al., 2007; Richter and Rossell6-Mora, 2009; Qin et al.,
2014; Chun et al., 2018).

A percentage of Average Amino-acid Identity (AAI) ranging
from 60 to 80% between the compared genomes of species or
strains and a Percentage of Conserved Proteins (POCPs) above
50% has been proposed if they are to belong to the same genus
(Konstantinidis and Tiedje, 2005; Qin et al., 2014). Finally, the
Relative Synonymous Codon Usage (RSCU) has also been used
by some authors to infer evolutionary and ecological links among
bacterial species (Ma et al., 2015; Farooqi et al., 2016).

Very recently, Waite et al. (2017) carried out a comparative
genomic analysis of the class Epsilonproteobacteria. Using 16S
and 23S rRNA, 120 single-copy marker proteins and AAI
analysis they proposed its reclassification as the new phylum
Epsilonbacteraeota. In that study, Waite et al. (2017) also
proposed a reclassification of the genus Arcobacter as a new
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Family Arcobacteraceae, within the class Campylobacteria, order
Campylobacterales. One weakness of this study, specifically
regarding the genus Arcobacter, is that only seven validated
species were included in the analysis. The new family therefore
comprised only the genus Arcobacter. However, these findings
also support the need for a clarification of the taxonomy of the

current genus Arcobacter.

The rise of genome sequencing has dramatically changed
the landscape of systematics of prokaryotes, improving different
aspects such as the identification of species, the functional
characterization for resolving taxonomic groups, and the
resolution of the phylogeny of higher taxa (Whitman, 2015). It
seems clear that the incorporation of genomics into the taxonomy
will boost its credibility providing reproducible, reliable, highly
informative means to infer phylogenetic relationships among
prokaryotes, and avoiding unreliable methods and subjective
difficult-to-replicate data (Chun and Rainey, 2014; Chun et al,,

2018).

Within this modern taxonomy context, the objective of the
present study was to reassess the taxonomy of the known
and newly recognized Arcobacter species by using a MLSA of
13 housekeeping genes, the whole genome sequences and the
derived genomic analysis. The latter analysis included ANI,
isDDH, AAI, POCP, and RSCU of all Arcobacter type strains. In
addition, phylogenies based on 16S and 23S rRNA gene sequences
were also performed with comparative purposes. The new
taxonomic criteria were stable when including whole genome
sequences of a second strain of each species or of unassigned

sequences obtained from the public databases.

MATERIALS AND METHODS

Bacterial Strains

All 27 valid species included in the genus Arcobacter have been
studied. They are represented by 39 strains, and 13 strains that
are potentially new species (Table 1). Furthermore, 50 genomes
of Arcobacter strains identified at species level were investigated,
39 of which were obtained in our laboratory (27 from known
species and 13 from potentially new species) and the others from
the public databases'-*. Five genomes that had been deposited as
Arcobacter sp. in the databases were also included in the study.
If there was more than one strain of a known Arcobacter species,
two representative genomes for each species were included in the
analysis. The only exceptions were: A. acticola (Park et al., 2016)
and A. pacificus (Zhang et al., 2015), whose taxonomic positions
were only inferred by the phylogenetic analysis of the 16S rRNA
gene sequences published in their species descriptions, together
with a MLSA of three housekeeping genes (atpA, gyrB, and
rpoB) for A. pacificus (Zhang et al., 2015; Park et al., 2016). The
strains considered potentially new species, and named hereafter
as ‘candidate species, had been recognized with an MLSA analysis
of five housekeeping genes (atpA, gyrA, gyrB, hsp60, and rpoB)

(data not shown).

Thttps://www.ncbi.nlm.nih.gov/genome/
Zhttps://gold.jgi.doe.gov/

Culturing for genome sequencing was carried out either on
blood agar (DIFCO, Madrid, Spain) or marine agar (Scharlau,
Sentmenat, Spain) at 30°C in aerobiosis for 24-72 h, depending
on the requirements. DNA was extracted using Easy-DNA™
gDNA Purification kit (Invitrogen, Madrid, Spain) following
the manufacturer’s instructions. The integrity of the DNA was
evaluated by electrophoresis of 10 pl of the sample in a 1.5%
agarose gel. The total amount of DNA was quantified using
Qubit™ with the dsDNA Broad Range Assay kit (Invitrogen).
Paired-end libraries were constructed with 50 ng of DNA
using Nextera DNA Library Preparation Kit (Illumina, Lisbon,
Portugal) and sequenced with MiSeq platform (Illumina).
Sequencing generated 2 x 300 bp paired-end reads. Clean
reads were assembled with SPAdes (Nurk et al., 2013) and
the CGE assembler (Larsen et al, 2012) in order to select
the better assembly. Before depositing the genomes in the
NCBI database, FASTA files were screened for eukaryotic and
prokaryotic sequences using BLASTn, and for adaptors with
VecScreen standalone software’. The five housekeeping genes
used in the first MLSA analysis (atpA, gyrA, gyrB, hsp60, and
rpoB) were extracted from each genome and compared with
the Sanger sequences of these genes obtained originally for
the identification of the strain. The existence of a single and
identical copy of these genes confirmed that the genomes were
not contaminated and belonged to the correct strain. Finally,
contigs were deleted if they had less than 200 bp. The genomes
were deposited in the GenBank database and Table 1 lists the
accession numbers.

The 55 genomes were annotated with a local installation of
Prokka v1.2 (Seemann, 2014) using an e-value of le-06. The
annotation was performed with Prokka, with the prediction
tools Prodigal v2.6 (Hyatt et al, 2010) and ARAGORN v1.2
(Laslett and Canback, 2004). The prediction tool Barrnap
v0.6' included in Prokka v1.2 was used for the annotation
of rRNA genes. Coding sequences (CDS) were annotated,
combining the Rapid Annotation Subsystems Technology
(RAST) (Overbeek et al., 2014) using the classic RAST scheme
and the Annotation Tools of PATRIC server (Wattam et al.,
2017). The characteristics of each genome (i.e., N50, number
of contigs, number of CDS, G+C content) were obtained from
NCBI annotations.

Analysis of Housekeeping Genes,

Ribosomal Genes, and Core Genome
Thirteen housekeeping genes (atpA, atpD, dnaA, dna], dnak,
ftsZ, gyrA, hsp60, radA, recA, rpoB, rpoD, and tsf) were obtained
from the genomes using BLASTn search. Sequence similarities
of housekeeping genes were determined using the MegAlign
program (DNASTAR®, Madison, W1, United States). Genes were
aligned using ClustalW (Larkin et al., 2007) and phylogenies
based on individual genes and on the concatenated sequences
was constructed with MEGA version 6.0 (Tamura et al., 2013)
using the Neighbor-Joining (NJ) and Maximum-Likelihood (ML)
algorithms.

3ftp://ftp.ncbi.nlm.nih.gov/blast/demo/
“http://www.vicbioinformatics.com/software.barrnap.shtml
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The phylogenetic analysis of the core genome was assessed
with the Roary software (Page et al., 2015) using 80% as cut-oft for
the BLASTp search. The core genome alignment was extracted
with the latter software and the phylogeny was inferred using
SplitsTree version 4.14.2 as described in Sawabe et al. (2007) using
SplitsTree version 4.14.2, with a neighbor net drawing and Jukes-
Cantor correction (Bandelt and Dress, 1992; Huson and Bryant,

2005).

Furthermore, the 16S and 23S rRNA genes of each genome
were obtained using RNammer (Lagesen et al., 2007). In some
cases, 16S rRNA gene sequences were obtained in our laboratories
by Sanger sequencing or from the GenBank. The similarity of
the 16S rRNA genes was calculated using MegAlign version 7.0.0
(DNASTAR®, Madison, WI, United States). Phylogenetic trees
were reconstructed with MEGA version 6.0 (Tamura et al., 2013)
also using the NJ and ML algorithms. Alignments obtained for
both genes were visually analyzed in order to localize signature

sequences for strains or groups of strains.

Genomic Indices

In order to ensure the correct assignation at species level of
each analyzed genome, the ANT and the isDDH were calculated
between all the genomes (Konstantinidis and Tiedje, 2005;
Richter and Rossello-Moéra, 2009; Qin et al., 2014). The ANIb
was calculated using JSpeciesWS (Richter et al., 2016), the
resulting matrix was clustered and visualized using ggplot2 2.2.1
package (Wickham, 2009) and the isDDH was calculated with
the GGDC software using results obtained with the formula 2
(Meier-Kolthoff et al., 2013). Two other indices (AAI and POCP)
described for genus classification (Konstantinidis and Tiedje,
2005; Luo et al.,, 2014; Qin et al., 2014) were calculated among
the genomes that corresponded to the type strains of the accepted
species and the reference strains of the candidate species. The
AAT was calculated with the Lycoming College Newman Lab
AAIr Calculator® using the Sequence-Based Comparison Tools
output file from RAST (Overbeek et al., 2014). The POCP was
determined as described by Qin et al. (2014) using the following
parameters to consider a peptide as a conserved protein: an
e-value lower than le-5 and an identity percentage higher than

40% from an aligned region higher than 50%.

Finally, the RSCU was computed using the Codon Adaptation
Index (CAI) developed by Sharp and Li (1987) through the
CAlcal web-server (Puigbo et al., 2008). Statistical differences in
the RSCU were assessed by a multinomial regression approach
using the R software environment (R Core Team, 2015). The
principal component analysis (PCA) was performed by the R
software environment (R Core Team, 2015, and visualized using
ggplot2 2.2.1 and ggfortify 0.4.4 (Wickham, 2009; Horikoshi and
Tang, 2015; Tang et al, 2016) or pca3d 0.10 (Weiner, 2017)

packages.

Phenotypic Analysis and Metabolic
Inference

Phenotypic characterization of each described species was
obtained from this study, from the original descriptions or from

>http://lycofs01.lycoming.edu/~newman/AAI/

the summary published by On et al. (2017). For the potentially
new Arcobacter species, the phenotype was characterized
following the recommended minimal standards described for
new taxa of the family Campylobacteraceae (Ursing et al., 1994;
On et al, 2017) and with complementary tests used in the
description of other Arcobacter species (Levican et al., 2013).
Inference of the metabolic routes from the genome sequences
was performed with the software package Traitar (Microbial
Trait Analyzer) (Weimann et al, 2016), using the protein
coding genes files obtained with Prokka v1.2 (Seemann, 2014).
Traitar software is based on phenotypic data extracted from the
Global Infectious Disease and Epidemiology Online Network
(GIDEON) and Bergey’s Systematic Bacteriology. The software
uses two prediction models: the phypat classifier, which predicts
the presence/absence of proteins found in the phenotype of 234
bacterial species; and the phypat+PGL classifier, which uses the
same information as the phypat combined with the information
of the acquisition and loss of protein families and phenotypes
during evolutive events. A total of 67 traits available within the
software, related to oxygen requirement, enzymatic activities,
proteolysis, antibiotic resistance, morphology and motility and
the use of different carbon sources, were tested and the combined
results of the two predictors were analyzed using a heat map.

RESULTS AND DISCUSSION

Strains and Genomes

All the 27 species currently included in the genus Arcobacter
and 13 candidate species have been investigated in the present
study, which has analyzed 55 genomes, 16 of them from the
public databases and 39 sequenced in this study (Tables 1, 2).
It was not possible to analyze the genomes from A. acticola and
A. pacificus because we were unable to get the type strains of the
species. The contigs obtained and the N50 values complied with
the recently proposed minimal standards for the use of genomes
in taxonomic studies (Chun et al., 2018). The genome size ranged
from 1.81 Mb for A. skirrowii F28 to 3.60 Mb for A. lekithochrous
CECT 89427 (Table 2). The G+C content ranged from 26.1%
in A. molluscorum CECT 7696 to 34.9% in ‘A. aquaticus
W112-28. The G+C values agree with the range from 24.6%
(which corresponded to the type strain of A. anaerophilus) to
31% indicated for the genus Arcobacter in the recent emended
description by Sasi-Jyothsna et al. (2013). Interestingly, 26
genomes (47.3%) showed the presence of Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPRs) and CRISPR-
associated genes, related with the immune response of the
bacteria.

Taxonomic and Phylogenetic Analysis

Similarities in the 16S rRNA gene sequences among type
and representative strains of the different Arcobacter species
(all the 27 species currently included in the genus and the
13 new candidate species) showed a wide range of values
(Supplementary Tables S1, S4). They ranged from 90.8%
(observed between A. anaerophilus and A. faecis) to 99.9%
(between A. butzleri and ‘A. lacus’). The lower range of
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TABLE 1 | Strains used in this study, source of isolation and accession numbers of the available genomes.

Species Strain Source Acc. No. Species Strain Source Acc. No.
Genome Genome
A. acticola KCTC 522127 Seawater NA& A. mytili T234 Seawater PDJWOOP
A. anaerophilus DSM 246367 Estuarine sediment PDKOO0OP A. nitrofigilis DSM7299" Marshland plant NCO014166°
IR-1 Utsira aquifer NZ_JXXG00° A. pacificus DSM 250187 Seawater NA?
A. aquimarinus CECT 84427 Mediterranean Sea NXIJooP A. skirrowii LMG 66217 Diarrheic lamb NXICO0P
A. bivalviorum CECT 78357 Mussels PDKMOOP F28 Wild pig PDJTOOP
F118-4 Mussels PDKLOOP A. suis CECT 78337 Pork meat NREOOQP
A. butzleri RM40187 Human (Clinical) NC_009850° A. thereius LMG 244867 Aborted pig foetus LLKQO1¢
EDA1 Microbial fuel cell NC_017187¢ Du22 Duck cloaca LCUJO1¢
A. canalis F138-33 Oyster PNC® NWVW01P A. trophiarum LMG 255347 Piglet feces PDKDOOP
SH-4D_Col1 Unknown FUYOO00° CECT 7650 Chicken cloacal swab PDJS00P
A. cibarius LMG 219967 Broiler, skin NZ_JABWOQ® A. venerupis CECT 78367 Clams NREPOQP
A. cloacae CECT 78347 Sewage NXII00° Arcobacter sp. L Microbial fuel cell NC_017192°
F26 Mussels PDJZ00P AF1028 Human feces JARTO1¢
A. cryaerophilus MG 242917 Aborted bovine foetus  NXGKO00P CAB Marine Go0012496°
A. defluvii CECT 76977 Sewage NXIHOQP LA11 Marine BDIRO1¢
A. ebronensis CECT 84417 Mussels PDKKOOP LPB0137 Environmental CP019070°
CECT 8993 Seawater PDKJOOP
A. ellisii CECT 78377 Mussels NXIGOOP ‘A. aquaticus’ W112-28 Freshwater PNC® PDKNOQP
A. faecis LMG 285197 Human septic tank NZ_JARSO00° ‘A. caeni’ RW17-10 Recycled wastewater MUXEOQP
A. halophillus DSM 180057 Hypersaline lagoon PDJY00P ‘A. hispanicus’ FW-54 Wastewater PDKI00P
F166-45 Oyster PNC® PDJYO0OP ‘A. lacus’ RW43-9 Recycled wastewater MUXFOQP
A. lanthieri LMG 285167 Pig manure JARUO1¢ ‘A. mediterraneus’ F156-34 Mussels Alfacs Bay NXIEOQP
LMG 28517 Dairy cattle manure JARVO1¢ ‘A. miroungae’ 9ANt" Cloaca elephant seal PDKHOOP
A. lekithochrous CECT 89427 Great scallop larvae NZ_MKCO00P ‘A. neptunis’ F146-38 Mussels Alfacs Bay PDKGOOQP
LMG 28652 Abalon PZYWO00° ‘A. porcinus’ LMG 244877 Aborted pig foetus LCUHO1¢
A. marinus CECT 77277 Seawater NXAO01P ‘A. ponticus’ F161-33 Cockle Alfacs Bay PDKFOQ°
F140-37 Clams Alfacs Bay NWVX01P ‘A, salis’ F155-33 Oyster PNC® PDKEOQP
A. molluscorum ~ CECT 76967 Mussels NZ_NXFY00P ‘A. viscosus’ F142-349 Mussels PNC® PDKC0QP
Fo1 Mussels PDJX00P ‘A. vitoriensis’ FW599 Wastewater PDKBO00P
A mytili CECT 73867 Mussels NXIDOQP Arcobacter sp. F2176 Mussels PDJVOOP

aGenome not available; ® Genome sequenced in this study; °Genome obtained from NCBI database; ?Genome obtained from JGI Gold atabase; °PNC means PobleNou
Channel, which is a freshwater channel heavily (geometric mean of E. coli counts 4.1 x 10% c.f.u./100ml) contaminated with wastewater where shellfish were exposed
for 72h (Salas-Massé et al., 2016, 2018). 'This strain was obtained from F.J. Garcia from the Laboratorio Central de Veterinaria de Algete, MAGRAMA, Madirid, Spain;
9These strains were recovered at the Faculty of Pharmacy, University of the Basque Country (UPV-EHU), Vitoria-Gasteiz, Spain, by R. Alonso, I. Martinez-Malaxetxebarria

and A. Ferndandez-Astorga.

similarity (90.8%) is due to the fact that those species, as
occurred with others, were assigned within the genus based on
the premise that 16S rRNA gene similarity was higher with
any type strain of Arcobacter than with other taxa. However,
in some cases being below the 95% cut-off value for genus
delimitation (Rossello-Mora and Amann, 2001; Yarza et al., 2008;
Tindall et al., 2010; Figueras et al., 2011a,b). It is interesting
to point out that 16S rRNA gene sequence similarities among
A. nitrofigilis, the type species of the genus, and the other
described species ranged from 93.2% (with A. thereius) to 95.9%
(with A. venerupis). Furthermore, A. nitrofigilis showed higher
similarities than the threshold value of 95% with only seven
species (A. acticola, ‘A. caeni, A. cloacae, A. defluvii, A. ellisii,
A. suis, and A. venerupis) out of the 27 accepted species.
In any case, from the analysis of the similarities in the 16S
rRNA gene sequences among the Arcobacter species it is clear
that this gene has limited value and that other approaches

available in the genomic era of taxonomy are needed for their
study.

Phylogenetic analysis based on the core genome made up
of 286 genes (Figure 1 and Supplementary Table S5) and
also on the concatenated sequences of 13 housekeeping genes
of the representative Arcobacter strains (Figure 2) revealed
that the Arcobacter species could be grouped into 4 major
monophyletic clusters. Cluster 1, comprised seven validated
species: A. butzleri, A. cibarius, A. cryaerophilus, A. lanthieri,
A. skirrowii, A. thereius, and A. trophiarum, together with
A. faecis (species described but not validated yet) and five
candidate taxa °‘A. hispanicus, ‘A. lacus’ ‘A. miroungae,’
‘A. porcinus,” and ‘A. vitoriensis’ (Figure 1). Cluster 2 embraced
the species A. aquimarinus, A. cloacae, A. defluvii, A. ellisii,
A. suis, and A. venerupis, as well as the non-validated
A. acticola and the candidatus ‘A. caeni.’ Cluster 3 included five
species, A. canalis, A. halophilus, A. marinus, A. molluscorum,
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and A. mytili, together with two candidates, ‘A. neptunis
and ‘A. wviscosus.” Finally, Cluster 4 included the species
A. anaerophilus, A. bivalviorum, and A. ebronensis, as well as the
candidates ‘A. mediterraneus,” ‘A. ponticus, and ‘A. salis.” The
split decomposition network analysis of the core genome showed
that the species A. lekithochrous CECT 8942" and A. nitrofigilis
DSM 7299 appeared as orphan species. Furthermore, with this
analysis the candidatus ‘A. aquaticus’ W112-28 also appeared
in a separate branch near to A. nitrofigilis DSM 7299T. On the
other hand, both analyses, MLSA and core genome, confirmed
the existence of two sub-clusters in Cluster 1 (again A. butzleri
and ‘A. lacus’ were located in the most distant branch within the
cluster), and also two subgroups could be observed in Cluster 4,
one comprising the species A. anaerophilus and A. ebronensis,
and the other including the rest of species within this cluster
(Figures 1, 2). All the clusters and sub-clusters showed a
similarity in the concatenated sequences of the 13 housekeeping

genes higher than 85% (Figure 2).

Phylogenies based on the 16S and 23S rRNA gene sequences,
undertaken with the NJ and ML approacheserealso constructed
with comparative purposes. 16S rRNA based tree showed also
the four major clusters although less defined (Supplementary
Figure S1A). Species within Cluster 1, showed 16S rRNA gene
sequence similarities ranging from 96.1 to 99.9%. Cluster 2
yielded similarities among species for the 16S rRNA gene between
96.7 and 99.6%, whereas within Cluster 3 ranged between 93.0
and 99.1%. Finally, Cluster 4 included species with a range of 16S
rRNA sequence similarity from 94.0 to 99.5%. With the exception
of Cluster 3, similarity values within the clusters (>94-95%) were
within the classical boundaries for genus assignation in bacterial
taxonomy (Rossello-Mora and Amann, 2001; Yarza et al., 2008,
2014; Tindall et al., 2010; Figueras et al., 2011a,b). Our results
agree with those from a recent study by Yarza et al. (2014), who
investigated 568 taxa and described a threshold in 16S rRNA

sequence identity of 94.5% for genus delineation.

Similar groups and topology, with only minor differences,
were obtained when the 23S rRNA gene sequences were used to
analyze the phylogeny of the genus (Supplementary Figure S2).
In this analysis, the recently described species A. acticola, and
A. pacificus could not be included because of the unavailability of
the type strains and/or whole genome sequences. The same four
major clusters formed in the 23S rRNA gene phylogenetic tree,
and the species A. lekithochrous and A. nitrofigilis appeared also
as orphan species (Supplementary Figure S2). Within Cluster 1
two subgroups could also be obtained, differentiating the species
A. butzleriand ‘A. lacus’ from the rest of the species. Similarly, the
species A. anaerophilus and A. ebronensis formed a differentiated

subgroup in Cluster 4.

The visual analysis of the alignments obtained with the
sequences of the 16S and 23S rRNA genes allowed the
localization of signature motifs, especially in the 16S rRNA
gene, for the different clusters established in the phylogenetic
analysis. In these sequences, a total of 16 locations were found,
presenting nucleotide combinations characteristic for the clusters
(Supplementary Figure S3). Some of these motifs were located
in helix regions as interactions with proteins of the ribosomal
30S subunit, such as helix 21 (region V4) or helix 28/44 (region

V9), and therefore had a considerable level of protection against
mutations (Adilakshmi et al., 2008; Kitahara et al., 2012). There
are some studies on the presence of signature regions with
taxonomic/phylogenetic implications in the ribosomal genes
(Martinez-Murcia et al., 1992, 2007; Ue et al., 2011;Rehdkova
et al,, 2014; Martinez-Murcia and Lamy, 2015). Some regions
with signature motifs detected in the present study have also
shown implications for phylogenetic analysis in cyanobacteria,
including regions H15, H17, H21, H22-H23, H41, and H44
(Rehakova et al., 2014). A tree was also constructed weighting
such positions (Supplementary Figure S1B), which allowed a
better definition of the main clusters observed with the whole 16S
rRNA sequences although, as expected, differentiation among
species within each cluster was lower. Two sub-clusters were
observed in Cluster 1, where the species A. butzleri and ‘A. lacus’
grouped into a well-differentiated branch with respect to the
other species in the cluster (Supplementary Figure S1B). In
this analysis, A. pacificus was clearly located in the Cluster 3,
whereas in Cluster 4, A anaerophilus was the borderline species,
while A. ebronensis and ‘A. mediterraneus’ were located in an
independent branch (Supplementary Figure S1B). Therefore,
the signature motifs described here might be a new tool for
identification of the different clusters and/or genus.

Genomic Indices

The results of the calculations of the ANI and the isDDH
among the 36 studied genomes are given in the Supplementary
Table S2 and Supplementary Figure S4. The results of the
ANI and isDDH calculations showed that the genomes grouped
into the same clusters observed by the analyses of the MLSA
of the 13 housekeeping and core genes (Figures 1, 2). Ranges
of ANI within each cluster were from 75.2 to 95.4%, whereas
isDDH values were between 19.5 and 65.4% (Figure 2 and
Table 3). These results confirm the phylogenetic analysis for
the 13 new candidate species because all of them showed ANI
and isDDH values of <96% and <70%, respectively, which
are the cut-off values proposed for the delineation of new
species (Konstantinidis and Tiedje, 2005; Goris et al., 2007;
Richter and Rossell6-Méra, 2009; Figueras et al, 2017). As
discussed in other studies, the ANI and isDDH indices provided
reliable information for the delineation of Arcobacter species and
are also included in the minimal guidelines to define species
using genomes (Whiteduck-Léveillée et al., 2015, 2016; Figueras
et al., 2017; Chun et al., 2018). Although those indices are not
considered useful for delimiting genera, each of the four clusters
showed values that ranged between 75.2 and 81.8% as their lowest
ANI, which might be the suitable range for separating different,
closely related genera. These values are relatively similar to those
reported by Qin et al. (2014) that found 68-82% interspecies
ANI values among the genera that they studied. Values of ANI
obtained for the candidate species ‘A. aquaticus’ were lower than
the other results, from 70.0% with A. cryaerophilus LMG 242917
to 71.9% with A. bivalviorum CECT 7835" and more in line with
the Qin et al. (2014) results of 68% (Supplementary Table §2). In
the case of the isDDH the lower values among species in the same
cluster ranged between 19.5 and 24.8%, and again these might be
the levels associated to different genera.
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With the aim of confirming if the clusters observed might
represent different genera, as suggested by the phylogenetic
analyses, the similarity indices AAI and POCP were also
calculated (Supplementary Table S3). In agreement with the
60-80% AAI that have been described for species belonging to
the same genus (Konstantinidis and Tiedje, 2005) all our clusters
showed lower ranges of between 67.6 to 80.3% (Table 3). All
the clusters also complied with the POCP proposed for genus
separation above 50% (Luo et al., 2014; Qin et al., 2014) because
as shown in Table 3 all clusters showed the lowest values from
67.0 to 75.4%.

It is widely known that synonymous codon usage varies
among organisms and that it is related to differences in G4C
content, replication strand skew, or gene expression (Suzuki et al.,
2008; Farooqi et al., 2016). The interaction of these factors may
vary among species depending on their evolutionary process
(Ma et al, 2015). It has also been suggested that the extent of
codon usage bias plays a role in the adaptation of prokaryotic
organisms to their environments and lifestyles (Botzman and
Margalit, 2011). To analyze the overall codon usage trends of
the Arcobacter species, the frequencies of the different codons
were obtained from the whole genomes and the RSCU was
computed using the CAI, which is a useful tool for estimating
codon usage bias (Ma et al., 2015; Farooqi et al., 2016). A first
finding was that all the Arcobacter species presented a preferential

use of the codons finishing in A or T (Supplementary Figure
$5), which might be expected due to their low G+C% content.
The characteristic pattern showed by A. aquaticus is noteworthy
(Supplementary Figure S5), which supports its differentiation
from the other species in Cluster 3 as well as its unique taxonomy.
Such difference was the only statistically significant (p < 0.05) in
the multinomial regression analysis carried out.

Next, the codon usage trends were analyzed by PCA
to reveal possible evolutionary relationships. Interestingly,
different groups of strains could be observed in the three-
dimensional graphic (Figure 3), which correlated with those
clusters established in the different phylogenetic analyses, as
shown above. As reported previously for different species of
Mycoplasma (Marenda et al, 2005; Ma et al, 2015), PCA
provides an additional pathway to investigate the evolutionary
direction of the Arcobacter species. In addition, similarities in
the synonymous codon usage patterns might reflect similar
lifestyles (pathogenic vs. non-pathogenic) and adaptation to
certain environments (marine water, shellfish, etc.).

Metabolic Inference and Phenotypic

Analysis
Phylogenetic and genomic analysis confirmed the existence of
four clusters among the validated and candidate Arcobacter
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species, which comply with the cut-off values established
for the differentiation of independent genera. A thorough
phenotypic analysis was therefore carried out to determine if
the description of new taxa at genus level was possible or

if such clusters were only clades or genomovars within the
genus Arcobacter. In fact, this is what has occurred in a recent
polyphasic study of 52 A. cryaerophilus strains (including genome
information) in which, despite four different genomospecies
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FIGURE 3 | 3D plot of the three major axes generated by principal
component analysis (PCA) of the RSCU values computed for the 36 type

and representative strains of Arcobacter species. 1, A. anaerophilus DSM
24636"; 2, ‘A. aquaticus’ W112-28; 3, A. aquimarinus CECT 8442T: 4,

A. bivalviorum; 5, A. butzleri RM4018T; 6, ‘A. caeni’ RW17-10; 7, A. canalis
CECT 8984"; 8 A. cibarius LMG 21996"; 9, A. cloacae CECT 7834; 10,

A. cryaerophilus LMG 242917; 11, A. defluvii CECT 76977; 12, A. ebronensis
F128-27; 13, A. ellisii CECT 7837"; 14, A. faecis AF1078"; 15, A. halophilus
DSM 18005"; 16, ‘A. hispanicus’ FW54; 17, ‘A. lacus’ RW43-9; 18,

A. lanthieri AF14407; 19, A. lekithochrous LFT1.77: 20, A. marinus CECT
77277; 21, ‘A. mediterraneus’ F156-34; 22, ‘A. miroungae’ 9Ant; 23,

A. molluscorum CECT 7696"; 24, A. mytili W112-28; 25, ‘A. neptunis’
F146-38; 26, A. nitrofrigilis DSM 72997: 27, “A. ponticus’ F161-33; 28,

‘A. porcinus’ LMG 24487; 29, ‘A. salis’ F155-33; 30, A. skirrowii LMG 66217;
31, A. suis CECT 7833"; 32, A. thereius LMG 24486"; 33, A. trophiarum LMG
255347; 34, A. venerupis CECT 7836"; 35, ‘A. viscosus’ F142-34; 36,

‘A. vitoriensis’ F199.

being recognized, the phenotypic characterization did not allow
their differentiation into separate species and were therefore
considered genomovars (Pérez-Catalufia et al., 2018a).
Phenotypic inference using Traitar confirmed the lack of
reaction of Arcobacter species to most of the tests commonly
used for bacterial identification (Supplementary Figure S6).
Thus, all the type and representative strains rendered negative
results, regardless of the predictor employed, for use as
the sole carbon source of sugars (D-Mannitol, D-Mannose,
Salicin, or Trehalose, among others) and carboxylic acids
(Citrate or Malonate). Such results have been previously
reported in the original descriptions of the species (see
review of On et al., 2017). On the other hand, there was
some incongruence between results from Traitar and those
obtained by classical characterization for some tests, including
growth on MacConkey agar or urea hydrolysis (data not
shown). A possible explanation is related with the macro-
accuracy of the predictors employed in the Traitar analysis
(82.6-85.5%), as reported in the original description of the
microbial trait analyzer (Weimann et al., 2016). The fact that
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some of the Arcobacter species studied are halophilic cannot
be ignored, since some of the media usually employed in
the wet-lab characterization are developed for non-halophilic
microorganisms.

The heat maps built from the combined results of both
predictors in the Traitar analysis revealed the existence of
similarity groups regarding the metabolic characteristics of
the Arcobacter type strains (Supplementary Figure S6). In
most case, clustering of strains supported the groups obtained
with genomic tools, although some incongruence was also
observed, such as for A. butzleri (better related here to
A. defluvii, A. ellisii or A. cloacae), A. mytili (closest Traitar
species ‘A. caeni’) or A. venerupis (forming a branch with
A. ebronensis and ‘A. ponticus’). In any case, Traitar might be
helpful as a first-step method for phenotypic inference, although
turther verification should be made, especially in environmental
bacterial species with special growth requirements (i.e., halophilic
conditions).

A deep review of the characteristics reported in the
original descriptions of the Arcobacter species, together
with results obtained in our respective laboratories, allowing
phenotypic traits to differentiate the clusters established by
the phylogenetic and genomic analyses (Table 4). Growth at
37°C in microaerophilic condition, the halophilic character,
the ability to grow in presence of glycine, safranin, oxgall, or
triphenyltetrazolium chloride (TTC), the presence of some
enzymatic activities, such as catalase, urease or indoxyl acetate
hydrolysis, and resistance to cefoperazone among others, were
the main differentiating traits. Most of these characters are
included in the minimal standards for describing new species
in the families Campylobacteraceae and Helicobacteraceae (On
et al, 2017), and they should, therefore, also be maintained
for the new family Arcobacteraceae proposed by Waite
et al. (2017), once this taxonomical change is validated.
The phenotypic differentiation proposed in Table 4 enabled
to further describe the new genera that corresponded to the
different clusters of Arcobacter species determined in the present
study.

Stability of the Genomic-Based
Clustering

In order to test the stability of the new taxonomical scheme
proposed, we analyzed the whole genome sequences using
second strains from each species or from unassigned sequences
obtained from the public databases. That analysis is shown in
Supplementary Figure S7 and included 55 genomes. These new
phylogenetic analyses of the core genome also using a Split
network showed that the four clusters were maintained, but
the two clusters (Clusters 3 and 4) that include species able
to grow in media containing 2.5% NaCl appeared in the right
place (Supplementary Figure S7). The genome of Arcobacter
sp. LPB0137 obtained from the NCBI database grouped with
the species A. lekithochrous CECT 89427, while the genomes
Arcobacter sp. LA11 and CAB grouped together in a separate
branch near to Cluster 4. Interestingly, the ANI and isDDH
values of 91.4% and 45.8% between strain F2176, previously

identified as A. nitrofigilis (Figueras et al., 2008), and the type
strains of this species along with the phylogenetic position
(Supplementary Figure S7), revealed that this strain belonged
to another potentially new species. Furthermore, strains L and
AF1028, deposited at the NCBI database as Arcobacter sp. were
identified as A. defluvii and A. faecis, respectively, because they
clustered with the type strains of those species (Supplementary
Figure S7). This was also confirmed by the ANI and isDDH
results being above 96% and 70%, respectively.

Collado and Figueras (2011), in their review about the
epidemiology and clinical significance of the genus Arcobacter,
reported that these bacteria should be considered quite atypical
within the class Epsilonproteobacteria because of the great
diversity of hosts and habitats from which they have been
isolated. In order to show if the clusters obtained have a
relationship with their ecological habitat, the origin of each
strain is also given in Supplementary Figure S7. Despite the
fact that only two strains from each species were included in
the analysis, each of the clusters embraced species that had
been recovered from common or related origins. Cluster 1
included by strains isolated from humans and animals, from
wastewater and from broiler skin (A. cibarius CECT 7203T).
The fact that some strains isolated from wastewater that was
contaminated by humans or animal excreta, gives evidence
of the relationship of these sources. This finding agrees with
the high abundance of Arcobacter in wastewater and in water
contaminated with fecal pollution (Collado et al., 2008, 2010).
Among the species of Cluster 1, both by metagenomics analysis
or direct plating without enrichment (Fisher et al., 2014; Levican
et al, 2016), the species A. cryaerophilus was the prevalent
species in wastewater, while the species A. butzleri is normally
predominant in studies that investigate water and food samples
of animal origin, such as different types of meats using an
enrichment step (Collado et al., 2009b; Collado and Figueras,
2011; Hsu and Lee, 2015; and references therein). So far, only the
species A. cryaerophilus, A. thereius, A. trophiarum, A. cibarius
or A. skirrowii have been recovered from humans or animals
(De Smet et al, 2011; Figueras et al., 2014; Van den Abeele
et al., 2014) and all these species are as commented in the same
cluster.

Cluster 2 included strains from different origins but was
dominated by species that came from wastewater, shellfish
or food products. In this sense, A. defluvii CECT 7697"
and ‘A. caeni’ RW17-10 were isolated from wastewater, while
the strain A. defluvii L was recovered from a microbial fuel
cell. Strains of A. defluvii have also been recovered from
shellfish in other studies (Levican et al., 2014; Salas-Massé
et al, 2016). The strain A. suis CECT 7833T was isolated
from pork meat, but other isolates have also been obtained
from buffalo milk in Italy (Levican et al, 2013; Giacometti
et al., 2015). The other five strains in the cluster were
isolated from shellfish, wastewater and seawater (Table 1 and
Supplementary Figure S7). The other two clusters (Clusters
3 and 4) included strains isolated from seawater shellfish
giving evidence of the marine origin of these clusters. The
orphan species (A. nitrofigilis DSM7299%, A. lekithochrous
CECT 89427, and ‘A. aquaticus W112-28) also corresponded
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TABLE 4 | Differential phenotypic traits among the different clusters of Arcobacter species obtained on the basis of the characteristics of the type and representative

strains of the species included in each group.

Test A. nitrofigilis Cluster 1 Cluster 2 Cluster 3 Cluster 4 A. lekithochrous A. aquaticus
Growth at/on
CO, 37°C - \ \ + \ - +
0.5% NaCl - +2 \ b - +
4% NaCl + - - + + - -
1% Glycine - V - V V - -
0.05% Safranin - + V \Y V + +
0.04 TTC - vV - - - + -
1% Oxgall - \Y v - -d - -
CCDA - \ V - - + +
Enzymatic activities
Catalase - +f + \Y Vv + -
Urease + - v - -d - -
Indoxyl acetate hydrolysis + +f + v V - -
Nitrate reduction + \ + -9 \ - -
Resistance to cefoperazone (64 mg/l) ND V - Vv - - +

+, positive result; —, negative result; V| variable result in all the species of the cluster; @With the exception of A. skirrowii; bwith the exception of A. pacificus;
CA. lekithochrous needs sea salts to grow; IWith the exception of A. ebronensis; ®With the exception of A. molluscorum; "With the exception of A. cibarius; 9With

the exception of A. anaerophilus. ND, not determined.

to strains isolated from marine environments and their
phylogenetic position was close to the two marine clusters (3
and 4).

As indicated in the review by Collado and Figueras (2011),
there are many uncultured or not-yet-described species of
Arcobacter, which have been recognized on the basis of nearly
full-length 16S rRNA gene sequences, and which probably
outnumber those species that were already known at that time.
Their hosts and/or habitats are very diverse and include cod
larvae, cyanobacterial mats, activated sludge, tidal and marine
sediments, estuarine and river water, plankton, coral, tubeworms,
snails, etc. (Collado et al., 2011; and references therein). In
the near future new species can be expected to emerge that
will reinforce the value of the different genera proposed in this
study.

CONCLUSION

Genomic information obtained through next-generation
sequencing leads to great advances in the systematics
of prokaryotes (Whitman, 2015), not only to the general
understanding of prokaryotic biology but also for the resolution
of the phylogeny of taxa higher than species. Single gene
phylogeny, including 16S rRNA gene, has often limitations that
analysis of complete genome sequences can overcome. The
study aims to use this modern taxonomy approach to clarify the
relationships of the diverse Arcobacter species.

The results obtained in the present study confirmed the
opinion of some authors on the need for a clarification of the
taxonomy of the genus Arcobacter. The phylogenetic analyses
derived from the MLSA of 13 genes and of the core genome
as well as the existence of signature regions in the 16S rRNA
gene have shown, together with the genomic indexes ANI

(75.2-81.8%), isDDH (19.5-24.8%), AAI (67.6-80.3%), and
POCP (67.0-75.4%), to be useful tools for delimiting several
genomic and phylogenetic groups within this genus. The intra-
genus ranges and cut-off values established here might also
be helpful for future taxonomic studies in other bacterial
groups.

Such genomic variability, together with the determination
of combinations of differentiating phenotypic traits allowed
the division of the current genus Arcobacter in at least
six different genera for which the names Aliiarcobacter gen.
nov., Pseudoarcobacter gen. nov., Haloarcobacter gen. nov.,
Malacobacter gen. nov., and Poseidonibacter gen. nov. are
proposed. In addition, the candidate species ‘A. aquaticus
also constitutes a new genus for which the name Candidate
‘Arcomarinus’ gen. nov. is proposed, although such proposal
should be formulated in parallel to the formal description of the
species.

According to Tindall et al. (2010) “the type strain of a genus
is the most important reference organism to which a novel species
has to be compared.” In the case of the genus Arcobacter, the
type species has rarely been isolated (Collado et al., 2009b; Toh
et al.,, 2011; Levican et al., 2016; Salas-Masso et al., 2016) and in
fact, all the analyses show that A. nitrofigilis is an orphan species
and the only representative of the genus Arcobacter, for which an
emended description is provided.

The other genera are described here while taking into account
the species validated at the time of writing but with the confidence
that the formal description of the candidate species would fit
in such descriptions. Thus, the genus Aliiarcobacter gen. nov. is
described comprising seven species Aliiarcobacter cryaerophilus
comb. nov., A. butzleri comb. nov., A. skirrowii comb. nov.,
A. cibarius comb. nov., A. thereius comb. nov., A. trophiarum
comb. nov., A. lanthieri comb. nov., and A. faecis comb. nov. On
the other hand, the genus Pseudoarcobacter gen. nov. includes
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the species Pseudoarcobacter defluvii comb. nov., P. ellisii
comb. nov., P. venerupis comb. nov., P. cloacae comb. nov.,
P. suis comb. nov., P. aquimarinus comb. nov., and P. acticola
comb. nov. Four species, Malacobacter halophilus comb. nov.,
M. mytili comb. nov., M. marinus comb. nov., M. molluscorum
comb. nov., and M. pacificus comb. nov. are compiled in
the new genus Malacobacter gen. nov., whereas the genus
Haloarcobacter gen. nov. comprises three species Haloarcobacter
bivalviorum comb. nov., H. anaerophilus comb. nov., and
H. ebronensis comb. nov. Finally, the genus Poseidonibacter gen.
nov. has a unique species Poseidonibacter lekithochrous comb.
nov.

Emended Description of the Genus
Arcobacter Vandamme et al., 1991
emend. Vandamme et al., 1992 and
Sasi-Jyothsna et al., 2013

Arcobacter (Ar’co.bac.ter. L. n. arcus, bow; Gr. n. bacter, rod; M.
L. masc. n. Arcobacter, bow-shaped rod).

Cells are Gram-negative, curved rods 0.2-0.9 pm in diameter
and 1-3 pm long. Coccoid bodies are found in old cultures
but are not rapidly produced under aerobic conditions.
Motile with a rapid corkscrew motion. Each cell possesses a
single polar flagellum. Does not swarm. Chemoorganotrophic.
Utilizes organic and amino acids as carbon sources, but not
carbohydrates. Respiratory metabolism with oxygen as the
terminal electron acceptor; anaerobic growth with aspartate and
fumarate, but not with nitrate. Nitrate usually reduced to nitrite.
Requires NaCl for growth. Grows at temperatures of 10°C-
35°C but not at 42°C. Catalase, oxidase, urease, and nitrogenase
positive. Phosphatase, sulfatase and indole negative. Does not
hydrolyze esculin, casein, DNA, gelatine, hippurate or starch.
Fluorescent pigments are not produced. Unable to grow with
glycine (1% wt/vol), safranin (0.05% wt/vol), oxgall (1% wt/vol),
or 2,3,5-triphenyltetrazolium chloride (0.04%, wt/vol). Positive
for the hydrolysis of indoxyl acetate. Poly-B-hydroxybutyrate not
produced.

The base composition of the DNA is 28.1-28.4% G+C as
determined from the genomes.

The type species is Arcobacter nitrofigilis.

Description of Aliiarcobacter gen. nov.
Aliiarcobacter (Aliiar.co.bac’ter, L. pronoun alius other,
another; N.L. masc. n. Arcobacter a bacterial generic name; N.L.
masc. n. Aliiarcobacter the other Arcobacter).

Cells are Gram-negative, curved rods 0.2-0.5 wm in diameter
and 1-3 pm long. Motile by single polar flagellum. Does not
swarm. Chemoorganotrophic. Oxidase and catalase positive.
No growth occur at 4% NaCl. Growth occurs at 15°C-42°C.
Carbohydrates are not fermented. Nitrate usually reduced to
nitrite. Positive for the hydrolysis of indoxyl acetate and negative
for urease. Growth does not occur in the presence 2,3,5-
triphenyltetrazolium chloride (0.04%, wt/vol) or glycine (1%
wt/vol). Some species may grow in the presence of safranin
(0.05% wt/vol) or oxgall (1% wt/vol). Fluorescent pigments

are not produced. Some species are sensitive to cefoperazone
(64 mg/1). Range of DNA G+C content is 26.4-29.4 mol%.
The type species is Aliiarcobacter cryaerophilus.

Description of Aliiarcobacter

cryaerophilus comb. nov.
Basonym: Campylobacter cryaerophila Neill et al., 1985.

Other synonym: Arcobacter cryaerophilus Vandamme et al.,
1991.

The description is the same given by Neill et al. (1985).
The type strain is A169/BT (= NCTC 11857 = ATCC
431587).

Description of Aliiarcobacter butzleri

comb. nov.
Basonym: Campylobacter butzleri Kiehlbauch et al., 1991.
Other synonym: Arcobacter butzleri Vandamme et al., 1992.
The description is the same given by Vandamme et al. (1992).
The type strain is LMG 10828" (= CDC D2686" = ATCC
49616").

Description of Aliiarcobacter skirrowii

comb. nov.
Basonym: Arcobacter skirrowii Vandamme et al., 1992.

The description is the same given by Vandamme et al. (1992).
The type strain is Skirrow 449/80T (= LMG 66217 = CCUG
103741).

Description of Aliiarcobacter cibarius
comb. nov.
Basonym: Arcobacter cibarius Houf et al., 2005.

The description is the same given by Houf et al. (2005). The
type strain is LMG 21996 (= CCUG 48482").

Description of Aliiarcobacter thereius

comb. nov.
Basonym: Arcobacter thereius Houf et al., 2009.

The description is the same given by Houf et al. (2009). The
type strain is LMG 24486 (= CCUG 569027).

Description of Aliiarcobacter trophiarum
comb. nov.
Basonym: Arcobacter trophiarum De Smet et al., 2011.

The description is the same given by De Smet et al. (2011). The
type strain is 647 (= LMG 25534 = CCUG 59229T).

Description of Aliiarcobacter lanthieri

comb. nov.
Basonym: Arcobacter lanthieri Whiteduck-Léveillée et al,
2015.

The description is the same given by Whiteduck-Léveillée et al.
(2015). The type strain is AF1440T (= LMG 28516" = CCUG
664857).
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Description of Aliiarcobacter faecis

comb. nov.
Basonym: Arcobacter  faecis
2016.

The description is the same given by Whiteduck-Léveillée et al.
(2016). The type strain is AF1078T (= LMG 28519T = CCUG
664847).

Whiteduck-Léveillée et al.,

Description of Pseudoarcobacter gen.

nov.

Pseudoarcobacter (Pseu.do.ar.co.bac’ter, Gr. adj. pseudes, false;
N.L. masc. n. Arcobacter a bacterial generic name; N.L. masc. n.
Pseudoarcobacter, false Arcobacter).

Gram-negative, cells are rod shaped and motile. Cell size
0.2-0.9 pm in diameter and 0.4-2.2 wm long. Some species
may present cells up to 10 um in length. Oxidase and catalase
positive. No growth occurs at 4% NaCl. Growth occurs at 15—
37°C, but not at 42°C. Carbohydrates are not fermented. Reduce
nitrate to nitrite. Positive for the hydrolysis of indoxyl acetate.
Some species may hydrolyze urea. Growth does not occur in
the presence 2,3,5-triphenyltetrazolium chloride (0.04%, wt/vol)
or glycine (1% wt/vol). Some species may grow in the presence
of safranin (0.05% wt/vol) or oxgall (1% wt/vol). Sensitive to
cefoperazone (64 mg/l). Range of DNA G+C content is 26.3-
28.0 mol%.

The type species is Pseudoarcobacter defluvii.

Description of Pseudoarcobacter defluvii

comb. nov.
Basonym: Arcobacter defluvii Collado et al., 2011.

The description is the same given by Collado et al. (2011). The
type strain is SW28-117 (= CECT 7697" = LMG 25694™).

Description of Pseudoarcobacter ellisii

comb. nov.
Basonym: Arcobacter ellisii Figueras et al., 2011b.

The description is the same given by Figueras et al. (2011b).
The type strain is F79-6" (= CECT 7837" = LMG 26155").

Description of Pseudoarcobacter

venerupis comb. nov.
Basonym: Arcobacter venerupis Levican et al., 2012.

The description is the same given by Levican et al. (2012). The
type strain is F67-11T (= CECT 7836T = LMG 26156").

Description of Pseudoarcobacter

cloacae comb. nov.
Basonym: Arcobacter cloacae Levican et al., 2013.

The description is the same given by Levican et al. (2013). The
type strain is SW28-13" (= CECT 7834" = LMG 261537)

Description of Pseudoarcobacter suis

comb. nov.
Basonym: Arcobacter suis Levican et al., 2013.

The description is the same given by Levican et al. (2013). The
type strain is F41T (= CECT 7833T = LMG 261527).

Description of Pseudoarcobacter

aquimarinus comb. nov.
Basonym: Arcobacter aquimarinus Levican et al., 2015.

The description is the same given by Levican et al. (2015). The
type strain is W63" (= CECT 84427 = LMG 279237).

Description of Pseudoarcobacter

acticola comb. nov.
Basonym: Arcobacter acticola Park et al., 2016.

The description is the same given by Park et al. (2016). The
type strain is AR-137 (= KCTC 522127 = NBRC 1122727).

Description of Malacobacter gen. nov.
Malacobacter (Ma.la.co.bac’ter; Gr. n. malaco, soft, with soft boy,
mollusc; Gr. n. bacter, rod; N.L. masc. n. Malacobacter, bacteria
isolated from molluscs).

Gram-negative, cells are rod shaped and motile. Cell size 0.1-
0.6 pm wide and 0.5-3.6 pm long. Oxidase positive and catalase
variable among species. Halophilic, no growth can be obtained
without NaCl and capable to grow up to 4% NaCl. Growth
occurs at 15°C-37°C. Does not grow at 37°C in microaerophilic
conditions nor at 42°C in anaerobiosis. Carbohydrates are not
fermented. Does not reduce nitrate to nitrite. Negative for
the hydrolysis of urea. Some species may hydrolyze indoxyl
acetate. Growth does not occur in the presence of oxgall (1%
wt/vol) or 2,3,5-triphenyltetrazolium chloride (0.04%, wt/vol).
Some species may grow in the presence of glycine (1% wt/vol)
or safranin (0.05% wt/vol). Sensitive to cefoperazone (64 mg/l)
variable among species. Range of DNA G+C content is 26.1-
27.3 mol%.

The type species is Malacobacter halophilus.

Description of Malacobacter halophilus

comb. nov.
Basonym: Arcobacter halophilus Donachie et al., 2005.

The description is the same given by Donachie et al. (2005).
The type strain is LA31BT (= ATCC BAA-1022" = CIP 1084507).

Description of Malacobacter mytili

comb. nov.
Basonym: Arcobacter mytili Collado et al., 2009a.

The description is the same given by Collado et al. (2009a).
The type strain is F2075" (= CECT 7386" = LMG 245597).

Description of Malacobacter marinus

comb. nov.
Basonym: Arcobacter marinus Kim et al., 2010.

The description is the same given by Kim et al. (2010), with the
exception of variable result among strains for the hydrolysis of
the indoxyl-acetate under microaerobic conditions (Salas-Massd
et al,, 2016). The type strain is CL-S1T (= KCCM 90072" = JCM
155027).
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Description of Malacobacter canalis

comb. nov.
Basonym: Arcobacter canalis Pérez-Cataluna et al., 2018b.

The description is the same given by Pérez-Cataluia et al.
(2018b). The type strain is F138-33T (= CECT 8984 = LMG
291487).

Description of Malacobacter

molluscorum comb. nov.
Basonym: Arcobacter molluscorum Figueras et al., 2011a.

The description is the same given by Figueras et al. (2011a).
The type strain is F98-3T (= CECT 7696" = LMG 256937).

Description of Malacobacter pacificus

comb. nov.
Basonym: Arcobacter pacificus Zhang et al., 2015.

The description is the same given by Zhang et al. (2015). The
type strain is SW028T (= DSM 25018T = JCM 17857 = LMG
266387).

Description of Haloarcobacter gen. nov.
Haloarcobacter (Halo.ar.co.bacter, Gr. n. halo, salt; N.L.
masc. n. Arcobacter, a bacterial generic name; N.L. masc. n.
Haloarcobacter, Arcobacter salt loving).

Gram-negative, cells are rod shaped and motile. Cell size 0.1-
0.5 pm in diameter and 0.9-2.5 pm in length. Oxidase positive
and catalase variable among species. Halophilic, growth can be
obtained within the range of 0.5% (variable among species)
and up to 4% NaCl. Growth occurs at 15-42°C. Growth at
37°C in microaerophilic conditions or at 42°C in anaerobiosis
variable among species. Carbohydrates are not fermented. Some
species may reduce nitrate to nitrite. Negative for the hydrolysis
of urea (with the exception of H. ebronensis). Some species
may hydrolyze indoxyl acetate. Growth does not occur in
the presence of oxgall (1% wt/vol) (with the exception of
H. molluscorum) or 2,3,5-triphenyltetrazolium chloride (0.04%,
wt/vol). No growth on CCDA. Some species may grow in the
presence of glycine (1% wt/vol) or safranin (0.05% wt/vol).
Sensitive to cefoperazone (64 mg/1). Range of DNA G+C content
is 27.3-29.9 mol%.

The type species is Haloarcobacter bivalviorum.

Description of Haloarcobacter

bivalviorum comb. nov.
Basonym: Arcobacter bivalviorum Levican et al., 2012.

The description is the same given by Levican et al. (2012). The
type strain is F4T (= CECT 78357 = LMG 261547).

Description of Haloarcobacter

anaerophilus comb. nov.

Basonym: Arcobacter anaerophilus Sasi-Jyothsna et al., 2013.
The description is the same given by Sasi-Jyothsna et al.

(2013). The type strain is JC84T (= KCTC 150717 = MTCC

109567 = DSM 246367).

Description of Haloarcobacter

ebronensis comb. nov.
Basonym: Arcobacter ebronensis Levican et al., 2015.

The description is the same given by Levican et al. (2015). The
type strain is F128-2" (= CECT 84417 = LMG 279227).

Description of Poseidonibacter gen. nov.
Poseidonibacter (Po.se.i.do.ni.bac’ter, Gr. n. Poseidon, God of the
sea; Gr. n. bacter, rod; N.L. masc. n. Poseidonibacter referring to
the marine habitat of this bacteria).

Gram-negative, cells are rod shaped and motile. Oxidase and
catalase positive. Halophilic, no growth can be obtained without
seawater or the addition of combined marine salts to the medium.
Growth occurs at 15°C-25°C, but not at 37°C or 42°C. Range
of pH for growth is 6-8. Carbohydrates are not fermented.
Reduce nitrate to nitrite. Negative for the hydrolysis of indoxyl
acetate and urea. Growth occurs in the presence of safranin
(0.05% wt/vol), and 2,3,5-triphenyltetrazolium chloride (0.04%,
wt/vol), but not in the presence of glycine (1% wt/vol) sensitive to
cefoperazone (30 jLg). Possess ubiquinone MK-6 as a respiratory
quinone. DNA G+C content is 28.7 mol%.

The type species is Poseidonibacter lekithochrous.

Description of Poseidonibacter

lekithochrous comb. nov.
Basonym: Arcobacter lekithochrous Diéguez et al., 2017.

The description is the same given by Diéguez et al. (2017). The
type strain is LFT1.7T (= CECT 8942T = DSM 1008707).

AUTHOR CONTRIBUTIONS

MF and JR designed the work. AP-C, NS-M, and AD performed
the phenotypic and phylogenetic experiments. AP-C and SB
carried out the genome sequencing and analysis. AP-C, AL, and
JR performed the bioinformatic work. JR, ME AP-C, and AD
wrote the paper.

FUNDING

This work was supported in part by Grants JPTW2013-69095-
C03-03 from the Ministerio de Economia y Competitividad
(MINECO), AQUAVALENS of the Seventh Framework
Program (FP7/2007-2013) grant agreement 311846 from the
European Union and AGL2013-42628-R and AGL2016-77539-R
(AEI/FEDER UE) from the Agencia Estatal de Investigacion
(Spain).

ACKNOWLEDGMENTS

The authors thank Dr. F. J. Garcia (Laboratorio Central de
Veterinaria de Algete, MAGRAMA, Madrid, Spain) and Drs. R.
Alonso, I. Martinez-Malaxetxebarria, and A. Fernandez-Astorga
[Faculty of Pharmacy, University of the Basque Country (UPV-
EHU), Vitoria-Gasteiz, Spain], for kindly providing some of the

Frontiers in Microbiology | www.frontiersin.org

September 2018 | Volume 9 | Article 2077


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER

Al pé . luf —
ba ere&ereczéégtalblrlwlaaet al. Reuvisiting the Taxonomy of the Genus Arcobacter

Arcobacter strains. AP-C thanks Institut d'Investigacié Sanitaria
Pere Virgili (IISPV) for her Ph.D. fellowship and NS-M thanks
the Universitat Rovira i Virgili (URV), the Institut de Recerca i
Tecnologia Agroalimentaria (IRTA) and the Banco Santander for
her Ph.D. fellowship.

REFERENCES

Adilakshmi, T., Bellur, D. L., and Woodson, S. A. (2008). Concurrent nucleation of
16S folding and induced fit in 30S ribosome assembly. Nature 455, 1268-1272.
doi: 10.1038/nature07298

Bandelt, H. J., and Dress, A. W. M. (1992). Split decomposition: a new and useful
approach to phylogenetic analysis of distance data. Mol. Phylogenet. Evol. 1,
242-252. doi: 10.1016/1055-7903(92)90021-8

Botzman, M., and Margalit, H. (2011). Variation in global codon usage bias among
prokaryotic organisms is associated with their lifestyles. Genome Biol. 12:R109.
doi: 10.1186/gb-2011-12-10-r109

Chun, J., Oren, A., Ventosa, A., Christensen, H., Arahal, D. R., da Costa,
M. S., et al. (2018). Proposed minimal standards for the use of genome data
for the taxonomy of prokaryotes. Int. J. Syst. Evol. Microbiol. 68, 461-466.
doi: 10.1099/ijsem.0.002516

Chun, J.,, and Rainey, F. A. (2014). Integrating genomics into the taxonomy and
systematics of the Bacteria and Archaea. Int. J. Syst. Evol. Microbiol. 64, 316-324.
doi: 10.1099/ijs5.0.054171-0

Collado, L., Cleenwerck, I, Van Trappen, S., De Vos, P., and Figueras, M. J.
(2009a). Arcobacter mytili sp. nov., an indoxyl acetate ~hydrolysis- negative
bacterium isolated from mussels. Int. J. Syst. Evol. Microbiol. 59, 1391-1396.
doi: 10.1099/ijs.0.003749-0

Collado, L., Guarro, J., and Figueras, M. J. (2009b). Prevalence of Arcobacter in
meat and shellfish. J. Food Prot. 72, 1102-1106.

Collado, L., and Figueras, M. J. (2011). Taxonomy, epidemiology, and clinical
relevance of the genus Arcobacter. Clin. Microbiol. Rev. 24, 174-192.
doi: 10.1128/CMR.00034-10

Collado, L., Inza, L, Guarro, J., and Figueras, M. J. (2008). Presence of Arcobacter
spp. in environmental waters correlates with high levels of fecal pollution.
Environ. Microbiol. 10, 1635-1640. doi: 10.1111/§.1462-2920.2007.01555.x

Collado, L., Kasimir, G., Perez, U., Bosch, A, Pinto, R,, Saucedo, G., et al.
(2010). Occurrence and diversity of Arcobacter spp. along the Llobregat River
catchment, at sewage effluents and in a drinking water treatment plant. Water
Res. 44, 3696-3702. doi: 10.1016/j.watres.2010.04.002

Collado, L., Levican, A., Pérez, ]., and Figueras, M. J. (2011). Arcobacter defluvii sp.
nov., isolated from sewage samples. Int. J. Syst. Evol. Microbiol. 61, 2155-2161.
doi: 10.1099/ijs.0.025668- 0

De Smet, S., Vandamme, P., De Zutter, L., On, S. L. W., Douidah, L., and Houf, K.
(2011). Arcobacter trophiarum sp. nov., isolated from fattening pigs. Int. J. Syst.
Evol. Microbiol. 61, 356-361. doi: 10.1099/ijs.0.022665-0

Diéguez, A. L., Balboa, S., Magnesen, T., and Romalde, J. L. (2017). Arcobacter
lekithochrous sp. nov., isolated from a molluscan hatchery. Int. J. Syst. Evol.
Microbiol. 67, 1327-1332. doi: 10.1099/ijsem.0.001809

Diéguez, A. L., Pérez-Cataluiia, A., Figueras, M. J., and Romalde, J. L. (2018).
Arcobacter haliotis Tanaka et al, 2017 is a later heterotypic synonym of
Arcobacter lekithochrous Diéguez et al., 2017. Int. ]. Syst. Evol. Microbiol.
doi: 10.1099/ijsem.0.002909 [Epub ahead of print].

Donachie, S. P., Bowman, J. P., On, S. L. W., and Alam, M. (2005). Arcobacter
halophilus sp. nov., the first obligate halophile in the genus Arcobacter. Int. J.
Syst. Evol. Microbiol. 55, 1271-1277. doi: 10.1099/ijs.0.63581-0

Farooqi, M. S., Mishra, D., Rai, N., Singh, D., Rai, A., Chaturvedi, K., et al. (2016).
Genome-wide relative analysis of codon usage bias and codon context pattern
in the bacteria Salinibacter ruber, Chromohalobacter salexigens and Rhizobium
etli. Biochem. Anal. Biochem. 5:257. doi: 10.4172/2161-1009.1000257

Figueras, M. J., Collado, L., and Guarro, J. (2008). A new 16S rDNA-RFLP method
for the discrimination of the accepted species of Arcobacter. Diagn. Microbiol.
Infect. Dis. 62, 11-15. doi: 10.1016/j.diagmicrobio.2007.09.019

Figueras, M. J., Collado, L., Levican, A., Pérez, J., Solsona, M. J., and Yustes, C.
(2011a). Arcobacter molluscorum sp. nov., a new species isolated from shellfish.
Syst. Appl. Microbiol. 34, 105-109. doi: 10.1016/j.syapm.2010.10.001

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.02077/full#supplementary- material

Figueras, M. J., Levican, A., Collado, L., Inza, M. I, and Yustes, C. (2011b).
Arcobacter ellisii sp. nov., isolated from mussels. Syst. Appl. Microbiol. 34,
414-418. doi: 10.1016/j.syapm.2011.04.004

Figueras, M. J., Levican, A., Pujol, I, Ballester, F., Rabada Quilez, M. J., and Gomez-
Bertomeu, F. (2014). A severe case of persistent diarrhoea associated with
Arcobacter cryaerophilus but attributed to Campylobacter sp. and a review of
the clinical incidence of Arcobacter spp. New Microbes New Infect. 2, 31-37.
doi: 10.1002/2052-2975.35

Figueras, M. J., Pérez-Cataluna, A., Salas-Masso, N., Levican, A., and Collado, L.
(2017). ‘Arcobacter porcinus’ sp. nov., a novel Arcobacter species uncovered by
Arcobacter thereius. New Microbe New Infect. 15, 104-106. doi: 10.1016/j.nmni.
2016.11.014

Fisher, J. C., Levican, A., Figueras, M. J., and McLellan, S. L. (2014). Population
dynamics and ecology of Arcobacter in sewage. Front. Microbiol. 5:525.
doi: 10.3389/fmicb.2014.00525

Giacometti, F., Salas-Massé, N., Serraino, A. and Figueras, M. J. (2015).
Characterization of Arcobacter suis isolated from water buffalo (Bubalus
bubalis) milk. Food Microbiol. 51, 186-191. doi: 10.1016/j.fm.2015.06.004

Goris, J., Konstantinidis, K. T., Klappenbach, J. A., Coenye, T., Vandamme, P.,
and Tiedje, J. M. (2007). DNA-DNA hybridization values and their relationship
to whole-genome sequence similarities. Int. J. Syst. Evol. Microbiol. 57, 81-91.
doi: 10.1099/ijs.0.644831-0

Horikoshi, M., and Tang, Y. (2015). ggfortify: Data Visualization Tools for Statistical
Analysis Results. Available at: https://CRAN.R-project.org/package=ggfortify

Houf, K,, On, S. L. W,, Coenye, T., Debruyne, L., De Smet, S., and Vandamme, P.
(2009). Arcobacter thereius sp. nov., isolated from pigs and ducks. Int. J. Syst.
Evol. Microbiol. 59, 2599-2604. doi: 10.1099/ijs.0.006650-0

Houf, K., On, S. L. W., Coenye, T., Mast, J., Van Hoof, J., and Vandamme, P. (2005).
Arcobacter cibarius sp. nov., isolated from boiled carcasses. Int. J. Syst. Evol.
Microbiol. 55, 713-717. doi: 10.1099/ijs.0.63103-0

Hsu, T. T. D., and Lee, J. (2015). Global distribution and prevalence of Arcobacter
in food and water. Zoonoses Public Health 62, 579-589. doi: 10.1111/zph.12215

Huson, D. H., and Bryant, D. (2005). Application of phylogenetic networks in
evolutionary studies. Mol. Biol. Evol. 23, 254-267. doi: 10.1093/molbev/msj030

Hyatt, D., Chen, G. L., Locascio, P. F., Land, M. L., Larimer, F. W., and Hauser,
L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation
site identification. BMC Bioinformatics 11:119. doi: 10.1186/1471-2105-11-119

Kiehlbauch, A., Brenner, D. J., Nicholson, M. A., Baker, C. N., Patton, C. M.,
Steigerwalt, A. G., et al. (1991). Campylobacter butzleri sp. nov., isolated from
humans and diarrheal illness. J. Clin. Microbiol. 29, 376-385.

Kim, H. M., Hwang, C. Y., and Cho, B. C. (2010). Arcobacter marinus sp. nov. Int.
J. Syst. Evol. Microbiol. 60, 531-536. doi: 10.1099/ijs.0.007740-0

Kitahara, K., Yasutake, Y., and Miyazaki, K. (2012). Mutational robustness of 16S
ribosomal RNA, shown by experimental horizontal gene transfer in Escherichia
coli. PNAS 109, 19220-19225. doi: 10.1073/pnas.1213609109

Konstantinidis, K. T., and Tiedje, J. M. (2005). Genomic insights that advance the
species definition for prokaryotes. Proc. Natl. Acad. Sci. U.S.A. 102, 2567-2572.
doi: 10.1073/pnas.0409727102

Lagesen, K., Hallin, P., Redland, E. A., Sterfeldt, H.-H., Rognes, T., and Ussery,
D. W. (2007). RNAmmer: consistent and rapid annotation of ribosomal RNA
genes. Nucleic Acids Res. 35, 3100-3108. doi: 10.1093/nar/gkm160

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A,,
McWilliam, H., et al. (2007). Clustal W and Clustal X version 2.0. Bioinformatics
23, 2947-2948. doi: 10.1093/bioinformatics/btm404

Larsen, M. V., Cosentino, S., Rasmussen, S., Friis, C., Hasman, H., Marvig, R. L.,
et al. (2012). Multilocus sequence typing of total-genome-sequenced bacteria.
J. Clin. Microbiol. 50, 1355-1361. doi: 10.1128/JCM.06094-11

Laslett, D., and Canback, B. (2004). ARAGORN, a program to detect tRNA
genes and tmRNA genes in nucleotide sequences. Nucleic Acids Res. 32, 11-16.
doi: 10.1093/nar/gkh152

Frontiers in Microbiology | www.frontiersin.org

September 2018 | Volume 9 | Article 2077


https://www.frontiersin.org/articles/10.3389/fmicb.2018.02077/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.02077/full#supplementary-material
https://doi.org/10.1038/nature07298
https://doi.org/10.1016/1055-7903(92)90021-8
https://doi.org/10.1186/gb-2011-12-10-r109
https://doi.org/10.1099/ijsem.0.002516
https://doi.org/10.1099/ijs.0.054171-0
https://doi.org/10.1099/ijs.0.003749-0
https://doi.org/10.1128/CMR.00034-10
https://doi.org/10.1111/j.1462-2920.2007.01555.x
https://doi.org/10.1016/j.watres.2010.04.002
https://doi.org/10.1099/ijs.0.025668-0
https://doi.org/10.1099/ijs.0.022665-0
https://doi.org/10.1099/ijsem.0.001809
https://doi.org/10.1099/ijsem.0.002909
https://doi.org/10.1099/ijs.0.63581-0
https://doi.org/10.4172/2161-1009.1000257
https://doi.org/10.1016/j.diagmicrobio.2007.09.019
https://doi.org/10.1016/j.syapm.2010.10.001
https://doi.org/10.1016/j.syapm.2011.04.004
https://doi.org/10.1002/2052-2975.35
https://doi.org/10.1016/j.nmni.2016.11.014
https://doi.org/10.1016/j.nmni.2016.11.014
https://doi.org/10.3389/fmicb.2014.00525
https://doi.org/10.1016/j.fm.2015.06.004
https://doi.org/10.1099/ijs.0.64483r-0
https://CRAN.R-project.org/package=ggfortify
https://doi.org/10.1099/ijs.0.006650-0
https://doi.org/10.1099/ijs.0.63103-0
https://doi.org/10.1111/zph.12215
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1099/ijs.0.007740-0
https://doi.org/10.1073/pnas.1213609109
https://doi.org/10.1073/pnas.0409727102
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1128/JCM.06094-11
https://doi.org/10.1093/nar/gkh152
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER

Alba Pere&éreczqégtg'lblr?aaet al. Reuvisiting the Taxonomy of the Genus Arcobacter

Levican, A., Collado, L., Aguilar, C., Yustes, C., Diéguez, A. L., Romalde, J. L.,
et al. (2012). Arcobacter bivalviorum sp. nov. and Arcobacter venerupis sp.
nov., new species isolated from shellfish. Syst. Appl. Microbiol. 35, 133-138.
doi: 10.1016/j.syapm.2012.01.002

Levican, A., Collado, L., and Figueras, M. J. (2013). Arcobacter cloacae sp. nov. and
Arcobacter suis sp. nov., two new species isolated from food and sewage. Syst.
Appl. Microbiol. 36, 22-27. doi: 10.1016/j.syapm.2012.11.003

Levican, A., Collado, L., and Figueras, M. J. (2016). The use of two culturing
methods in parallel reveals a high prevalence and diversity of Arcobacter spp.
in a wastewater treatment plant. Biomed Res. Int. 2016:8132058. doi: 10.1155/
2016/8132058

Levican, A., Collado, L., Yustes, C., Aguilar, C., and Figueras, M. J. (2014). Higher
water temperature and incubation under aerobic and microaerobic conditions
increase the recovery and diversity of Arcobacter spp. from shellfish. Appl.
Environ. Microbiol. 80, 385-391. doi: 10.1128/AEM.03014-13

Levican, A., Rubio-Arcos, S., Martinez-Murcia, A., Collado, L., and Figueras, M. J.
(2015). Arcobacter ebronensis sp. nov. and Arcobacter aquimarinus sp. nov., two
new species isolated from marine environment. Syst. Appl. Microbiol. 38, 30-35.
doi: 10.1016/j.syapm.2014.10.011

Luo, C., Rodriguez-R, L. M., and Konstantinidis, K. T. (2014). MyTaxa: an
advanced taxonomic classifier for genomic and metagenomic sequences.
Nucleic Acids Res. 42:€73. doi: 10.1093/nar/gkul69

Ma, X. X, Feng, Y. P,, Bai, J. L., Zhang, D. R,, Lin, X. S., and Ma, Z. R. (2015).
Nucleotide composition bias and codon usage trends of gene populations in
Mycoplasma capriolum subsp. capriolum and M. agalactiae. J. Genetics 94,
251-260. doi: 10.1007/s12041-015-0512-2

Marenda, M. S., Sagne, E., Poumarat, F., and Citti, C. (2005). Suppression
subtractive hybridization as a basis to assess Mycoplasma agalactiae
and Mycoplasma bovis genomic diversity and species-specific sequences.
Microbiology 151, 475-489. doi: 10.1099/mic.0.27590-0

Martinez-Murcia, A., and Lamy, B. (2015). “Molecular diagnostics by genetic
methods,” in Aeromonas, ed. J. Graf (Poole: Caister Academic Press),
155-200.

Martinez-Murcia, A. J., Benlloch, S., and Collins, M. D. (1992). Phylogenetic
interrelationships of members of the genera Aeromonas and Plesiomonas as
determined by 16S ribosomal DNA sequencing: lack of congruence with results
of DNA-DNA hybridizations. Int. J. Syst. Bacteriol. 42, 412-421. doi: 10.1099/
00207713-42-3-412

Martinez-Murcia, A. J., Figueras, M. J., Saavedra, M. J., and Stackebrandt, E.
(2007). The recently proposed species Aeromonas sharmana sp. nov., isolate
GPTSA-6T, is not a member of the genus Aeromonas. Int. Microbiol. 10, 61-64.

Meier-Kolthoff, J. P., Auch, A. F.,, Klenk, H. P., and Goker, M. (2013). Genome
sequence-based species delimitation with confidence intervals and improved
distance functions. BMC Bioinformatics 14:60. doi: 10.1186/1471-2105- 14-60

Neill, S. D., Campbell, J. N., O’Brien, J. J., Weatherup, S. T. C., and Ellis, W. A.
(1985). Taxonomic position of Campylobacter cryaerophila sp. nov. Int. J. Syst.
Bacteriol. 35, 342-356. doi: 10.1099/00207713-35-3-342

Nurk, S., Bankevich, A., Antipov, D., Gurevich, A. A. Korobeynikov, A.,
Lapidus, A., et al. (2013). Assembling single-cell genomes and mini-
metagenomes from chimeric MDA products. J. Comput. Biol. 20, 714-737.
doi: 10.1089/cmb.2013.0084

On, S. L. W.,, Miller, W. G., Houf, K., Fox, J. G., and Vandamme, P. (2017).
Minimal standards for describing new species belonging to the families
Campylobacteraceae and Helicobacteraceae: campylobacter, Arcobacter,
Helicobacter and Wolinella spp. Int. ]. Syst. Evol. Microbiol. 67, 5296-5311.
doi: 10.1099/ijsem.0.002255

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. ., Davis, J. ]., Disz, T., et al. (2014).
The SEED and the rapid annotation of microbial genomes using subsystems
technology ( RAST ). Nucleic Acids Res 42, D206-D214. doi: 10.1093/nar/
gkt1226

Page, A. J., Cummins, C. A.,, Hunt, M., Wong, V. K, Reuter, S., Holden,
M.T.G, etal. (2015). Roary: rapid large-scale prokaryote pan genome analysis.
Bioinformatics 31, 3691-3693. doi: 10.1093/bioinformatics/btv421

Park, S., Jung, Y. T., Kim, S., and Yoon, J. H. (2016). Arcobacter acticola sp. nov.,
isolated from seawater of the East Sea in South Korea. J. Microbiol. 54, 655-659.
doi: 10.1007/s12275-016-6268-4

Pérez-Catalufa, A., Collado, L., Salgado, O., Lefinanco, V., and Figueras, M. J.
(2018a). A polyphasic and taxogenomic evaluation uncovers Arcobacter

cryaerophilus as a species complex that embraces four genomovars. Front.
Microbiol 9:805. doi: 10.3389/fmicb.2018.00805

Pérez-Cataluna, A., Salas-Mass6, N., and Figueras, M. J. (2018b). Arcobacter canalis
sp. nov., isolated from a water canal contaminated with urban sewage. Int. J.
Syst. Evol. Microbiol. 68, 1258-1264. doi: 10.1099/ijsem.0.002662

Puigbo, P., Bravo, I. G., and Garcia-Vallve, S. (2008). CAlcal: a combined set of tools
to assess codon usage adaptation. Biol. Dir. 3:38. doi: 10.1186/1745-6150-3-38

Qin, Q.-L,, Xie, B. B., Zhang, X. Y., Chen, X. L., Zhou, B. C., Zhou, ., et al. (2014).
A proposed genus boundary for the prokaryotes based on genomic insights.
J. Bacteriol. 196, 2210-2215. doi: 10.1128/]JB.01688- 14

R Core Team. (2015). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Rehédkovd, K., Johansen, J. R., Bowen, M. B., Martin, M. P., and Sheil, C. A. (2014).
Variation in secondary structure of the 16S rRNA molecule in Cyanobacteria
with implications for phylogenetic analysis. Fottea 14, 161-178. doi: 10.5507/
fot.2014.013

Richter, M., and Rossell6-Mora, R. (2009). Shifting the genomic gold standard
for the prokaryotic species definition. Proc. Natl. Acad. Sci. US.A. 106,
19126-19131. doi: 10.1073/pnas.0906412106

Richter, M., Rossell6-Mora, R., Oliver Glockner, F., and Peplies, J. (2016).
JSpeciesWS: a web server for prokaryotic species circumscription based
on pairwise genome comparison. Bioinformatics 32, 929-931. doi: 10.1093/
bioinformatics/btv681

Rossello-Mora, R., and Amann, R. (2001). The species concept for
prokaryotes. FEMS Microbiol. Rev. 25, 39-67. doi: 10.1111/§.1574-6976.2001.
tb00571.x

Salas-Masso, N., Andree, K. B., Furones, M. D., and Figueras, M. J. (2016).
Enhanced recovery of Arcobacter spp. using NaCl in culture media and re-
assessment of the traits of Arcobacter marinus and Arcobacter halophilus
isolated from marine water and shellfish. Sci. Total Environ. 56, 1355-1361.
doi: 10.1016/j.scitotenv.2016.05.197

Salas-Masso, N., Pérez-Catalufa, A., Collado, L., Levican, A., and Figueras, M.
J. (2018). “Arcobacter”, in Handbook of Foodborne Diseases, ed. D. Liu (Boca
Raton, FL: CRC Press, Taylor & Francis Group).

Sasi-Jyothsna, T. S., Rahul, K., Ramaprasad, E. V. V., Sasikala, C., and Ramana,
C. V. (2013). Arcobacter anaerophilus sp. nov., isolated from an estuarine
sediment and emended description of the genus Arcobacter. Int. J. Syst. Evol.
Microbiol. 63, 4619-4625. doi: 10.1099/ijs.0.054155-0

Sawabe, T., Kita-Tsukamoto, K., and Thompson, F. L. (2007). Inferring the
evolutionary history of vibrios by means of multilocus sequence analysis.
J. Bacteriol. 189, 7932-7936. doi: 10.1128/JB.00693-07

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30, 2068-2069. doi: 10.1093/bioinformatics/btul53

Sharp, P. M., and Li, W. H. (1987). The codon adaptation index - a mesure
of directional synonymous codon usage bias, and its potential applications.
Nucleic Acid Res. 15, 1281-1295. doi: 10.1093/nar/15.3.1281

Suzuki, H., Brown, C. J., Fornay, L. J., and Top, E. M. (2008). Comparison of
correspondence analysis methods for synonymous codon usage in bacteria.
DNA Res. 15, 357-365. doi: 10.1093/dnares/dsn028

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30,
2725-2729. doi: 10.1093/molbev/mst197

Tanaka, R., Cleenwerck, I., Mizutani, Y., Iehata, S., Bossier, P., and Vandamme, P.
(2017). Arcobacter haliotis sp. nov., isolated from abalone species Haliotis
gigantea. Int. J. Syst. Evol. Microbiol 67, 3050-3056. doi: 10.1099/ijsem.0.00
2080

Tang, Y., Horikoshi, M., and Li, W. (2016). Ggfortify: unified interface to visualize
statistical result of popular R Packages. The R J. 8, 474-485.

Tindall, B. J., Rossell6-Mora, R., Busse, H. J., Ludwig, W., and Kédmpfer, P. (2010).
Notes on the characterization of prokaryote strains for taxonomic purposes. Int.
J. Syst. Evol. Microbiol. 60, 249-266. doi: 10.1099/ij5.0.016949-0

Toh, H., Sharma, V. K., Oshima, K., Kondo, S., Hattori, M., Ward, F. B,
et al. (2011). Complete genome sequences of Arcobacter butzleri ED-1 and
Arcobacter sp. strain L, both isolated from a microbial fuel cell. J. Bacteriol. 193,
6411-6412. doi: 10.1128/JB.06084-11

Ue, H., Matsuo, Y., Kasai, H., and Yokota, A. (2011). Demequina globuliformis
sp. nov., Demequina oxidasica sp. nov. and Demequina aurantiaca sp.
nov., actinobacteria isolated from marine environments, and proposal of

Frontiers in Microbiology | www.frontiersin.org

18

September 2018 | Volume 9 | Article 2077


https://doi.org/10.1016/j.syapm.2012.01.002
https://doi.org/10.1016/j.syapm.2012.11.003
https://doi.org/10.1155/2016/8132058
https://doi.org/10.1155/2016/8132058
https://doi.org/10.1128/AEM.03014-13
https://doi.org/10.1016/j.syapm.2014.10.011
https://doi.org/10.1093/nar/gku169
https://doi.org/10.1007/s12041-015-0512-2
https://doi.org/10.1099/mic.0.27590-0
https://doi.org/10.1099/00207713-42-3-412
https://doi.org/10.1099/00207713-42-3-412
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1099/00207713-35-3-342
https://doi.org/10.1089/cmb.2013.0084
https://doi.org/10.1099/ijsem.0.002255
https://doi.org/10.1093/nar/gkt1226
https://doi.org/10.1093/nar/gkt1226
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1007/s12275-016-6268-4
https://doi.org/10.3389/fmicb.2018.00805
https://doi.org/10.1099/ijsem.0.002662
https://doi.org/10.1186/1745-6150-3-38
https://doi.org/10.1128/JB.01688-14
https://doi.org/10.5507/fot.2014.013
https://doi.org/10.5507/fot.2014.013
https://doi.org/10.1073/pnas.0906412106
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1111/j.1574-6976.2001.tb00571.x
https://doi.org/10.1111/j.1574-6976.2001.tb00571.x
https://doi.org/10.1016/j.scitotenv.2016.05.197
https://doi.org/10.1099/ijs.0.054155-0
https://doi.org/10.1128/JB.00693-07
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/nar/15.3.1281
https://doi.org/10.1093/dnares/dsn028
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1099/ijsem.0.002080
https://doi.org/10.1099/ijsem.0.002080
https://doi.org/10.1099/ijs.0.016949-0
https://doi.org/10.1128/JB.06084-11
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER

Alba Pé re&ééﬁéﬁ%ﬁ&a@t al.

Reuvisiting the Taxonomy of the Genus Arcobacter

Demequinaceae fam. nov. Int. J. Syst. Evol. Microbiol. 61, 1322-1329. doi: 10.
1099/ijs.0.024299-0

Ursing, J. B., Lior, H., and Owen, R. J. (1994). Proposal of minimal standards for
describing new species of the family Campylobacteraceae. Int. J. Syst. Bacteriol.
44, 842-845. doi: 10.1099/00207713-44-4-842

Van den Abeele, A. M., Vogelaers, D., Van Hende, ], and Houf, K.
(2014). Prevalence of Arcobacter species among humans, Belgium,
2008-2013. Emerg. Infect. Dis. 20, 1731-1734. doi: 10.3201/eid2010.
140433

Vandamme, P., Falsen, E., Rossau, R., Hoste, B., Segers, P., Tytgat, R,
et al. (1991). Revision of Campylobacter, Helicobacter and Wolinella
taxonomy: emendation of generic descriptions and proposal of Arcobacter
gen. nov. Int. ]. Syst. Bacteriol. 41, 88-103. doi: 10.1099/00207713-
41-1-88

Vandamme, P., Vancanneyt, M., Pot, B., Mels, L., Hoste, B., Dewettinck, D., et al.
(1992). Polyphasic taxonomic study of the emended genus Arcobacter with
Arcobacter butzleri comb. nov. and Arcobacter skirrowii sp. nov., an aerotolerant
bacterium isolated from veterinary specimens. Int. J. Syst. Bacteriol. 42,
344-356. doi: 10.1099/00207713-42-3-344

Waite, D. W., Vanwonterghem, I, Rinke, C., Parks, D. H., Zhang, Y., Takai, K., et al.
(2017). Comparative genomic analysis of the class Epsilonproteobacteria and
proposed reclassification to Epsilonbacteraeota (phyl. nov.). Front. Microbiol.
8:682. doi: 10.3389/fmicb.2017.00682

Wattam, A. R., Davis, J. J., Assaf, R., Boisvert, S., Brettin, T., Bun, C., et al.
(2017). Improvements to PATRIC, the all-bacterial bioinformatics database and
analysis resource center. Nucleic Acids Res. 45, D535-D542. doi: 10.1093/nar/
gkw1017

Weimann, A., Mooren, K., Frank, J., Pope, P. B., Bremges, A., and McHardy,
A. C.(2016). From genomes to phenotypes: traitar, the microbial trait analyzer.
mSystems 1, e101-e116. doi: 10.1128/mSystems.00101-16

Weiner, J. (2017). Pca3d: Three Dimensional PCA Plots. Available at: https://CRAN.
R-project.org/package=pca3d.

Whiteduck-Léveillée, K., Whiteduck-Léveillée, J., Cloutier, M., Tambong, J. T.,
Xu, R, Topp, E., et al. (2015). Arcobacter lanthieri sp. nov., isolated from

pig and dairy cattle manure. Int. J. Syst. Evol. Microbiol. 65, 2709-2716.
doi: 10.1099/ijs.0.000318

Whiteduck-Léveillée, K., Whiteduck-Léveillée, J., Cloutier, M., Tambong, J. T.,
Xu, R, Topp, E., et al. (2016). Identification, characterization and description of
Arcobacter faecis sp. nov., isolated from a human waste septic tank. Syst. Appl.
Microbiol. 39, 93-99. doi: 10.1016/j.syapm.2015.12.002

Whitman, W. B. (2015). Genome sequences as the type material for taxonomic
descriptions of prokaryotes. Syst. Appl. Microbiol. 38, 217-222. doi: 10.1016/j.
syapm.2015.02.003

Wickham, H. (2009). Ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag. doi: 10.1007/978-0-387-98141-3

Yarza, P., Richter, M., Peplies, J., Euzeby, J., Amann, R., Schleifer, K. H., et al. (2008).
The All-Species Living Tree project: a 16S rRNA-based phylogenetic tree of all
sequenced type strains. Syst. Appl. Microbiol. 31,241-250. doi: 10.1016/j.syapm.
2008.07.001

Yarza, P., Yilmaz, P., Pruesse, E., Glockner, F. O., Ludwig, W., Schleifer, K. H.,
et al. (2014). Uniting the classification of cultured and uncultured bacteria
and archaea using 16S rRNA gene sequences. Nat. Rev. Microbiol. 12, 635-645.
doi: 10.1038/nrmicro3330

Zhang, Z., Yu, C., Wang, X,, Yu, S., and Zhang, X. H. (2015). Arcobacter pacificus
sp. nov., isolated from seawater of the South Pacific Gyre. Int. J. Syst. Evol.
Microbiol. 66, 542-547. doi: 10.1099/ijsem.0.000751

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Pérez-Catalunia, Salas-Massé, Diéguez, Balboa, Lema, Romalde
and Figueras. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

19

September 2018 | Volume 9 | Article 2077


https://doi.org/10.1099/ijs.0.024299-0
https://doi.org/10.1099/ijs.0.024299-0
https://doi.org/10.1099/00207713-44-4-842
https://doi.org/10.3201/eid2010.140433
https://doi.org/10.3201/eid2010.140433
https://doi.org/10.1099/00207713-41-1-88
https://doi.org/10.1099/00207713-41-1-88
https://doi.org/10.1099/00207713-42-3-344
https://doi.org/10.3389/fmicb.2017.00682
https://doi.org/10.1093/nar/gkw1017
https://doi.org/10.1093/nar/gkw1017
https://doi.org/10.1128/mSystems.00101-16
https://CRAN.R-project.org/package=pca3d
https://CRAN.R-project.org/package=pca3d
https://doi.org/10.1099/ijs.0.000318
https://doi.org/10.1016/j.syapm.2015.12.002
https://doi.org/10.1016/j.syapm.2015.02.003
https://doi.org/10.1016/j.syapm.2015.02.003
https://doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.1016/j.syapm.2008.07.001
https://doi.org/10.1016/j.syapm.2008.07.001
https://doi.org/10.1038/nrmicro3330
https://doi.org/10.1099/ijsem.0.000751
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

UNIVERSITAT ROVIRA I VIRGILI

EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Atba Perez CataluGynplementary Figure S1A.- Phylogenetic tree constructed with the near complete

sequences (1450 nt) of the 16S rRNA gene of 36 type and representative strains of Arcobacter
species by the Maximum-Likelihood algorithm (model GTR+G+l). Bootstrap values
(expressed as percentages of 1000 replications) greater than 50% are shown at the nodes.
Scale bars indicate the number of substitutions per nucleotide position. Bold circles

indicate that corresponding nodes were coincident

in the tree generated with

Neigbour-Joining algorithm. Brackets indicate the similarity range for 16S rRNA gene
sequences. The cluster names in the tree are based in the phylogenetic results obtained from
MLSA and core genome analyses. During the preparation of this article A. haliotis was
confirmed as a later heterotypic synonym of A. lekithochrous.
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Supplementary Figure S1B.- Tree constructed with the concatenated signature motifs of the
16S rRNA gene for the different clusters. Bootstrap values (expressed as percentages of
1000 replications) greater than 50% are shown at the nodes. Scale bars indicate the
number of substitutions per nucleotide position. The cluster names in the tree are based in
the phylogenetic results obtained from MLSA and core genome analyses. During the
preparation of this article A. haliotis was confirmed as a later heterotypic synonym of 4.

lekithochrous.
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Supplementary Figure S2.- Neighbour joining phylogenetic tree constructed with
the 23S rRNA gene sequences (2948 bp) of the type and representative strains of 36
species of Arcobacter. Numbers at the nodes indicated bootstrap values >50% obtained
by repeating the analysis 1000 times. Scale bar indicates the number of substitutions per
nucleotide position. The cluster names in the tree are based in the phylogenetic results
obtained from MLSA and core genome analyses.
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Supplementary Figure S3.- Group specific 16S rRNA gene signatures differentiating the
type species of the genus, Arcobacter nitrofigilis DSM 7299T and other species of the genus.
The numbers at the top give the position in the gene. The location of the signature motifs in
the different variable regions and helix of the 16S rRNA gene secondary structure are also
indicated. Escherichia coli sequence was used as reference to enumerate the nucleotide

postitions (Adilakshmi et al., 2008).
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Supplementary Figure S4.- Heatmap representing the similarities (%) among the Arcobacter
species obtained for ANI (left-down) and isDDH (up-right) indexes.
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Supplementary Figure S5.- Comparison of the RSCU data of the 59 synonymous codon
among the different clusters and orphan species of Arcobacter. Lines: blue, cluster 1; red,
cluster 2; green, cluster 3; yellow, cluster 4; purple, A. lekithochrous; pink, A. nitrofigilis;
dark blue, A. aquaticus.
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Supplementary Figure S6.- Heatmap obtained with the phenotypic predictor tool Traitar
for the type and representative strains of Arcobacter species. The origin of the phenotypes
prediction (Traitar phypat and/or phypat+PGL classifier) determines the color of the
heatmap entries.
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5. GENERAL DISCUSSION
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5.1 Identification and epidemiology of Arcobacter clinical strains.

There exist several methods for the identification of Arcobacter strains at species level
summarized with their limitations in section 1.1.3. For instance, the use of methods like several m-
PCRs that target the 16S and 23S rRNA genes (Houf et al., 2000; Douidah et al., 2010; Khan et al.,
2017) can produce misidentifications due to the high similarity of these genes in some species
(Levican and Figueras, 2013). Due to this high similarity, these m-PCR methods produced the same
patterns in different species (Levican and Figueras, 2013). Two of the most accurate methods for the
identification at species level are the use of MALDI-TOF (Alispahic et al., 2010; Levican et al.,
2012, 2015) and the use of ¥poB gene phylogenies (Collado, 2010; Figueras et al., 2014). However,
as commented in the introduction, the successfully identification obtained with MALDI-TOF
depends on the number of well characterised strains included in the database of the system that in
the case of Arcobacter, can be insufficient to identify some strains (Arguello et al., 2015). In this
thesis, 28 clinical strains of Arcobacter, isolated from human faeces, were studied. Identification of
these strains was firstly attempted using phenotypic tests (n=6) or MALDI-TOF (n=22). These
methods identified the strains as 4. butzleri (n=22), Arcobacter sp. (n=5) and Campylobacter sp.
(n=1). The second identification was performed with the phylogeny of the 7poB gene that enabled to
confirm or identify to the species level each of the strains. Results showed that the strains identified
using MALDI-TOF were correctly ascribed to the species 4. butzleri (n=22), evidencing the
usefulness of this technique (Alispahic et al., 2010; Levican et al., 2012, 2015; Figueras et al.,
2014). Additionally, the identification of one strain as Campylobacter demonstrated that the use of
phenotypic test for Arcobacter identification can produce misidentification. Furthermore, this thesis
confirmed that the use of the #poB gene is an excellent tool for the identification of the species
level, as demonstrated in other studies (Collado, 2010; Figueras et al., 2014).

The first objective of this thesis was to analyse the epidemiological relationship between
clinical strains of Arcobacter from human origin. As commented in the introduction (see section
1.3.), several tools have been widely used in bacterial epidemiology. In this thesis, we tested the
MLST methodology for the analysis of clinical strains of Arcobacter recovered from human faeces.
From the 28 analysed strains, only one strain showed a Sequence Type (ST 2) already present in the
database and that corresponded interestingly to two human clinical strains isolated from France and
Belgium. These three strains were apparently unrelated, evidencing that the MLST approach lack
resolution to discriminate epidemiologically related strains involved in an infection process. This
fact has been also evidenced in the case of the MLST scheme of Legionella pneumophila (Quero et
al.,, 2016). Therefore, new methodologies must be developed to analyse the epidemiological
relationships between Arcobacter strains. The other 27 strains showed new alleles and new ST
(Study 4.1, Table 1), that contributed increasing the number of clinical STs of the MLST database in
26%. Most of these new STs were due to the discovering of new alleles in five of the seven genes of
the MLST scheme. However, some of the new STs were produced by new combinations of known
alleles (25% of the STs). An important aspect of these new STs is the presence of an apparent
association between the alleles aspA4-80, atpA-67 and gin-49. This combination occurred in 25% of
our strains (Study 4.1, Table 1) and also appeared in one strain deposited in the MLST database, all
of them from human clinical origin. Thus, this allele combination could be considered as a human
signature, but more studies would be required to confirm this hypothesis.
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The phylogenetic analysis (study 4.1, Figure 1) performed with all the Arcobacter strains
from human origin present in the database (n=132) showed that 50% of our STs grouped randomly
among the other clinical STs present in the database. However, the other 50% of our STs formed
two clusters. Cluster 1 (study 4.1, Figure 1) was composed by 7 of our STs and by STs from other
European countries. The other STs (n=7) grouped in the Cluster 2 with strains isolated from USA
and Thailand (study 4.1, Figure 1).

5.2 Antibiotic resistance in clinical strains of Arcobacter

The number of available treatments for bacterial infections using antibiotics has increased
since the description of the first antibiotic. However, the overuse or inadequate use of antibiotic
treatments has produced an increasing of the bacterial resistance to these drugs. This resistance is
directly related with morbidity and mortality, implicating around 25,000 deaths in Europe
(ECDC/EMEA report, 2009). These results evidenced the needed for standardizing and controlling
the use of antibiotics in the hospital and community environments. In the case of Arcobacter, there
is no standardized protocol for the treatment of infections produced by this bacterium. Most of the
Arcobacter infections are self-limiting but in some cases, when the infection is prolonged in time
and the symptoms get worse, or the patient has an overlaying disease, the use of antibiotics is
essential (Collado and Figueras, 2011). Several studies suggested the use of fluoroquinolones or
tetracyclines for the treatment of Arcobacter (Fera et al., 2003; Vandenberg et al., 2006; Son et al.,
2007). However, Van den Abeele et al. (2016) recommended the use of tetracyclines instead of
fluoroquinolones or macrolides. Regarding the antimicrobial resistance in Arcobacter, in the review
of Ferreira et al. (2015) and in the study of Van den Abeele et al. (2016), authors showed that a high
number of Arcobacter strains were resistant to ampicillin, nalidixic acid, ciprofloxacin,
erythromycin or gentamicin. As a part of the first objective of this thesis the antibiotic resistance of
28 strains was tested using the disc diffusion method against 5 antibiotics (amoxicillin/clavulanate
(20/10 pg), erythromycin (15 pg), gentamycin (10 pg) tetracycline (30 pg) and ciprofloxacin (5 pg).
Results (study 4.1, Table 3) showed that 32.1% of the strains were resistant to at least one of the
tested antibiotics. These resistances corresponded to ciprofloxacin (fluoroquinolone), and occurred
in 7.4% of the strains of A. butzleri and in the only strain of A. cryaerophilus. These results
evidenced that this drug should not be use for the treatment of Arcobacter as suggested before
(Collado and Figueras, 2011). An important finding of this work is that none of the strains showed
resistance to tetracycline, as occurred in previous studies (Vandenberg et al., 2006; Van den Abeele
et al., 2016; Silha et al., 2017). These results suggest that this antibiotic can be used as treatment, in
line with what was propose by other authors (Collado and Figueras, 2011; Ferreira et al., 2015; Van
der Abeele et al., 2016).

5.3 Description of new Arcobacter species: from the 16S rRNA gene to the genome analysis

The second objective of this thesis was the characterization of several strains isolated from
different sources considered as potential new species. These strains were isolated from reclaimed
water (RW43-9, RW17-10), mussels (F190-21L33), oysters (F138-33, F181-1F33), water (W110-
33), and Antarctic mammals (AHV-9/2010). Additionally, and regarding the different prevalence of
A. cryaerophilus, the third objective was to reassess the taxonomy of this species.

162



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

The classical tools used in taxonomic studies have been the 16S rRNA gene (Figueras et al.,
2011). However, in the case of Arcobacter, this gene shows a low resolution power for certain
species evidenced by the high percentage of similarity between the species A. ellisii and A. cloacae
(Levican et al., 2013a). In this thesis, again this was shown by the similarity observed between the
species A. butzleri and the new described species A. lacus sp. nov. of 99.9%. In addition, the
lower value of the 16S rRNA gene similarity within the genus i.e. 91.2% is below the 95%
cut-off stablished for genus delineation (Figueras et al., 2011). This evidences that this genus
could be composed by cryptic genera, being this problem another of the research objectives of this
Thesis.

As explained in the introduction the use of m-PCRs and 16S rDNA-RFLP methods
targeting the 16S and 23S rRNA genes for the identification of Arcobacter spp. can produce either
new unexpected patterns, patterns shared with different species and the combination of the different
identification methods in parallel can produce contradictory results. This is the case for the strains
isolated from shellfish and waters included in the study 4.2 and also for the strains of the study 4.3
RW43-9° and RWI17-10°. Due to these discordant results, we decided to leave aside
these identification techniques and use instead the phylogenetic analysis of the rpoB gene (studies
4.4 and 4.5). This gene showed a higher resolution for species delineation, even for species
with a high percentage of similarity based on the 16S rRNA gene, as in the case of the strain
RW43-9 with A. butzleri (see study 4.3, Supplementary Figure S1).

All the species descriptions included in these PhD Thesis were performed using also the
information derived from the genomes. This aspect was most important in the case of species
described with only one strain, because this became a mandatory requirement when a single strain is
available as indicated in the editorial note published in the International Journal of Systematic and
Evolutionary Microbiology in December 2017 and also by the Systematic and Applied
Microbiology journal as indicated in the instructions to the authors. The use of genomic information
in species description included the calculation of similarity indexes between the new species and
their nearest ones. For these analyses, the ANI and the isDDH were used. The values stablished for
these two indexes to ascribe strains to different species were below 95-96% and 70%, respectively
(Richter and Rossell6-Mora, 2009; Meier-Koltoff et al., 2013). In the case of Arcobacter, results of
these indexes showed that the cut-off value of 96% for ANI is the one that better correlates with
isDDH values lower than 70%.

In the case of A. cryaerophilus, the phylogenetic analyses based on the rpoB gene along
with the one derived from the concatenation of the sequence of the latter gene with other four
housekeeping genes (atpA, gyrA, gyrB and hsp60) showed that the strains grouped in four clusters.
Additionally, the calculation of the ANI and isDDH between representative genomes of each of the
four clusters showed values below the cut-off of 96% and 70%, respectively. These results
evidenced that indeed the four clusters could represent different species. For the description of new
species the existence of at list one differential phenotypic characteristic from the know species is
required (Stackebrandt et al., 2002; Figueras et al., 2011). Because that, several phenotypic tests
including the ones obtained from the genomic information were performed. Despite that, any
differential characteristic was found and moreover, the strains showed a high variability of response

a Pattern of A. butzleri with the m-PCR of Houf et al. (2000) and unknown pattern with the 16S-rDNA RFLP method of Figueras et al.
(2012).

b Patterns of 4. cryaerophilus and A. skirrowii with the m-PCR of Houf et al. (2000) and unknown pattern with the 16S-rDNA RFLP
method of Figueras et al. (2012).

163



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

to these tests, both intra- and inter-clusters. Thus, regarding the current bacterial taxonomic
guidelines, we were not able to define these clusters as new species. For that reason, the four
clusters were considered as genomovars because they were well-limited genomic groups that
could not be phenotypically differentiated. Further studies must be performed in order to find a
differential characteristic that will allow describing each genomovar as a novel species.
Furthermore, results of this study showed that the phenotypic characterization of strains
required to describe new species is sometimes limiting the taxonomic classification and
represents an important shortcoming for species description, especially when molecular and
genomic data clearly demonstrate that the strains belong to different species.

5.4 Bioinformatic tools in the genomic era

Year by year, the number of available genomes and the facilities to sequence these genomes
are increasing (https:/ftp.ncbi.nlm.nih.gov/genomes/GENOME REPORTS/prokaryotes.txt; Chun
et al., 2018). Information extracted from genomes can be a helpful tool to understand and classify
organisms and to elucidate new metabolic pathways and functionalities within the prokaryotes
(Whitman, 2015; Chun et al., 2018). As a part of the characterization performed on the clusters
formed by the studied A. cryaerophilus strains in the study 4.5, the genomes of 13
representative strains were analysed. For this analysis, genomes were screened for antibiotic
resistance genes, virulence factors, metabolic pathways and functional characteristics. As
explained in the introduction (see section 1.7), there are several tools for the identification of
antibiotic resistance genes and virulence factor using different databases. In study 4.5, the
antibiotic resistance genes were searched using the following databases: Antibiotic Resistance
Database (ARDB) (Liu and Pop, 2009), the Comprehensive Antibiotic Resistance Database
(CARD) (Jia et al., 2017), and the Antibiotic Resistance Gene-Annotation database (ARG-
ANNOT) (Gupta et al., 2014). The databases used for virulence gene detection were:
Virulence Factors of Pathogenic Bacteria Database (VFDB) (Chen et al., 2005), the Victors
Database (University of Michigan, USA), and the PATRIC VF (Wattam et al., 2017). Additionally,
detection of these features was also performed with the annotation of the genomes using RAST
(Aziz et al., 2008) and PATRIC (Wattam et al., 2017). Results obtained with these tools showed
that, although some of these tools can detect the presence of virulence and resistance genes, the
correct identification depends on the composition of the dataset, being limited to the species or
genus that are present in these databases. For that reason, a negative result obtained for a certain
gene or loci, must be checked with an independent analysis performing a BLASTn or BLASTp
(Boratyn et al.,, 2013) search using a known gene present in other species of the genus.
Additionally, in the study 4.5, two bioinformatic tools were used to extract the functional and
metabolic information derived from the genomes: The Functional Comparison Tool from the
Seed Viewer (Overbeek et al., 2014) for the functional analysis and Traitar software (Weimann
et al., 2016) for the metabolic pathways and the phenotypic traits. The obtained results were used
to compare the genomes and to find a phenotypical characteristic that allow differentiation
between the A. cryaerophilus genomovars. Despite some differences were obtained after the
genomic analyses, these results were not confirmed when tested experimentally at the laboratory.
These contradictory results could be due to the inability to mimic the conditions that the bacteria
need to express these features at the laboratory.

164


https://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/prokaryotes.txt

UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

5.5 Taxogenomics of the genus Arcobacter

In the study 4.6, the phylogenies performed with all the described species of this genus,
using both 16S rRNA gene and Multilocus Phylogenetic Analysis with five housekeeping genes,
showed a distribution of the species in four main clusters. Additionally, the genomes of all
the described Arcobacter species (with the exception of A. acticola and A. pacificus) were
studied in order to reassess the taxonomy of the genus. This analysis was performed in a
polyphasic approach, using genomic phylogenies along with the calculation of several genomic
indexes and the analysis of phenotypic information. Results showed that only the species A.
nitrofigilis remained in the genus Arcobacter, that was composed by at least other additional 6
genera. The separation of the genera was assessed on the basis of the following ranges of the
genomic indexes: 75.2-81.8% for ANI, 19.5-24.8% for isDDH, 67.6-80.3% for AAI, and
67.0-75.4% for POCP. Despite previous studies stablished that the ANI and isDDH values
are not useful for genera delineation (Konstantinidis and Tiedje, 2005; Goris et al., 2005;
Richter and Rossell6-Mora. 2009; Qin et al.,, 2014; Chun et al.,, 2018) results of study 4.6
evidenced that these indexes can be used to differentiate Arcobacteraceae family. In this sense,
the cut-off values for ANI and isDDH of 75-82% and 19-25%, respectively, could be considered
the low values within a genus of the Family Arcobacteraceae (Waite et al., 2017). As in the
case of ANI and isDDH values, lower values obtained with the POCP and AAI indexes in each
of the clusters could be considered the ranges for the differentiation of the closely related genera
studied. Values for AAI and POCP are in agreement with the proposed cut-offs of 60-80% and 50%,
respectively (Konstantinidis and Tiedje, 2005; Lou et al., 2014; Qin et al., 2014). Regarding the
RSCU results, the species A. aquaticus showed a different codon usage pattern in relation to the
ones obtained for the other Arcobacter species and this difference was the only that presented
statistical significance (p<0.05) using a multinomial regression analysis. These results
evidenced that the candidate species A. aquaticus represents a different genus, for which the
name Candidate ‘Arcomarinus’ is proposed. The other species of Arcobacter showed a
preferential use of A or T codons, as could be expected by the G+C contents. The PCA performed
with results of codon usage showed that different groups were produced that correlated with the
6 clusters showed with the other analyses. PCA results evidenced that these analyses are useful
for the study of the evolutionary relationships among the species analysed as occurred in other
genera (Marenda et al., 2005; Ma et al., 2015).
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6. CONCLUSIONS
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. The fact that epidemiological unrelated 4. butzleri strains show the same ST indicates that other

techniques with higher resolution should be developed to effectively recognize the
epidemiological related specially those involved in infection process.

The demonstrated resistance of 10.7% of the clinical strains of A. butzleri to ciprofloxacin, one
of the antibiotics recommended for the treatment of the intestinal infections produced by these
bacteria indicates the importance of selecting in each case the most effective treatment.

Four new Arcobacter species have been described for which the names A. canalis, A. lacus, A.
caeni and A. miroungae are proposed.

. Genomic analyses evidenced the existence of 10 potential new species that are pending to be

completely described.

. The genomic and polyphasic analysis of the species A. cryaerophilus evidenced the existence of

four cryptic genomovars within this species for which the names A. cryaerophilus gv.
pseudocryaerophilus, A. cryaerophilus gv. crypticus, A. cryaerophilus gv. cryaerophilus, and A.
cryaerophilus gv. occultus are proposed.

The taxogenomic analysis of the genus Arcobacter along with the phenotypical characterization
allowed the division of the genus in at least six different genera, for which the names
Aliiarcobacter gen. nov., Pseudoarcobacter gen. nov., Haloarcobacter gen. nov.,
Malacoarcobacter gen. nov., Poseidoniarcobacter gen. nov., and Arcomarinus gen. nov., have
been proposed. Those genera embrace all the previously defined Arcobacter species, with the
exception of A. nitrofigilis.

. The ANI, the isDDH, the AAI and the POCP values obtained after the taxogenomic analysis

enabled to delineate the mentioned new genera among each other and from the genus Arcobacter
using the following cut-off values: 75.2-81.8% for ANI, 19.5-24.8% for isDDH, 67.6-80.3% for
AALI and 67.0-75.4% for POCP.

The study of the RSCU using a Principal Component Analysis clustered the species
within the 7 genera.

167



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

7. REFERENCES

168



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Abdelbaqi, K., Ménard, A., Prouzet-Mauleon, V., Bringaud, F., Lehours, P., and Mégraud, F.
(2007). Nucleotide sequence of the gyrA4 gene of Arcobacter species and characterization of human
ciprofloxacin-resistant clinical isolates. FEMS Immunol. Med. Microbiol. 49, 337-345.
doi:10.1111/.1574-695X.2006.00208 .x.

Acik, M. N., Yiiksel, H., Ulucan, A., and Cetinkaya, B. (2016). The first experimental research on
the pathogenicity of Arcobacter butzleri in zebrafish. Vet. Microbiol. 189, 32-38.
doi:10.1016/j.vetmic.2016.04.016.

Adam, Z., Whiteduck-léveillée, K., Cloutier, M., Chen, W., Lewis, C. T., Lévesque, C. A., et al.
(2014a). Draft genome sequences of two Arcobacter strains isolated from human feces. Genome
Announc. 2, 1-2. doi:10.1128/genomeA.00113-14.Copyright.

Adam, Z., Whiteduck-leveillee, K., Cloutier, M., Chen, W., Lewis, C. T., Topp, E., et al.
(2014b). Draft genome sequence of Arcobacter cibarius strain LMG21996", isolated from broiler
carcasses. Genome Announc. 2, 1-2. doi:10.1128/genomeA.00034-14.Copyright.

Adam, Z., Whiteduck-Leveillee, K., Cloutier, M., Tambong, J. T., Chen, W., Lewis, C. T., et al.
(2014c). Draft genome sequences of three Arcobacter strains of pig and dairy cattle manure origin.
Genome Announc. 2, 2-3. doi:10.1128/genomeA.00377-14.

Adesiji, Y. O. (2010). Faecal shedding of Arcobacter species following experimental infection in
rats: Public health implications. Cent. Eur. J. Med. 5, 470-474. doi:10.2478/s11536-009-0109-3.

Adesiji, Y. O., Seibu, E., Emikpe, B. O., Moriyonu, B. T., Oloke, J. K., and Coker, A. O. (2012).
Serum biochemistry and heamatological changes associated with graded doses of experimental
Arcobacter infection in rats. West Afr. J. Med. 31, 186-91.

Alispahic, M., Hummel, K., Jandreski-Cvetkovic, D., Nobauer, K., Razzazi-Fazeli, E., Hess,
M., et al. (2010). Species-specific identification and differentiation of Arcobacter, Helicobacter and

Campylobacter by full-spectral matrix-associated laser desorption/ionization time of flight mass
spectrometry analysis. J. Med. Microbiol. 59,295-301. doi:10.1099/jmm.0.016576-0.

Anderson, K., Kiehlbauch, J. A., Anderson, D. C., Mcclure, H. M., and Wachsmuth, 1. K.
(1993). Arcobacter (Campylobacter) butzleri-associated diarrheal illness in a nonhuman primate
population. Infect. Immun. 61, 2220-2223.

Arguello, E., Otto, C. C., Mead, P., and Babady, N. E. (2015). Bacteremia caused by Arcobacter
butzleri in an immunocompromised host. J.  Clin. Microbiol. 53, 1448-1451.
doi:10.1128/JCM.03450-14.

Aydin, F., Giimiissoy, K. S., Atabay, H. L., I¢ca, T., and Abay, S. (2007). Prevalence and
distribution of Arcobacter species in various sources in Turkey and molecular analysis of isolated
strains by ERIC-PCR. J. Appl. Microbiol. 103, 27-35. doi:10.1111/§.1365-2672.2006.03240.x.

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A., et al. (2008). The
RAST server: Rapid Annotations using Subsystems Technology. BMC Genomics 9, 75.
doi:10.1186/1471-2164-9-75.

Bandelt, H., and Dress, A. (1992). Split decomposition: a new and useful approach to phylogenetic
analysis of distance data. Mol. Phylogenet. Evol. 1,242-252.

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al.
(2012). SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing.
J. Comput. Biol. 19, 455-477. doi:10.1089/cmb.2012.0021.

Banting, G. S., and Figueras, M. J. (2017). “Arcobacter,” in Global Water Pathogens Project -
Part 3 Bacteria, eds. A. Pruden, N. Ashbolt and J. Miller (Lansing, MI, USA: UNESCO).

169



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Banting, G. S., Braithwaite, S., Scott, C., Kim, J., Jeon, B., Ashbolt, N., et al. (2016). Evaluation
of various Campylobacter-specific Quantitative PCR (qPCR) assays for detection and enumeration

of Campylobacteraceae in irrigation water and wastewater via a miniaturized Most-Probable-
Number-qPCR Assay. Appl. Environ. Microbiol. 82, 4743-56. doi:10.1128/AEM.00077-16.

Barboza, K., Angulo, 1., Zumbado, L., Redondo-Solano, M., and Castro, E. (2017a). Isolation
and identification of Arcobacter species from Costa Rican poultry production and retail sources. J
Food Prot. 80, 779-782. doi:10.4315/0362-028X.JFP-16-394.

Barboza, K., Cubillo, Z., Castro, E., Redondo-Solano, M., Fernandez-Jaramillo, H., and
Arias-Echandi, M. L. (2017b). First isolation report of Arcobacter cryaerophilus from a human
diarrhea sample in Costa Rica. Rev Inst Med Trop Sao Paulo. 6, ¢e72.
doi:10.1017/S0033291796004679.

Boratyn, G. M., Camacho, C., Cooper, P. S., Coulouris, G., Fong, A., Ma, N., et al. (2013).
BLAST: a more efficient report with usability improvements. Nucleic Acids Res. 41, W29-33.
doi:10.1093/nar/gkt282.

Biicker, R., Troeger, H., Kleer, J., Fromm, M., and Schulzke, J.D. (2009). Arcobacter butzleri
induces barrier dysfunction in intestinal HT-29/B6 cells. J. Infect. Dis. 200, 756-764.
doi:10.1086/600868.

Carlstrom, C. 1., Wang, O., Melnyk, R. A., Bauer, S., Lee, J., Engelbrektson, A., et al. (2013).
Physiological and genetic description of dissimilatory perchlorate reduction by the novel marine
bacterium Arcobacter sp. strain CAB. MBio 4, 1-9. doi:10.1128/mBi0.00217-13.

Cervenka, L. (2007). Survival and inactivation of Arcobacter spp., a current status and future
prospect. Crit. Rev. Microbiol. 33, 101-108. doi:10.1080/10408410701364497.

Chen, L., Yang, J., Yu, J., Yao, Z., Sun, L., Shen, Y., et al. (2005). VFDB: a reference database
for bacterial virulence factors. Nucleic Acids Res. 33, D325-8. doi:10.1093/nar/gki008.

Chun, J., Oren, A., Ventosa, A., Christensen, H., Arahal, D. R., da Costa, M. S., et al. (2018).
Proposed minimal standards for the use of genome data for the taxonomy of prokaryotes. Int. J.
Syst. Evol. Microbiol. 68, 461-466. doi:10.1099/ijsem.0.002516.

CLSI (2015). M45. Methods for antimicrobial dilution and disk susceptibility testing of
infrequently isolated or fastidious bacteria: Proposed guideline.

Collado, L. (2010). Taxonomy and epidemiology of the Genus Arcobacter. PhD thesis. Reus (SP):
Universitat Rovira i Virgili.

Collado, L., and Figueras, M. J. (2011). Taxonomy, epidemiology, and clinical relevance of the
genus Arcobacter. Clin. Microbiol. Rev. 24, 174-192. doi:10.1128/CMR.00034-10.

Collado, L., Inza, 1., Guarro, J., and Figueras, M. J. (2008). Presence of Arcobacter spp. in
environmental waters correlates with high levels of fecal pollution. Environ. Microbiol. 10, 1635—
1640. doi:10.1111/1.1462-2920.2007.01555 .x.

Collado, L., Guarro, J., and Figueras, M. J. (2009). Prevalence of Arcobacter in meat and
shellfish. J. Food Prot. 72, 1102-6.

Collado, L., Kasimir, G., Perez, U., Bosch, A., Pinto, R., Saucedo, G., et al. (2010). Occurrence
and diversity of Arcobacter spp. along the Llobregat River catchment, at sewage effluents and in a
drinking water treatment plant. Water Res. 44, 3696-3702. doi:10.1016/j.watres.2010.04.002.

Collado, L., Levican, A., Perez, J., and Figueras, M. J. (2011). Arcobacter defluvii sp. nov.,
isolated from sewage samples. [Int. J. Syst. Evol. Microbiol. 61, 2155-2161.
doi:10.1099/ij5.0.025668-0.

170



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Collado, L., Gutiérrez, M., Gonzalez, M., and Fernandez, H. (2013). Assessment of the
prevalence and diversity of emergent campylobacteria in human stool samples using a combination
of traditional and molecular methods. Diagn. Microbiol. Infect. Dis. 75, 434-436.
doi:10.1016/j.diagmicrobio.2012.12.006.

Collado, L., Jara, R., Vasquez, N., and Telsaint, C. (2014). Antimicrobial resistance and
virulence genes of Arcobacter isolates recovered from edible bivalve molluscs. Food Control 46,
508-512. doi:10.1016/j.foodcont.2014.06.013.

De Boer, R. F., Ott, A., Giiren, P., Van Zanten, E., Van Belkum, A., and Kooistra-Smid, A. M.
D. (2013). Detection of Campylobacter species and Arcobacter butzleri in stool samples by use of
real-time multiplex PCR. J. Clin. Microbiol. 51, 253-259. doi:10.1128/JCM.01716-12.

de Oliveira, S., Baetz, A., Wesley, 1. V, and Harmon, K. M. (1997). Classification of Arcobacter
species isolated from aborted pig fetuses and sows with reproductive problems in Brazil. Vet.
Microbiol. 135, 347-354.

Diéguez, A. L., Balboa, S., Magnesen, T., and Romalde, J. L. (2017). Arcobacter lekithochrous
sp. nov., isolated from a molluscan hatchery. Int. J. Syst. Evol. Microbiol. 67, 1327-1332.
doi:10.1099/ijsem.0.001809.

Donachie, S. P.,, Bowman, J. P., On, S. L. W., and Alam, M. (2005). Arcobacter halophilus sp.
nov., the first obligate halophile in the genus Arcobacter. Int. J. Syst. Evol. Microbiol. 55, 1271—
1277. doi:10.1099/ijs.0.63581-0.

Dongen, S. M. van (2000). Graph clustering by flow simulation. PhD thesis. Utrecht (NL): Utrecht
University.

Douidah, L., De Zutter, L., Vandamme, P., and Houf, K. (2010). Identification of five human and
mammal associated Arcobacter species by a novel multiplex-PCR assay. J. Microbiol. Methods 80,
281-286. doi:10.1016/j.mimet.2010.01.009.

Douidah, L., De Zutter, L., Baré, J., De Vos, P., Vandamme, P., Vandenberg, O., et al. (2012).
Occurrence of putative virulence genes in Arcobacter species isolated from humans and animals. J.
Clin. Microbiol. 50, 735-741. doi:10.1128/JCM.05872-11.

ECDC/EMEA. (2009). The bacterial challenge: time to react. 54. doi: 10.2900/2518
Eddy, S. R. (1998). Profile hidden Markov models. Bioinformatics 14, 755-63.

Edgar, R. C. (2004). MUSCLE: a multiple sequence alignment method with reduced time and
space complexity. BMC Bioinformatics 5, 113. doi:10.1186/1471-2105-5-113.

Farooqi, M. S., Mishra, D. C., Rai, N., Singh, D. P., Rai, A., Chaturvedi, K. K., et al. (2016).
Genome-wide relative analysis of codon usage bias and codon context pattern in the bacteria

Salinibacter ruber, Chromohalobacter salexigens and Rhizobium etli. Biochem. Anal. Biochem. 5,
1-10. doi:10.4172/2161-1009.1000257.

Fera, M., Carbone, M., Maugeri, T. L., Giannone, M., Gugliandolo, C., La Camera, E., et al.
(2003). In vitro susceptibility of Arcobacter butzleri and Arcobacter cryaerophilus to different
antimicrobial agents. Int. J. Antimicrob. Agents 21, 488-491. doi:10.1016/S0924-8579(03)00004-9.

Fera, M. T., La Camera, E., Carbone, M., Malara, D., and Pennisi, M. G. (2009). Pet cats as
carriers of Arcobacter spp. in southern Italy. J. Appl Microbiol. 106, 1661-1666.
doi:10.1111/.1365-2672.2008.04133..x.

Fernandez-Cassi, X., Silvera, C., Cervero-Aragé, S., Rusifiol, M., Latif-Eugeni, F., Bruguera-
Casamada, C., et al. (2016). Evaluation of the microbiological quality of reclaimed water produced
from a lagooning system. Environ. Sci. Pollut. Res. 23, 16816-16833. doi:10.1007/
s11356-016-6812-0.

171



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Fernandez, H., Vera, F., and Villanueva, M. P. (2007). Arcobacter and Campylobacter species in
birds and mammals from Southern Chile. Arch. Med. Vet. 39, 163-165. doi:10.4067/
S0301-732X2007000200011.

Fernandez, H., Villanueva, M. P., Mansilla, 1., Gonzalez, M., and Latif, F. (2015).
Arcobacter butzleri and A. cryaerophilus in human, animals and food sources, in southern Chile.
Brazilian J. Microbiol. 46, 145-147.

Ferreira, S., Queiroz, J. a., Oleastro, M., and Domingues, F. C. (2015). Insights in the
pathogenesis and resistance of Arcobacter: A review. Crit. Rev. Microbiol. 7828, 1-
20. doi:10.3109/1040841X.2014.954523.

Ferreira, S., Oleastro, M., and Domingues, F. (2017a). “Arcobacter spp. in food chain-
from culture to omics,” in Foodborne Pathogens and Antibiotic Resistance, ed. O. M. Singh
(Hoboken, NJ, USA: John Wiley & Sons, Inc.), 73—117. d0i:10.1002/9781119139188.ch4.

Ferreira, S., Oleastro, M., and Domingues, F. C. (2017b). Occurrence, genetic diversity and
antibiotic resistance of Arcobacter sp. in a dairy plant. J. Appl. Microbiol. 123, 1019-1026.
doi:10.1111/jam.13538.

Ferreira, S., Correia, D. R., Oleastro, M., and Domingues, F. (2018). Arcobacter
butzleri ciprofloxacin resistance : Point mutations in DNA Gyrase A and role on fitness cost.
Microb. Drug Resist. 00, 1-8. d0i:10.1089/mdr.2017.0295.

Figueras, M. J., Beaz-Hidalgo, R., Collado, L., and Martinez-Murcia, A. J. (2011).
Recommendations for a new bacterial species description based on analyses of the unrelated genera
Aeromonas and Arcobacter. Bull. BISMiS 2, 1-16.

Figueras, M. J., Levican, A., and Collado, L. (2012). Updated 16S rRNA-RFLP method for the
identification of all currently characterised Arcobacter spp. BMC Microbiol. 12,
292. doi:10.1186/1471-2180-12-292.

Figueras, M. J., Levican, A., Pujol, 1., Ballester, F., Rabada Quilez, M. J., and Gomez-
Bertomeu, F. (2014). A severe case of persistent diarrhoea associated with
Arcobacter cryaerophilus but attributed to Campylobacter sp. and a review of the clinical
incidence of Arcobacter spp. New microbes new Infect. 2, 31-7. doi:10.1002/2052-2975.35.

Fisher, J. C., Levican, A., Figueras, M. J., and McLellan, S. L. (2014). Population dynamics and
ecology of Arcobacter in sewage. Front. Microbiol. 5, 525. doi:10.3389/fmicb.2014.00525.

Fisher, J. C., Newton, R. J., Dila, D. K., and McLellan, S. L. (2015). Urban microbial ecology of
a  freshwater estuary of Lake Michigan. FElem. (Wash D.C.) 3, 000064.
doi:10.12952/journal.elementa.000064.

Gilbert, M. J., Kik, M., Timmerman, A. J., Severs, T. T., Kusters, J. G., Duim, B., et al. (2014).
Occurrence, diversity, and host association of intestinal Campylobacter, Arcobacter, and
Helicobacter in reptiles. PLoS One 9, €101599. doi:10.1371/journal.pone.0101599.

Gill, K. (1983). Aerotolerant Campylobacter strain isolated from a bovine preputial sheath washing.
Vet. Rec. 112, 459.

Golz, G., Karadas, G., Fischer, A., Gobel, U. B., Alter, T., Bereswill, S., et al. (2015a). Toll-Like
Receptor-4 is essential for Arcobacter butzleri-induced colonic and systemic immune responses in
gnotobiotic  IL-10(-/-) mice. FEur J  Microbiol. — Immunol. (Bp). 5, 321-32.
doi:10.1556/1886.2015.00043.

Golz, G., Karadas, G., Alutis, M. E., Fischer, A., Kiihl, A. A., Breithaupt, A., et al. (2015b).
Arcobacter butzleri induce colonic, extra-intestinal and systemic inflammatory responses in
gnotobiotic il-10 deficient mice in a strain-dependent manner. PLoS One 10, 1-16.
doi:10.1371/journal.pone.0139402.

172



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Golz, G., Alter, T., Bereswill, S., Heimesaat, M. M., Lanzetta, R., and Parrilli, M. (2016a). The
immunopathogenic potential of Arcobacter butzleri — Lessons from a meta-analysis of murine
infection studies. PLoS One 11, €0159685. doi:10.1371/journal.pone.0159685.

Golz, G., Alter, T., Bereswill, S., and Heimesaat, M. M. (2016b). Toll-Like Receptor-4 dependent
intestinal gene expression during Arcobacter butzleri infection of gnotobiotic I1-10 deficient mice.
Eur. J. Microbiol. Immunol. (Bp). 6, 67-80. d0i:10.1556/1886.2016.00006.

Gonzalez, A., and Ferris, M. A. (2011). Study of Arcobacter spp. contamination in fresh lettuces
detected by different cultural and molecular methods. Int. J. Food Microbiol. 145, 311-314.
doi:10.1016/j.ijfoodmicro.2010.11.018.

Gonzilez, A., Bayas Morejon, L. F., and Ferrus, M. A. (2017). Isolation, molecular identification
and quinolone-susceptibility testing of Arcobacter spp. isolated from fresh vegetables in Spain.
Food Microbiol. 65,279-283. doi:10.1016/j.fm.2017.02.011.

Gonzalez, 1., Garcia, T., Fernandez, S., and Martin, R. (2012). Current status on Arcobacter
research: An update on DNA-based identification and typing methodologies. Food Anal. Methods 5,
956-968. doi:10.1007/s12161-011-9343-9.

Goodfellow, M., Kampfer, P., Busse, H., Trujillo, M. E., Suzuki, K., Ludwig, W., et al. (2012).
Bergey’s Manual of Systematic Bacteriology. New York, NY: Springer US.

Goris, J., Konstantinidis, K. T., Klappenbach, J. A., Coenye, T., Vandamme, P., and Tiedje, J.
M. (2007). DNA-DNA hybridization values and their relationship to whole-genome sequence
similarities. Int. J. Syst. Evol. Microbiol. 57, 81-91. d0i:10.1099/ijs.0.64483-0.

Gorman, R., and Adley, C. C. (2004). An evaluation of five preservation techniques and
conventional freezing temperatures of -20 degrees C and -85 degrees C for long-term preservation
of Campylobacter jejuni. Lett. Appl. Microbiol. 38, 306-10.

Gupta, S. K., Padmanabhan, B. R., Diene, S. M., Lopez-Rojas, R., Kempf, M., Landraud, L.,
et al. (2014). ARG-ANNOT, a new bioinformatic tool to discover antibiotic resistance genes in
bacterial genomes. Antimicrob. Agents Chemother. 58, 212-20. doi:10.1128/AAC.01310-13.

Hamir, A., Sonn, R., Franklin, S., and Wesley, L. V. (2004). Campylobacter jejuni and Arcobacter
species associated with intussusception in a racoon (Procyon lotor). Vet. Rec. 155, 338-340.

Hausdorf, L., Neumann, M., Bergmann, L., Sobiella, K., Mundt, K., Frohling, A., et al. (2013).
Occurrence and genetic diversity of Arcobacter spp. in a spinach-processing plant and evaluation of
two Arcobacter-specific quantitative PCR assays. Syst. Appl. Microbiol. 36, 235-243.
doi:10.1016/j.syapm.2013.02.003.

Heimesaat, M. M., Karadas, G., Fischer, A., Gobel, U. B., Alter, T., Bereswill, S., et al. (2015a).
Toll-Like Receptor-4 dependent small intestinal immune responses following murine Arcobacter
butzleri infection. Eur. J. Microbiol. Immunol. (Bp). 5, 333-42. d0i:10.1556/1886.2015.00042.

Heimesaat, M. M., Karadas, G., Alutis, M., Fischer, A., Kiihl, A. A., Breithaupt, A., et al.
(2015b). Survey of small intestinal and systemic immune responses following murine Arcobacter
butzleri infection. Gut Pathog. 7, 28. doi:10.1186/s13099-015-0075-z.

Heimesaat, M. M., Alter, T., Bereswill, S., and Goélz, G. (2016). Intestinal expression of genes
encoding inflammatory mediators and gelatinases guring Arcobacter butzleri infection of
gnotobiotic I1-10  deficient mice. FEur. J.  Microbiol. Immunol. (Bp). 6, 56—66.
doi:10.1556/1886.2016.00005.

Higgins, R., Messier, S., Daignault, D., and Lorange, M. (1999). Arcobacter butzleri isolated
from a diarrhoeic non-human primate. Lab. Anim. 33, 87-90.

173



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Ho, H. T. K., Lipman, L. J. A., and Gaastra, W. (2006). Arcobacter, what is known and unknown
about a potential foodborne  zoonotic  agent! Vet.  Microbiol. 115, 1-13.
doi:10.1016/j.vetmic.2006.03.004.

Ho, H. T. K., Lipman, L. J. A., and Gaastra, W. (2008a). The introduction of Arcobacter spp. in
poultry slaughterhouses. Int. J. Food Microbiol. 125, 223-229.
doi:10.1016/J.1IJFOODMICRO.2008.02.012.

Ho, H. T. K., Lipman, L. J. A., Hendriks, H. G. C. J. M., Tooten, P. C. J., Ultee, T., and
Gaastra, W. (2007). Interaction of Arcobacter spp. with human and porcine intestinal epithelial
cells. FEMS Immunol. Med. Microbiol. 50, 51-8. doi:10.1111/j.1574-695X.2007.00230.x.

Ho, H. T. K., Lipman, L. J. A., Wosten, M. M. S. M., Van Asten, A. J. A. M., and Gaastra, W.
(2008b). Arcobacter spp. possess two very short flagellins of which FlaA is essential for motility.
FEMS Immunol. Med. Microbiol. 53, 85-95. do0i:10.1111/j.1574-695X.2008.00405..x.

Horikoshi, M., and Tang, Y. (2015). ggfortify: Data visualization tools for statistical analysis
results. https://CRAN.R-project.org/package=ggfortify.

Houf, K., Tutenel, A., Zutter, L., Hoof, J., and Vandamme, P. (2000). Development of a
multiplex PCR assay for the simultaneous detection and identification of Arcobacter butzleri,
Arcobacter cryaerophilus and Arcobacter skirrowii. FEMS Microbiol. Lett. 193, 89-94.
doi:10.1111/5.1574-6968.2000.tb09407 x.

Houf, K., Zutter, L. De, Hoof, J. Van, and Vandamme, P. (2002). Assessment of the genetic
diversity among arcobacters isolated from poultry products by using two PCR-based typing
methods. Appl. Environ. Microbiol. 68,2172-2178. doi:10.1128/AEM.68.5.2172.

Houf, K., On, S. L. W., Coenye, T., Mast, J., Van Hoof, J., and Vandamme, P. (2005).
Arcobacter cibarius sp. nov., isolated from broiler carcasses. Int. J. Syst. Evol. Microbiol. 55, 713—
717. doi:10.1099/1js.0.63103-0.

Houf, K., De Smet, S., Baré, J., and Daminet, S. (2008). Dogs as carriers of the emerging
pathogen Arcobacter. Vet. Microbiol. 130, 208-213. doi:10.1016/j.vetmic.2008.01.006.

Hsu, T. T. D., and Lee, J. (2015). Global distribution and prevalence of Arcobacter in food and
water. Zoonoses Public Health 62, 579—-589. doi:10.1111/zph.12215.

Hsueh, P. R., Teng, L. J., Yang, P. C., Wang, S. K., Chang, S. C., Ho, S. W,, et al. (1997).
Bacteremia caused by Arcobacter cryaerophilus 1B. J. Clin. Microbiol. 35, 489—491.

Huson, D. H., and Bryant, D. (2006). Application of phylogenetic networks in evolutionary
studies. Mol. Biol. Evol. 23, 254-267. doi:10.1093/molbev/ms;j030.

Jia, B., Raphenya, A. R., Alcock, B., Waglechner, N., Guo, P., Tsang, K. K., et al. (2017). CARD
2017: expansion and model-centric curation of the comprehensive antibiotic resistance database.
Nucleic Acids Res. 45, D566-D573. doi:10.1093/nar/gkw1004.

Johnson, L. G., and Murano, E. A. (2002). Lack of a cytolethal distending toxin among
Arcobacter 1solates from various sources. J. Food Prot. 65, 1789-95.

Jribi, H., Sellami, H., Hassena, A. B., and Gdoura, R. (2017). Prevalence of putative virulence
genes in Campylobacter and Arcobacter species isolated from poultry and poultry by-products in
Tunisia. J. Food Prot. 80. d0i:10.4315/0362-028X.JFP-16-509.

Jukes, T., and Cantor, C. (1969). “Evolution of protein models,” in Mammalian protein
metabolism, Volumes 3, ed. H. Munro (New York, NY, USA: Academic press), 21-132.

Kabeya, H., Maruyama, S., and Morita, Y. (2003). Distribution of Arcobacter species among

174



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

livestock in Japan. Vet Microbiol. 93, 153—158.

Karadas, G., Sharbati, S., Hiinel, 1., MesselhiuBler, U., Glocker, E., Alter, T., et al. (2013).
Presence of virulence genes, adhesion and invasion of Arcobacter butzleri. J. Appl. Microbiol. 115,
583-590. doi:10.1111/jam.12245.

Khan, I. U. H., Cloutier, M., Libby, M., Lapen, D. R., Wilkes, G., and Topp, E. (2017).
Enhanced single-tube multiplex PCR assay for detection and identification of six Arcobacter
species. J. Appl. Microbiol. 123, 1522—-1532. doi:10.1111/jam.13597.

Kiehlbauch, J. A., Brenner, D. O. N. J., Nicholson, M. A., Baker, C. N., Patton, C. M.,
Steigerwalt, A. G., et al. (1991). Campylobacter butzleri sp . nov . isolated from humans and
animals with diarrheal illness. 29, 376-385.

Kim, H. M., Hwang, C. Y., and Cho, B. C. (2010). Arcobacter marinus sp. nov. Int. J. Syst. Evol.
Microbiol. 60, 531-536. doi:10.1099/ijs.0.007740-0.

Kimura, M. (1980). A simple method for estimating evolutionary rates of base substitutions
through comparative studies of nucleotide sequences. J. Mol. Evol. 16, 111-20.

Konstantinidis, K. T., and Tiedje, J. M. (2005). Genomic insights that advance the species
definition for prokaryotes. Proc. Natl. Acad. Sci. U. S. A. 102, 2567-72.
doi:10.1073/pnas.0409727102.

Konstantinidis, K. T., and Tiedje, J. M. (2007). Prokaryotic taxonomy and phylogeny in the
genomic era: advancements and challenges ahead. Curr Opin. Microbiol. 10, 504-509.
doi:10.1016/j.mib.2007.08.006.

Kownhar, H., Shankar, E. M., and Rajan, R. (2007). Prevalence of Campylobacter jejuni and
enteric bacterial pathogens among hospitalized HIV infected versus non-HIV infected patients with
diarrhoea in southern India. Scand. J. Infect. Dis. 39, 862—866. doi:10.1080/00365540701393096.

Laishram, M., Rathlavath, S., Lekshmi, M., Kumar, S., and Nayak, B. B. (2016). Isolation and
characterization of Arcobacter spp. from fresh seafood and the aquatic environment. Int. J. Food
Microbiol. 232, 87—-89. doi:10.1016/j.ijfoodmicro.2016.05.018.

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H.,
et al. (2007). Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947-8.
doi:10.1093/bioinformatics/btm404.

Larsen, M. V., Cosentino, S., Rasmussen, S., Friis, C., Hasman, H., Marvig, R. L., et al. (2012).
Multilocus Sequence Typing of total-genome-sequenced bacteria. J. Clin. Microbiol. 50, 1355—
1361. doi:10.1128/JCM.06094-11.

Lau, S. K. P., Woo, P. C. Y., Teng, J. L. L., Leung, K. W., and Yuen, K. Y. (2002). Identification
by 16S ribosomal RNA gene sequencing of Arcobacter butzleri bacteraemia in a patient with acute
gangrenous appendicitis. Mol. Pathol. 55, 182—5. d0i:10.1136/mp.55.3.182.

Lee, C., Agidi, S., Marion, J. W., and Lee, J. (2012). Arcobacter in Lake Erie beach waters: An
emerging gastrointestinal pathogen linked with human-associated fecal contamination. Appl.
Environ. Microbiol. 78, 5511-5519. do1:10.1128/AEM.08009-11.

Lee, 1., Kim, Y. O., Park, S.-C., and Chun, J. (2016). OrthoANI: An improved algorithm and
software for calculating average nucleotide identity. Int. J. Syst. Evol. Microbiol. 66, 1100-1103.
doi:10.1099/ijsem.0.000760.

Leoni, F., Chierichetti, S., Santarelli, S., Talevi, G., Masini, L., Bartolini, C., et al. (2017).
Occurrence of Arcobacter spp. and correlation with the bacterial indicator of faecal contamination
Escherichia coli in bivalve molluscs from the Central Adriatic, Italy. Int. J. Food Microbiol. 245.

175



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

doi:10.1016/j.ijfoodmicro.2017.01.006.

Levican Asenjo, A. (2013). Sanitary importance of Arcobacter. PhD thesis. Reus (SP): Universitat
Rovira i Virgili.

Levican, A., and Figueras, M. J. (2013). Performance of five molecular methods for monitoring
Arcobacter spp. BMC Microbiol. 13, 220. doi:10.1186/1471-2180-13-220.

Levican, A., Collado, L., Aguilar, C., Yustes, C., Diéguez, A. L., Romalde, J. L., et al. (2012).
Arcobacter bivalviorum sp. nov. and Arcobacter venerupis sp. nov., new species isolated from
shellfish. Syst. Appl. Microbiol. 35, 133—-138. doi:10.1016/j.syapm.2012.01.002.

Levican, A., Collado, L., and Figueras, M. J. (2013a). Arcobacter cloacae sp. nov. and
Arcobacter suis sp. nov., two new species isolated from food and sewage. Syst. Appl. Microbiol. 36,
22-27.doi:10.1016/j.syapm.2012.11.003.

Levican, A., Alkeskas, A., Giinter, C., Forsythe, S. J., and Figueras, M. J. (2013b). Adherence to
and invasion of human intestinal cells by Arcobacter species and their virulence genotypes. Appl.
Environ. Microbiol. 79, 4951-7. doi:10.1128/AEM.01073-13.

Levican, A., Rubio-Arcos, S., Martinez-Murcia, A., Collado, L., and Figueras, M. J. (2015).
Arcobacter ebronensis sp. nov. and Arcobacter aquimarinus sp. nov., two new species isolated from
marine environment. Syst. Appl. Microbiol. 38, 30-35. doi:10.1016/j.syapm.2014.10.011.

Levican, A., Collado, L., and Figueras, M. J. (2016). The use of two culturing methods in parallel
reveals a high prevalence and diversity of Arcobacter spp. in a wastewater treatment plant. Biomed
Res. Int. 2016, 1-9. doi:10.1155/2016/8132058.

Liu, B., and Pop, M. (2009). ARDB--Antibiotic Resistance Genes Database. Nucleic Acids Res. 37,
D443-D447. doi:10.1093/nar/gkn656.

Logan, E., Neill, S. D., and Mackie, D. (1982). Mastitis in dairy cows associated with an
aerotolerant Campylobacter. Vet. Rec. 110, 229-230.

Luo, C., Rodriguez-r, L. M., and Konstantinidis, K. T. (2014). MyTaxa : an advanced taxonomic
classifier for genomic and metagenomic sequences. MNucleic Acids Res. 42, e73.
doi:10.1093/nar/gkul69.

Ma, X., Feng, Y., Bai, J., Zhang, D., Lin, X., and Ma, Z. (2015). Nucleotide composition bias and
codon usage trends of gene populations in Mycoplasma capricolum subsp. capricolum and M.
agalactiae. J. Genet. 94, 251-260.

Martinez-Murcia, A. J., Benlloch, S., and Collins, M. D. (1992). Phylogenetic interrelationships
of members of the genera Aeromonas and Plesiomonas as determined by 16S ribosomal DNA

sequencing: Lack of congruence with results of DNA-DNA hybridizations. Int. J. Syst. Bacteriol.
42,412-421. doi:10.1099/00207713-42-3-412.

Maugeri, T. L., Gugliandolo, C., Carbone, M., Caccamo, D., and Fera, M. T. (2000). Isolation
of Arcobacter spp. from a brackish environment. New Microbiol. 23, 143—149.

McLellan, S. L., Huse, S., Mueller-Spitz, S., Andreishcheva, E., and Sogin, M. L. (2010).
Diversity and population structure of sewage-derived microorganisms in wastewater treatment plant
influent. Environ. Microbiol. 12, 378-392. doi:10.1111/j.1462-2920.2009.02075.x.Diversity.

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H.-P., and Géker, M. (2013). Genome sequence-based
species delimitation with confidence intervals and improved distance functions. BMC
Bioinformatics 14, 60. doi:10.1186/1471-2105-14-60.

Merga, J. Y., Royden, A., Pandey, A. K., and Williams, N. J. (2014). Arcobacter spp. isolated

176



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

from untreated domestic effluent. Lett. Appl. Microbiol. 59, 122—126. doi:10.1111/lam.12256.

Merga, J. Y., Winstanley, C., Williams, N. J., Yee, E., and Miller, W. G. (2013). Complete
genome sequence of the Arcobacter butzleri cattle isolate. Genome Announc. 1, 4-5.
doi:10.1093/nar/gkr1065.Kanamori.

Millar, J. A., and Raghavan, R. (2017). Accumulation and expression of multiple antibiotic
resistance genes in Arcobacter cryaerophilus that thrives in sewage. Peer J 25, €3269.
doi:10.7717/peerj.3269.

Miller, W. G., Parker, C. T., Rubenfield, M., Mendz, G. L., Wosten, M. M. S. M., Ussery, D.
W., et al. (2007). The complete genome sequence and analysis of the epsilonproteobacterium
Arcobacter butzleri. PLoS One 2. do0i:10.1371/journal.pone.0001358.

Miller, W. G., Wesley, 1. V, On, S. L. W., Houf, K., Mégraud, F., Wang, G., et al. (2009). First
multi-locus sequence typing scheme for Arcobacter spp. BMC Microbiol. 9, 196. doi:10.1186/1471-
2180-9-196.

Miller, W., and Parker, C. (2011). “Campylobacter and Arcobacter,” in Genomes of foodborne
and waterborne pathogens., eds. P. Fratamico, Y. Liu, and S. Kathariou. (Washington, DC: ASM
Press).

Mizutani, Y., and Tanaka, R. (2017). Genome sequence of Arcobacter sp. strain LA11, isolated
from the abalone Haliotis discus. Genome Announc. 5, 32-33.

Morejon, I. F. B., Gonzilez, A., and Ferrus, M. A. (2017). Detection, identification, and
antimicrobial susceptibility of Arcobacter spp. isolated from shellfish in Spain. Foodborne Pathog.
Dis. 14, 238-243. doi:10.1089/fpd.2016.2202.

Mottola, A., Bonerba, E., Bozzo, G., Marchetti, P., Celano, G. V., Colao, V., et al. (2016a).
Occurrence of emerging food-borne pathogenic Arcobacter spp. isolated from pre-cut (ready-to-eat)
vegetables. Int. J. Food Microbiol. 236, 33-37. doi:10.1016/j.ijjfoodmicro.2016.07.012.

Mottola, A., Bonerba, E., Figueras, M. J., Pérez-Cataluiia, A., Marchetti, P., Serraino, A., et al.
(2016b). Occurrence of potentially pathogenic arcobacters in shellfish. Food Microbiol.
doi:10.1016/j.fm.2015.12.010.

Nei, M., and Kumar, S. (2000). Molecular Evolution and Phylogenetics. USA: Oxford University
Press.

Neill, S. D., Campbell, J. N., O’Brien, J. J., Weatherup, S. T. C., and Ellis, W. A. (1985).
Taxonomic position of Campylobacter cryaerophila sp. nov. Int. J. Syst. Bacteriol. 35, 342-356.
doi:10.1099/00207713-35-3-342.

Oliveira, M. G. X., Pressinotti, L. N., Carvalho, G. S., Oliveira, M. C. V., Moreno, L. Z.,
Matajira, C. E. C., et al. (2017). Arcobacter spp. in fecal samples from Brazilian farmed caimans
(Caiman yacare, Daudin 1802). Trop. Anim. Health Prod. 49, 777-782. doi:10.1007/s11250-017-
1262-3.

Oliveira, M. G. X. de, Gomes, V. T. de M., Cunha, M. P. V., Moreno, L. Z., Moreno, A. M., and
Knébl, T. (2018). Genotypic characterization of Arcobacter spp. isolated from chicken meat in
Brazil. Foodborne Pathog. Dis. XX, fpd.2017.2368. doi:10.1089/fpd.2017.2368.

On, S. L., Stacey, A., and Smyth, J. (1995). Isolation of Arcobacter butzleri from a neonate with
bacteraemia. J. Infect. 31, 225-7.

On, S. L. W., Harrington, C. S., and Atabay, H. 1. (2003). Differentiation of Arcobacter species
by numerical analysis of AFLP profiles and description of a novel Arcobacter from pig abortions
and turkey faeces. J. Appl. Microbiol. 95, 1096—1105. doi:10.1046/j.1365-2672.2003.02100.x.

177



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

On, S. L. W., Miller, W. G., Houf, K., Fox, J. G., and Vandamme, P. (2017). Minimal standards
for describing new species belonging to the families Campylobacteraceae and Helicobacteraceae:
Campylobacter, Arcobacter, Helicobacter and Wolinella spp. Int. J. Syst. Evol. Microbiol. 67,
5296-5311. doi:10.1099/ijsem.0.002255.

Ottaviani, D., Mosca, F., Chierichetti, S., Tiscar, P. G., and Leoni, F. (2017). Genetic diversity of
Arcobacter isolated from bivalves of Adriatic and their interactions with Mytilus galloprovincialis
hemocytes. Microbiologyopen 6. doi:10.1002/mbo3.400.

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., et al. (2014). The
SEED and the Rapid Annotation of microbial genomes using Subsystems Technology (RAST).
Nucleic Acids Res. 42,206-214. doi:10.1093/nar/gkt1226.

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K., Reuter, S., Holden, M. T. G., et al. (2015).
Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics 31, 3691-3693.
doi:10.1093/bioinformatics/btv421.

Pati, A., Gronow, S., Lapidus, A., Copeland, A., Glavina Del Rio, T., Nolan, M., et al. (2010).
Complete genome sequence of Arcobacter nitrofigilis type strain (CI). Stand. Genomic Sci. 2, 300—
308. doi:10.4056/sigs.912121.

Patyal, A., Rathore, R. S., Mohan, H. V, Dhama, K., and Kumar, A. (2011). Prevalence of
Arcobacter spp. in humans, animals and foods of animal origin including sea food from India.
Transbound Emerg Dis. 58, 402—410. doi:10.1111/j.1865-1682.2011.01221 .x.

Piva, S., Gariano, G. R., Bonilauri, P., Giacometti, F., Decastelli, L., Florio, D., et al. (2017).
Occurrence of putative virulence genes on Arcobacter butzleri isolated from three different
environmental sites throughout the dairy chain. J. Appl. Microbiol. 122, 1071-1077.
doi:10.1111/jam.13403.

Puigbo, P., Bravo, 1. G., and Garcia-vallve, S. (2008). CAlcal : A combined set of tools to assess
codon usage adaptation. Biol. Direct 8, 1-8. doi:10.1186/1745-6150-3-38.

Qin, Q. L., Xie, B. B., Zhang, X. Y., Chen, X. L., Zhou, B. C., Zhou, J., et al. (2014). A proposed
genus boundary for the prokaryotes based on genomic insights. J. Bacteriol. 196, 2210-5.
doi:10.1128/JB.01688-14.

Quero, S., Garcia-Nuiiez, M., Parraga-Niifio, N., Barrabeig, 1., Pedro-Botet, M. L., de Simon,
M., et al. (2016). Discriminatory usefulness of pulsed-field gel electrophoresis and sequence-based
typing in Legionella outbreaks. Future Microbiol. 11, 757-765. doi:10.2217/fmb-2015-0030.

R Core Team (2015). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL http://www.R-project.org/.

Ramees, T., Dhama, K., Karthik, K., Rathore, R., Kumar, A., Saminathan, M., et al. (2017).
Arcobacter: an emerging food-borne zoonotic pathogen, its public health concerns and advances in
diagnosis and control - a comprehensive review. Vet. Q. 37, 136-161.

Rathlavath, S., Kohli, V., Singh, A. S., Lekshmi, M., Tripathi, G., Kumar, S., et al. (2017a).
Virulence genotypes and antimicrobial susceptibility patterns of Arcobacter butzleri isolated from
seafood and its environment. Int. J. Food Microbiol. 263, 32-37.
doi:10.1016/j.ijfoodmicro.2017.10.005.

Rathlavath, S., Kumar, S., and Nayak, B. B. (2017b). Comparative isolation and genetic diversity
of Arcobacter sp. from fish and the coastal environment. Lett. Appl. Microbiol. 65, 42—49.
doi:10.1111/lam.12743.

Richter, M., and Rossell6-Méra, R. (2009). Shifting the genomic gold standard for the prokaryotic

178



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

species definition. Proc. Natl. Acad. Sci. 106, 19126—-19131. doi:10.1073/pnas.0906412106.

Richter, M., Rossello-Méra, R., Oliver Glockner, F., and Peplies, J. (2016). JSpeciesWS: a web
server for prokaryotic species circumscription based on pairwise genome comparison.
Bioinformatics 32, 929-31. doi:10.1093/bioinformatics/btv681.

Roalkvam, 1., Drenen, K., Stokke, R., Daae, F. L., Dahle, H., and Steen, I. H. (2015).
Physiological and genomic characterization of Arcobacter anaerophilus IR-1 reveals new metabolic
features in Epsilonproteobacteria. Front. Microbiol. 6, 1-12. d0i:10.3389/fmicb.2015.00987.

Rodriguez-R, L. M., and Konstantinidis, K. T. (2014). Bypassing cultivation to identify bacterial
species. Microbe.9, 111-118.

Rossell6-Mora, R., and Amann, R. (2001). The species concept for prokaryotes. FEMS Microbiol.
Rev. 25,39-67. doi:10.1111/j.1574-6976.2001.tb00571 .x.

Rovetto, F., Carlier, A., Van den Abeele, A.-M., Illeghems, K., Van Nieuwerburgh, F., Cocolin,
L., et al. (2017). Characterization of the emerging zoonotic pathogen Arcobacter thereius by whole
genome  sequencing and  comparative  genomics. PLoS < One 12, e0180493.
doi:10.1371/journal.pone.0180493.

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Mol. Biol. Evol. 4, 406-25.

Salas-Masso, N., Andree, K. B., Furones, M. D., and Figueras, M. J. (2016). Enhanced recovery
of Arcobacter spp. using NaCl in culture media and re-assessment of the traits of Arcobacter

marinus and Arcobacter halophilus isolated from marine water and shellfish. Sci. Total Environ.
566567, 1355-1361. doi:10.1016/j.scitotenv.2016.05.197.

Salas-Massd, N., Pérez-Cataluiia, A., Collado, L., Levican, A., and Figueras, M. J. (2018).
“Arcobacter,” in Handbook of Foodborne Disease, ed. D. Liu, (UK: CRC Press, Taylor & Francis
Group).

Sasi Jyothsna, T. S., Rahul, K., Ramaprasad, E. V. V, Sasikala, C., and Ramana, C. V. (2013).
Arcobacter anaerophilus sp. nov., isolated from an estuarine sediment and emended description of
the genus Arcobacter. Int. J. Syst. Evol. Microbiol. 63, 4619-4625. doi:10.1099/ijs.0.054155-0.

Sawabe, T., Kita-tsukamoto, K., and Thompson, F. L. (2007). Inferring the evolutionary history
of Vibrios by means of multilocus sequence analysis. J. Bacteriol. 189, 7932-7936.
doi:10.1128/JB.00693-07.

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068—2069.
doi:10.1093/bioinformatics/btul53.

Sekhar, M. S., Tumati, S. R., Chinnam, B. K., Kothapalli, V. S., and Sharif, N. M. (2017).
Virulence gene profiles of Arcobacter species isolated from animals, foods of animal origin, and
humans in Andhra Pradesh, India. Vet. World 10, 716—720. doi:10.14202/vetworld.2017.716-720.

Sharpl, P. M., and Li, W. (1987). The codon Adaptation Index--a measure of directional
synonymous codon usage bias, and its potential applications. Nucleic Acids Res. 15, 1281-1295.

Silha, D., Pejchalova, M., and Silhova, L. (2017). Susceptibility to 18 drugs and multidrug
resistance of Arcobacter isolates from different sources within the Czech Republic. J. Glob.
Antimicrob. Resist. 9, 74—77. doi:10.1016/j.jgar.2017.01.006.

Son, I., Englen, M. D., Berrang, M. E., Fedorka-cray, P. J., and Harrison, M. A. (2007).
Antimicrobial resistance of Arcobacter and Campylobacter from broiler carcasses. Int. J.
Antimicrob. Agents 29, 451-455. do0i:10.1016/j.ijantimicag.2006.10.016.

179



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Stackebrandt, E., Frederiksen, W., Garrity, G. M., Grimont, A. D., Ka, P., Maiden, M. C. J., et
al. (2002). Taxonomic report of the ad hoc committee for the re-evaluation of the species definition
in bacteriology. Int. J. Syst. Evol. Microbiol. 52, 1043—-1047. doi:10.1099/ijs.0.02360-0.02360.

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and post-analysis of
large phylogenies. Bioinformatics 30, 1312—3. doi:10.1093/bioinformatics/btu033.

Tabatabaei, M., Shirzad Aski, H., shayegh, H., and Khoshbakht, R. (2014). Occurrence of six
virulence-associated genes in Arcobacter species isolated from various sources in Shiraz, Southern
Iran. Microb. Pathog. 66, 1-4. doi:10.1016/.micpath.2013.10.003.

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6: Molecular
Evolutionary  Genetics  Analysis  version 6.0. Mol. Biol.  Evol. 30, 2725-9.
doi:10.1093/molbev/mst197.

Tanaka, R., Cleenwerck, 1., Mizutani, Y., Iehata, S., Bossier, P., and Vandamme, P. (2017).
Arcobacter haliotis sp. nov., isolated from abalone species Haliotis gigantea. Int. J. Syst. Evol.
Microbiol., 1-7. doi:10.1099/ijsem.0.002080.

Tang, Y., Horikoshi, M., and Li, W. (2016). Ggfortify: Unified interface to visualize statistical
result of popular R packages. R J. 8, 474-485.

Tindall, B. J., Sikorski, J., Lucas, S., Goltsman, E., Copeland, A., Glavina Del Rio, T., et al.
(2010). Complete genome sequence of Meiothermus ruber type strain (21). Stand. Genomic Sci. 3,
26-36. doi:10.4056/sigs.1032748.

Toh, H., Sharma, V. K., Oshima, K., Kondo, S., Hattori, M., Ward, F. B., et al. (2011).
Complete genome sequences of Arcobacter butzleri ED-1 and Arcobacter sp. strain L, both isolated
from a microbial fuel cell. J. Bacteriol. 193, 6411-6412. doi:10.1128/JB.06084-11.

Ursing, J. B, Lior, H., and Owen, R. J. (1994). Proposal of minimal standards for describing new
species of the family Campylobacteraceae. Int. J. Syst. Bacteriol. 44, 842-845.
doi:10.1099/00207713-44-4-842.

Van den Abeele, A. M., Vogelaers, D., Van Hende, J., and Houf, K. (2014). Prevalence of
Arcobacter species among humans, Belgium, 2008-2013. Emerg. Infect. Dis. 20, 1731-1734.
doi:10.3201/eid2010.140433.

Van den Abeele, A. M., Vogelaers, D., Vanlaere, E., and Houf, K. (2016). Antimicrobial
susceptibility testing of Arcobacter butzleri and Arcobacter cryaerophilus strains isolated from
Belgian patients. J. Antimicrob. Chemother. 71, 1241-1244. doi:10.1093/jac/dkv483.

Vandamme, P., Falsen, E., Rossau, R., Hoste, B., Segers, P., Tytgat, R., et al. (1991). Revision of
Campylobacter, Helicobacter, and Wolinella taxonomy: emendation of generic descriptions and
proposal of Arcobacter gen. nov. Int. J. Syst. Bacteriol. 41, 88—103. doi:10.1099/00207713-41-1-88.

Vandamme, P., Vancanneyt, M., Pot, B., Mels, L., Hoste, B., Dewettinck, D., et al. (1992).
Polyphasic taxonomic study of the emended genus Arcobacter with Arcobacter butzleri comb. nov.

and Arcobacter skirrowii sp. nov., an aerotolerant bacterium isolated from veterinary specimens. /nt.
J. Syst. Bacteriol. 42, 344-356. do0i:10.1099/00207713-42-3-344.

Vandenberg, O., Dediste, A., Houf, K., Ibekwem, S., Souayah, H., Cadranel, S., et al. (2004).
Arcobacter species in humans. Emerg. Infect. Dis. 10, 1863—1867.

Vandenberg, O., Houf, K., Douat, N., Vlaes, L., Retore, P., Butzler, J. P., et al. (2006).
Antimicrobial susceptibility of clinical isolates of non-jejuni/coli campylobacters and arcobacters
from Belgium. J. Antimicrob. Chemother. 57, 908-913. doi:10.1093/jac/dk1080.

Veldhuizen, E. J. A., Hendriks, H. G. C. J. M., Hogenkamp, A., van Dijk, A., Gaastra, W.,

180



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Tooten, P. C. J., et al. (2006). Differential regulation of porcine B-defensins 1 and 2 upon
Salmonella infection in the intestinal epithelial cell line IPI-21. Vet. Immunol. Immunopathol. 114,
94-102. doi:10.1016/j.vetimm.2006.07.012.

Vicente-Martins, S., Oleastro, M., Domingues, F. C., and Ferreira, S. (2018). Arcobacter spp. at
retail food from Portugal: Prevalence, genotyping and antibiotics resistance. Food Control 85, 107—
112. doi:10.1016/j.foodcont.2017.09.024.

Waite, D. W., Vanwonterghem, I., Rinke, C., Parks, D. H., Zhang, Y., Takai, K., et al. (2017).
Comparative genomic analysis of the class Epsilonproteobacteria and proposed reclassification to
Epsilonbacteraeota (phyl. nov.). Front. Microbiol. 8, 682—701. doi:10.3389/fmicb.2017.00682.

Wattam, A. R., Davis, J. J., Assaf, R., Boisvert, S., Brettin, T., Bun, C., et al. (2017).
Improvements to PATRIC, the all-bacterial bioinformatics database and analysis resource center.
Nucleic Acids Res. 45, D535-D542. doi:10.1093/nar/gkw1017.

Webb, A. L., Boras, V. F., Kruczkiewicz, P., Selinger, L. B., Taboada, E. N., and Inglis, G. D.
(2016). Comparative detection and quantification of Arcobacter butzleri in stools from diarrheic and
nondiarrheic people in Southwestern Alberta, Canada. J. Clin. Microbiol. 54, 1082-1088.
doi:10.1128/JCM.03202-15.

Weimann, A., Mooren, K., Frank, J., Pope, P. B., Bremges, A., and McHardy, A. C. (2016).
From genomes to phenotypes: Traitar, the microbial trait analyzer. mSystems 1, e00101-16.
doi:10.1128/mSystems.00101-16.

Wesley, 1. V., Baetz, A. L., and Larson, D. J. (1996). Infection of cesarean-derived colostrum-
deprived 1-day-old piglets with Arcobacter butzleri, Arcobacter cryaerophilus, and Arcobacter
skirrowii. Infect. Immun. 64, 2295-2299,

Wesley, 1. V, and Baetz, A. L. (1999). Natural and experimental infections of Arcobacter in poultry.
Poult. Sci. 78, 536-545.

Wesley, 1. V, and Miller, W. G. (2010). “Arcobacter: an opportunistic human food-borne
pathogen?,” in Emerging infections 9, eds. W. Scheld, M. Grayson, and Hughes JM. (Washington,
DC: ASM Press).

Wesley, 1. V, and Schroeder-Tucker, L. (2011). Recovery of Arcobacter ssp. from nonlivestock
species. J. Zoo Wildl. Med. 42, 508-512. doi:10.1638/2010-0194.1.

Whitman, W. B. (2015). Genome sequences as the type material for taxonomic descriptions of
prokaryotes. Syst. Appl. Microbiol. 38,217-222. d0i:10.1016/j.syapm.2015.02.003.

Wickham, H. (2009). Ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag
New York.

Wybo, L., Breynaert, J., Lauwers, S., Lindenburg, F., and Houf, K. (2004). Isolation of
Arcobacter skirrowii from a patient with chronic diarrhea. J. Clin. Microbiol. 42, 1851-1852.
doi:10.1128/JCM.42.4.1851.

Yan, J. J., Ko, W. C., Huang, A. H., Chen, H. M., Jin, Y. T., and Wu, J. J. (2000). Arcobacter
butzleri bacteremia in a patient with liver cirrhosis. J. Formos. Med. Assoc. 99, 166-9.

Yap, D., Kwan, L., To, K., and Chan, T. (2013). Arcobacter peritonitis after fluoroscopic
repositioning of a Tenckhoff catheter Pseudomonas pseudoalcaligenes peritoneal sialysis —
associated peritonitis. Perit Dial Int 33, 222-223. d0i:10.3747/pdi.2011.00331.

Yarza, P., Richter, M., Peplies, J., Euzeby, J., Amann, R., Schleifer, K.-H., et al. (2008). The
All-Species Living Tree project: a 16S rRNA-based phylogenetic tree of all sequenced type strains.
Syst. Appl. Microbiol. 31, 241-50. doi:10.1016/j.syapm.2008.07.001.

181



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Yarza, P., Yilmaz, P., Pruesse, E., Glockner, F. O., Ludwig, W., Schleifer, K. H., et al. (2014).
Uniting the classification of cultured and uncultured bacteria and archaea using 16S rRNA gene
sequences. Nat. Rev. Microbiol. 12, 635-45. doi:10.1038/nrmicro3330.

Yildiz, H., and Aydin, S. (2006). Pathological effects of Arcobacter cryaerophilus infection in
rainbow trout (Oncorhynchus mykiss Walbaum). Acta Vet. Hung. 54, 191-199.
doi:10.1556/AVet.54.2006.2.6.

Zhang, Z., Yu, C., Wang, X., Yu, S., and Zhang, X. H. (2016). Arcobacter pacificus sp. nov.,
isolated from seawater of the south pacific Gyre. Int. J. Syst. Evol. Microbiol. 66, 542-547.
doi:10.1099/ijsem.0.000751.

182



UNIVERSITAT ROVIRA I VIRGILI
EPIDEMIOLOGY AND TAXOGENOMICS OF THE GENUS ARCOBACTER
Alba Pérez Catalufa

Supplementary Table S1. Strains used in this thesis

Species Strain Source Country Genome Study

A. acticola KCTC 522127  Sea water South Korea NA 4.2-44,4.6

A. anaerophilus  DSM 24636"  Estuarine Sediment India URV 4.2-44,4.6
IR-1 Utsira aquifer Norway NCBI 4.6

A.aquimarinus  CECT 8442"  Mediterranean Sea Spain URV 4.2-44,4.6

A. bivalviorum CECT 7835T  Mussels (Mytilus galloprovincialis) Spain URV 4.2-44,4.6
F118-4 Mussels (Mytilus galloprovincialis) Spain URV 4.6

A. butzleri RM40187 Clinical (Human) USA NCBI 4.2-4.4,4.6
EDI Microbial fuel cell Japan NCBI 4.6
HIXXIII-1 Human stool Spain NA 4.1
HIXXIII-10 Human stool Spain NA 4.1
HIXXIII-12 Human stool Spain NA 4.1
HIXXIII-13 Human stool Spain NA 4.1
HIXXIII-14 Human stool Spain NA 4.1
HIXXIII-15 Human stool Spain NA 4.1
HIXXIII-16 Human stool Spain NA 4.1
HIXXIII-17 Human stool Spain NA 4.1
HIXXIII-18 Human stool Spain NA 4.1
HIXXIII-19 Human stool Spain NA 4.1
HIXXIII-2 Human stool Spain NA 4.1
HIXXIII-20 Human stool Spain NA 4.1
HIXXIII-21 Human stool Spain NA 4.1
HIXXIII-3 Human stool Spain NA 4.1
HIXXIII-4 Human stool Spain NA 4.1
HIXXIII-5 Human stool Spain NA 4.1
HIXXIII-6 Human stool Spain NA 4.1
HIXXIII-7 Human stool Spain NA 4.1
HIXXIII-8 Human stool Spain NA 4.1
HIXXIII-9 Human stool Spain NA 4.1
HSJR-2 Human stool Spain NA 4.1
HSJR-3 Human stool Spain NA 4.1
HSJR-4 Human stool Spain NA 4.1
HSJR-5 Human stool Spain NA 4.1
HSJR-6 Human stool Spain NA 4.1
HSJR-7 Human stool Spain NA 4.1
HUMS-1 Human stool Spain NA 4.1

A. cibarius LMG 21996"  Broiler, skin Belgium NCBI 4.2-44,4.6

A. cloacae CECT 7834T  Sewage Spain URV 4.2-44,4.6
F26 Mussels (Mytilus galloprovincialis) Spain URV 4.6

A. cryaerophilus LMG 242917 Aborted bovine foetus, brain Ireland URV 42-44,4.6
LMG 10229 Aborted porcine foetus, kidney Canada URV 4.5
LMG 10210 Aborted bovine foetus Canada URV 4.5
LMG 10241 Kidney, aborted porcine foetus Canada NA 4.5
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(... Continue)

Species Strain Source Country Genome Study
A. cryaerophilus LMG 9065 Aborted ovine foetus, placenta Ireland URV 4.5
LMG 9861 Aborted bovine foetus, peritoneal fluid Ireland URV 4.5
LMG 9863 Placenta, aborted ovine foetus Ireland NA 4.5
LMG 29976 Aborted porcine foetus, eye Ireland URV 4.5
LMG 9871 aborted bovine foetus, kidney Ireland URV 4.5
LMG 10829  Human blood USA NA 4.5
L397 Untreated city wastewater Canada NCBI 4.5
L398 Wastewater outfall Canada NCBI 4.5
L399 Biologically/UV treated city wastewater ~ Canada NCBI 4.5
L400 Biologically treated city wastewater Canada NCBI 4.5
L401 Goose faeces Canada NCBI 4.5
L406 Impoundment reservoir Canada NCBI 4.5
F196 Aborted porcine foetus Brazil NA 4.5
UFIT Uterus, Sow Brazil NA 4.5
UF2T Uterus, Sow Brazil NA 4.5
UPER3 Uterus, Sow Brazil NA 4.5
AB3A Abomasum, aborted bovine foetus Chile NA 4.5
AB74A Abomasum, aborted bovine foetus Chile NA 4.5
AO2A Lungs, aborted ovine foetus Chile NA 4.5
AL 20-1 Clam Chile NA 4.5
CV-152 Faeces, deer Chile NA 4.5
CV-2101 Faeces, deer Chile NA 4.5
EMU-3 Faeces, emu Chile NA 4.5
FE7 Faeces, chicken Chile NA 4.5
HHS 118A Faeces, asymptomatic human Chile NA 4.5
HHS 133A Faeces, asymptomatic human Chile NA 4.5
HHS 188A Faeces, asymptomatic human Chile NA 4.5
HHS 191A Faeces, asymptomatic human Chile NA 4.5
HHS 205A Faeces, asymptomatic human Chile NA 4.5
MC 2-2 Surf clam Chile NA 4.5
MCV 42-1 Faeces, cow Chile NA 4.5
ME 15-4 Mussel Chile NA 4.5
NAV 15-1 Razor clam Chile NA 4.5
NAVI12-2 Razor clam Chile NA 4.5
NB14A Jejunum, calf Chile NA 4.5
14 PHA Viscera, chicken CostaRica ~ NA 4.5
20 PHF Viscera, chicken CostaRica ~ NA 4.5
284/1 Cow milk Ttaly NA 4.5
BUF3 Buffalo milk Ttaly NA 4.5
FEBU4 Faeces, buffalo Ttaly NA 4.5
8749401 Diarrhoeic faeces, human N. Zealand  NA 4.5
8756347 Diarrhoeic faeces, human N. Zealand  NA 4.5
8122333 Diarrhoeic faeces, human Spain NA 4.5
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(... Continue)

Species Strain Source Country Genome Study

A. cryaerophilus RW15-1 Reclaimed water Spain NA 4.5
RW17-4 Reclaimed water Spain NA 4.5
RW25-5 Reclaimed water Spain NA 4.5
RW33-8 Reclaimed water Spain NA 4.5
RW45-3 Reclaimed water Spain NA 4.5
HIXXIII-11 Human stool Spain NA 4.1

A. defluvii CECT 76977  Sewage Spain URV 4.2-44,4.6

A. ebronensis CECT 84417 Mussels (Mytilus galloprovincialis) Spain URV 42-44,4.6
W129-99 Wastewater Spain URV 4.6

A. ellisii CECT 78377 Mussels (Mytilus galloprovincialis) Spain URV 42-44,4.6

A. faecis AF1078" Human waste septic tank Canada NCBI 4.2-44,4.6

A. halophilus DSM 18005  Hypersaline lagoon USA URV 4.2-44,4.6
F166-45 Opyster (Crassostrea gigas) Spain URV 4.6

A. lanthieri AF14407 Pig manure Canada NCBI  4.2-44,4.6
AF1581 Dairy cattle manure Canada NCBI 4.6

A. lekithochrous CECT 89427  Great scallop (Pecten maximus) larvae Norway NCBI 4.2-44,4.6
LMG 28652  Abalon (Haliotis gigantea) Japan NCBI 4.6

A. marinus CECT 77277  East Sea Korea URV 42-44,4.6
F140-37 Clam (Ruditapes philippinarun) Spain URV 4.6
SH-4D Coll  Unknown USA NCBI 4.2

A. molluscorum  CECT 7696"  Mussels (Mytilus galloprovincialis) Spain URV 4.2-44,4.6
Fo1 Mussels (Mytilus galloprovincialis) Spain URV 4.6

A. mytili CECT 7386"  Mussels (Mytilus galloprovincialis) Spain URV 4.2-44,4.6
T234 Brackish water Spain URV 4.6

A. nitrofigilis DSMZ 7299 Roots of Spartina alterniflora Canada NCBI 4.2-44,4.6
F2176 Mussels (Mytilus galloprovincialis) Spain URV 4.6

A. pacificus DSM 25018  Sea water China NA 42-44,4.6

A. porcinus LMG 244877  Aborted pig foetus, kidney and liver Denmark NCBI 4.2-4.4,4.6

A. skirrowii F28 wild pig Spain URV 4.6
LMG 66217 Diarrheic lamb UK URV 42-44,4.6

A. suis CECT 7833"  Pork meat Spain URV 4.2-4.4,4.6

A. thereius DU22 Duck cloaca Denmark NCBI 4.6
LMG 244867  Aborted pig foetus, kidney and liver Denmark NCBI  4.2-44,4.6

A. trophiarum CECT 7650 Chicken cloacal swab Chile URV 4.6
LMG 255347 Piglet faeces Belgium URV 4.2-4.6

A. venerupis CECT 7836T  Clams Spain URV 4.2-44,4.6

Arcobacter sp. F138-33 Oyster (Crassostrea gigas) Spain URV 42,4.6
F181-1F33 Opyster (Crassostrea gigas) Spain NA 4.2
F191-21L33 Mussels (Mytilus galloprovincialis) Spain NA 4.2
W110-33 Sea water Spain NA 4.2
RW17-10 Reclaimed water Spain URV 4.3,4.6
RW43-9 Reclaimed water Spain URV 4.3,4.6
9Ant Rectal swab Mirounga leonina Antarctic Sea  URV 4.4,4.6
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Species Strain Source Country Genome Study

Arcobacter sp. AF1028 Human stool Canada NCBI 4.6
CAB Marine USA JGI 4.6
F151-37 Opyster (Crassostrea gigas) Spain URV 4.6
F155-33 Opyster (Crassostrea gigas) Spain URV 4.6
F156-34 Mussels (Mytilus galloprovincialis) Spain URV 4.6
F161-33 Cockle (Cerastoderma edule) Spain URV 4.6
FW-54 Wastewater Spain URV 4.6
FW59 Water Spain URV 4.6
L Microbial fuel cell Japan NCBI 4.6
LA1l Marine Japan NCBI 4.6
LPB0137 Environmental Korea NCBI 4.6
W112-28 Wastewater Spain URV 4.6

NA, no available; URV, sequenced for this thesis; NCBI, GenBank, JGI, Joint Genome Institute.
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