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In this study the phenotypic and genomic characterization of two Arcobacter butzleri
(Ab) strains (Ab 34_0O and Ab 39_0) isolated from pre-cut ready-to-eat vegetables was
performed. Results provided useful data about their taxonomy and their overall
virulence potential with particular reference to the antibiotic and heavy metal
susceptibility. These features were moreover compared with those of two Ab strains
isolated from shellfish and a genotaxonomic assessment of the Ab species was
performed.

The two Ab isolated from vegetables were confirmed to belong to the Aliarcobacter
butzleri species by 16S rRNA gene sequence analysis, MLST and genomic analyses.
The genome-based taxonomic assessment of the Ab species brought to the light the
possibility to define different subspecies reflecting the source of isolation, even though
further genomes from different sources should be available to support this hypothesis.
The strains isolated from vegetables in the same geographic area shared the same
distribution of COGs with a prevalence of the cluster “inorganic ion transport and
metabolism”, consistent with the lithotrophic nature of Arcobacter spp.. None of the Ab
strains (from shellfish and from vegetables) metabolized carbohydrates but utilized
organic acids and amino acids as carbon sources. The metabolic fingerprinting of Ab
resulted less discriminatory than the genome-based approach. The Ab strains isolated
from vegetables and those isolated from shellfish endowed multiple resistance to
several antibiotics and heavy metals.

Dear Editor,

We do wish to thank very much you and reviewers for the attention you had in
reviewing our manuscript and for the comments to it.

However, within a general consideration on the comments you sent us, we have to say
that a difficult point to resolve was to make a decision about your request to reduce the
article to a short research note. Based on all reviewers’ comments, and given our
response to them (see the enclosed detailed response to reviewers), we do believe
that our manuscript should be published as full research article, as it contains valuable
and interesting information about the genomic and phenotypic features of Arcobacter
butzleri strains as well as the antibiotic and heavy metal resistance profiles of these
strains, providing novel insight into the taxogenomic and pathogenicity of this species.

Looking at the comments of reviewers, the reviewer#1 affirms that “the matter is
interesting but does not warrant a full publication”, but provides no explanation about
this decision.
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The reviewer #2 is favorable to the publication of this manuscript in form of a full
research article. Indeed, he/she found our manuscript valuable and required only few
minor revisions that we included in the revised manuscript (highlighted in yellow).

As for the reviewer #3, he/she states that “Arcobacter butzleri is uncommonly reported
from vegetables and the report is of interest from that respect”.

Then, he/she consider our manuscript “potentially publishable in a much reduced and
focused form” on the basis of incorrect objections.

Indeed, this reviewer states that “Genomes are incomplete and this has been found to
result in missing key information such as plasmid content (On et al 2019).” But a
plethora of - almost all - bacterial genomes to date available, whose analyses have
been published in a copious number of full articles, are incomplete and anyway we
found in our “incomplete genomes” many virulence and antibiotic and heavy metal
resistance determinants, providing novel insights.

Moreover, this reviewer incorrectly criticizes that “The minimal standards paper cited by
the authors recommends Formula 3 for Arcobacter and not Formula 2 as used by the
authors (124-127) since this performed better for these and related taxa”, which is just
the opposite suggested by the cited authors and done by us! We correctly used the
Formula 2 as the authors we cited (124-127) i.e. Auch et al., 2010 and Meier-Kolthoff
et al., 2013 suggest the use of Formula 2 for incomplete genome sequences (“The e-
mail sent to the user includes the results for all three distance formulas. Considering
error ratios at 70% DDH, we recommend formula (2). This formula must be used if
incomplete genome sequences are submitted to the server [Auch et al., 2010]” and
“When dealing with incomplete genomes it is highly recommended to use formula d4
“(corresponding to formula 2)”, as it is independent of sequence length, and thus not
directly affected by the removal of HSPs due to the removal of parts of the genome®.
“i.e. formula (2) in either its original or logarithmized variant, is robust against the use of
incomplete genomes” [Meier-Kolthoff et al., 201]).

In addition, reviewer #3 incorrectly affirms that “Using Biolog under anaerobic
conditions risks false positives since the tetrazolium marker dye reduces and thus
changes colour under conditions of anaerobiosis, a risk unnecessary for Arcobacter
since they can grow aerobically.” Indeed, based on his/her objection no anaerobic
bacterium could be identified by the Biolog and all the numerous full research articles
published in which the Biolog has been used for anaerobic bacteria should have not
been published as full research articles! On the contrary, the Biolog is just made for
both aerobic and anaerobic microorganism identifications
(https://lwww.biolog.com/products-portfolio-overview/microbial-identification. Moreover,
we used the anaerobiosis for our Biolog experiments because DSMZ
(https://www.dsmz.de/collection/catalogue/details/culture/DSM-8739)as well as ATCC
(https://www.lgcstandards-atcc.org/Products/All/49616.aspx#culturemethod) require
“Microaerophilic, 3-5% 02-10% COZ2” cultivation conditions for the Arcobacter butzleri
type strain. Therefore, for all, the type strain and the A. butzleri strains we tested in our
study we used the Biolog under anaerobic conditions.

Last but not least, reviewer #3 incorrectly states that “The authors' own DDH data do
not support subdivision of the species into source-specific groups since the most
genetically closely related strains (L214-217) are from other sources! Subspecies or
genomospecies must be supported by genomic separation (Wayne et al. 1987).”

Apart that for the definition of a subspecies we mentioned Chun et al. (2018) (L223),
who set the range of genomic indexes to be used and is surely more update than
Wayne et al., 1987!, the latest sentence is true as it is truly true that our strains isolated
from shellfish (Ab 55 and Ab 6V) cluster on the basis of a genomic separation (see
Figures 1 and 2)! So, it is possible to hypothesize the definition of subspecies.

In this regard, however, we only propose this subdivision (L25-27) and in lines 228-229
we only say “Ab strains can be grouped into two large clades and five different
subgroups which, in part, resemble characteristic based on host/geographical
distribution”). The other genomes clusterization is clearly associated with the source of
isolation (Fig. 1-2), although to confirm this hypothesis other genomes should be
available to include them in the analysis. In this regard, we added this statement in the
text: “even though further genomes from different sources should be available to
support this hypothesis” (L229-230). The fact that the new genomes of A. butzleri from
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vegetable (Ab34_0O and Ab_39_0) (L214-217) have as closest relatives Ab-ED1 and
Ab7h1h for Ab34_0, JV22 and AbNCTC 12481for Ab39_0O is not in contrast with what
above-mentioned, since it should not be excluded that, even if isolated from pre-cut-
ready- to-eat vegetable, these strains could share the same origin (i.e. water
contamination, faecal contamination ecc.).
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Cover Letter

Dear Editor,

We do wish to thank very much you and reviewers for the attention you had in reviewing our manuscript
and for the comments to it.

However, within a general consideration on the comments you sent us, we have to say that a difficult
point to resolve was to make a decision about your request to reduce the article to a short research note.
Based on all reviewers’ comments, and given our response to them (see the enclosed detailed response
to reviewers), we do believe that our manuscript should be published as full research article, as it contains
valuable and interesting information about the genomic and phenotypic features of Arcobacter butzleri
strains as well as the antibiotic and heavy metal resistance profiles of these strains, providing novel
insight into the taxogenomic and pathogenicity of this species.

Looking at the comments of reviewers, the reviewer#1 affirms that “the matter is interesting but does not
warrant a full publication”, but provides no explanation about this decision.

The reviewer #2 is favorable to the publication of this manuscript in form of a full research article. Indeed,
he/she found our manuscript valuable and required only few minor revisions that we included in the
revised manuscript (highlighted in yellow).

As for the reviewer #3, he/she states that “Arcobacter butzleri is uncommonly reported from vegetables
and the report is of interest from that respect”.

Then, he/she consider our manuscript “potentially publishable in a much reduced and focused form” on
the basis of incorrect objections.

Indeed, this reviewer states that “Genomes are incomplete and this has been found to result in missing
key information such as plasmid content (On et al 2019).” But a plethora of - almost all - bacterial
genomes to date available, whose analyses have been published in a copious number of full articles, are
incomplete and anyway we found in our “incomplete genomes” many virulence and antibiotic and heavy
metal resistance determinants, providing novel insights.

Moreover, this reviewer incorrectly criticizes that “The minimal standards paper cited by the authors
recommends Formula 3 for Arcobacter and not Formula 2 as used by the authors (124-127) since this
performed better for these and related taxa”, which is just the opposite suggested by the cited authors
and done by us! We correctly used the Formula 2 as the authors we cited (124-127) i.e. Auch et al., 2010
and Meier-Kolthoff et al., 2013 suggest the use of Formula 2 for incomplete genome sequences (“The
e-mail sent to the user includes the results for all three distance formulas. Considering error ratios at 70%
DDH, we recommend formula (2). This formula must be used if incomplete genome sequences are
submitted to the server [Auch et al., 2010]” and “When dealing with incomplete genomes it is highly
recommended to use formula ds “(corresponding to formula 2)”, as it is independent of sequence length,
and thus not directly affected by the removal of HSPs due to the removal of parts of the genome*. “i.e.
formula (2) in either its original or logarithmized variant, is robust against the use of incomplete
genomes” [Meier-Kolthoff et al., 201]).

In addition, reviewer #3 incorrectly affirms that “Using Biolog under anaerobic conditions risks false
positives since the tetrazolium marker dye reduces and thus changes colour under conditions of
anaerobiosis, a risk unnecessary for Arcobacter since they can grow aerobically.” Indeed, based on
his/her objection no anaerobic bacterium could be identified by the Biolog and all the numerous full
research articles published in which the Biolog has been used for anaerobic bacteria should have not been
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published as full research articles! On the contrary, the Biolog is just made for both aerobic and anaerobic
microorganism identifications (https://www.biolog.com/products-portfolio-overview/microbial-
identification. Moreover, we used the anaerobiosis for our Biolog experiments because DSMZ
(https://www.dsmz.de/collection/catalogue/details/culture/DSM-8739)as well as ATCC
(https://www.lgcstandards-atcc.org/Products/All/49616.aspx#culturemethod) require “Microaerophilic,
3-5% 02-10% CO2” cultivation conditions for the Arcobacter butzleri type strain. Therefore, for all, the
type strain and the A. butzleri strains we tested in our study we used the Biolog under anaerobic
conditions.

Last but not least, reviewer #3 incorrectly states that “The authors' own DDH data do not support
subdivision of the species into source-specific groups since the most genetically closely related strains
(L214-217) are from other sources! Subspecies or genomospecies must be supported by genomic
separation (Wayne et al. 1987).”

Apart that for the definition of a subspecies we mentioned Chun et al. (2018) (L223), who set the range
of genomic indexes to be used and is surely more update than Wayne et al., 1987!, the latest sentence
is true as it is truly true that our strains isolated from shellfish (Ab 55 and Ab 6V) cluster on the basis
of a genomic separation (see Figures 1 and 2)! So, it is possible to hypothesize the definition of
subspecies.

In this regard, however, we only propose this subdivision (L25-27) and in lines 228-229 we only say “Ab
strains can be grouped into two large clades and five different subgroups which, in part, resemble
characteristic based on host/geographical distribution”). The other genomes clusterization is clearly
associated with the source of isolation (Fig. 1-2), although to confirm this hypothesis other genomes
should be available to include them in the analysis. In this regard, we added this statement in the text:
“even though further genomes from different sources should be available to support this hypothesis”
(L229-230). The fact that the new genomes of A. butzleri from vegetable (Ab34_O and Ab_39 0O) (L214-
217) have as closest relatives Ab-ED1 and Ab7hlh for Ab34 O, JV22 and AbNCTC 12481for Ab39 O
IS not in contrast with what above-mentioned, since it should not be excluded that, even if isolated from
pre-cut-ready- to-eat vegetable, these strains could share the same origin (i.e. water contamination, faecal
contamination ecc.).
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Detailed response to reviewers’ comments

Reviewer #1 The matter is interesting but doe snot warrant a full publication
Thanks for considering our manuscript interesting but we do not understand why it not warrant a full
publication since you did not provide any explanation about it.

Reviewer #2: *  Summary of the article

In this article the scientist analysed the Phenotype and genomic background of 2 Arcobater butzleri
strains and did antaxogenomic assessment of the species with special emphasis on antibiotic resistance,
virulence factor and a new aspect heavy metal resistance

* Main impression

- Analysis of only 2 main isolates, the Aliiacrobacter are new but good discussed
- Comprehensive analysis of all genomic features

- Adding new aspects by heavy metal analysis

* Acrticle conforms to the journal-specific instructions

yes
* Give specific comments and suggestions about e.g. title, abstract: Does the title accurately
reflect the content? Is the abstract complete and stand-alone?

Yes and yes

Many thanks for your positive comments about our manuscript.

* Carefully review the methodology, statistical errors, results, conclusion/discussion, and
references.

Done as notices in the text

We have revised the text (highlighted in yellow in the revised manuscript) following your suggestions.
As for the availability of the two genomes of our A. butzleri strains isolated from vegetables, we have
deposited in GenBank both genomes which will be released upon the publication of this manuscript.

Reviewer #3: First of all, the spelling of the genus "Arcobacter" needs checking and correcting
throughout. It is misspelled as "Arcobater” several times including the title and abstract.

We do apologize for this inconvenient! We corrected the text accordingly (highlighted in yellow in the
revised manuscript).

The authors have gone to significant lengths to characterise two strains isolated from vegetables. They
make a close comparison with another two strains they recovered previously from shellfish and then
undertake a phylogenetic analysis with other strain sequences to conclude the species could be divided
into several subgroups or possibly subspecies.

Arcobacter butzleri is uncommonly reported from vegetables and the report is of interest from that
respect. However, any hypotheses about the taxonomic subdivision of the species based on so few strains
are preliminary at best. The authors' own DDH data do not support subdivision of the species into source-
specific groups since the most genetically closely related strains (L214-217) are from other sources!
Subspecies or genomospecies must be supported by genomic separation (Wayne et al. 1987).

I have minor remarks on the methods used.

Apart that for the definition of a subspecies we mentioned Chun et al. (2018) (L223), who set the range
of genomic indexes to be used and is surely more update than Wayne et al., 1987!, the latest sentence is
true as it is truly true that our strains isolated from shellfish (Ab 55 and Ab 6V) cluster on the basis of a
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genomic separation (see Figures 1 and 2)! So, it is possible to hypothesize the definition of subspecies.
In this regard, however, we only propose this subdivision (L25-27) and in lines 228-229 we only said
“Ab strains can be grouped into two large clades and five different subgroups which, in part, resemble
characteristic based on host/geographical distribution”). The other genomes clusterization is clearly
associated with the source of isolation (Fig. 1-2), although to confirm this hypothesis other genomes
should be available to include them in the analysis. In this regard, we added this statement in the text:
“even though further genomes from different sources should be available to support this hypothesis”
(L229-230). The fact that the new genomes of A. butzleri from vegetable (Ab34_O and Ab_39 0) (L214-
217) have as closest relatives Ab-ED1 and Ab7h1lh for Ab34 O, JV22 and AbNCTC 12481for Ab39 O
is not in contrast with what above-mentioned, since it should not be excluded that, even if isolated from
pre-cut-ready- to-eat vegetable, these strains could share the same origin (i.e. water contamination, faecal
contamination ecc.).

Genomes are incomplete and this has been found to result in missing key information such as plasmid
content (On et al 2019).

A plethora of - almost all - bacterial genomes to date available, whose analyses have been published in
a copious number of full articles, are incomplete and anyway we found in our “incomplete genomes”
many virulence and antibiotic and heavy metal resistance determinants providing novel insights.

The minimal standards paper cited by the authors recommends Formula 3 for Arcobacter and not Formula
2 as used by the authors (124-127) since this performed better for these and related taxa.

This is just the opposite suggested by the cited authors and done by us! We correctly used the Formula 2
as the authors we cited (124-127) i.e. Auch et al., 2010 and Meier-Kolthoff et al., 2013 suggest the use
of Formula 2 for incomplete genome sequences (“The e-mail sent to the user includes the results for
all three distance formulas. Considering error ratios at 70% DDH, we recommend formula (2). This
formula must be used if incomplete genome sequences are submitted to the server [Auch et al.,
2010]” and “When dealing with incomplete genomes it is highly recommended to use formula d4
“(corresponding to formula 2)”, as it is independent of sequence length, and thus not directly affected
by the removal of HSPs due to the removal of parts of the genome*. “i.e. formula (2) in either its original
or logarithmized variant, is robust against the use of incomplete genomes” [Meier-Kolthoff et al., 2013]).

Using Biolog under anaerobic conditions risks false positives since the tetrazolium marker dye reduces
and thus changes colour under conditions of anaerobiosis, a risk unnecessary for Arcobacter since they
can grow aerobically.

Based on your objection, no anaerobic bacterium could be identified by the Biolog and all the full
research articles published in which the Biolog has been used for anaerobic bacteria should have not been
published as full research articles! On the contrary, the Biolog is just made for both aerobic and anaerobic
microorganism identifications (https://www.biolog.com/products-portfolio-overview/microbial-
identification. Moreover, we used the anaerobiosis for our Biolog experiments because DSMZ
(https://www.dsmz.de/collection/catalogue/details/culture/DSM-8739) as well as ATCC
(https://www.lgcstandards-atcc.org/Products/All/49616.aspx#culturemethod) require “Microaerophilic,
3-5% 02-10% CO2” cultivation conditions for the Arcobacter butzleri type strain. Therefore, for all, the
type strain and the A. butzleri, strains we tested in our study we used the Biolog under anaerobic
conditions.
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These aside, the level of detail in the report | simply find unnecessary for just two strains in which the
suggestion of a proposed potential revision of A. butzleri to encompass source-specific genomospecies
is not credible. The paper is potentially publishable in a much reduced and focused form.

On the basis of our response to all comments and given yours and reviewer#2’s positive comments, we
do believe that this manuscript should be published as a full research article since it contains valuable
and interesting information about the genomic and phenotypic features of Arcobacter butzleri strains as
well as the antibiotic and heavy metal resistance profiles of these strains, providing novel insight into the
taxogenomic and pathogenicity of this species.



Highlights

Two Arcobacter butzleri strains from vegetables were genome sequenced.
Genotaxonomics suggested different subspecies reflecting the source of isolation.
Phenotypic features of these strains and those isolated from shellfish were assessed.
No one metabolized carbohydrates but used organic acids and aminoacids.

All strains were multiple resistant to several antibiotics and heavy metals.
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Abstract

In this study the phenotypic and genomic characterization of two Arcobacter butzleri (Ab) strains (Ab
34_0 and Ab 39_0) isolated from pre-cut ready-to-eat vegetables was performed. Results provided
useful data about their taxonomy and their overall virulence potential with particular reference to the
antibiotic and heavy metal susceptibility. These features were moreover compared with those of two
Ab strains isolated from shellfish and a genotaxonomic assessment of the Ab species was performed.
The two Ab isolated from vegetables were confirmed to belong to the Aliarcobacter butzleri species
by 16S rRNA gene sequence analysis, MLST and genomic analyses. The genome-based taxonomic
assessment of the Ab species brought to the light the possibility to define different subspecies
reflecting the source of isolation, even though further genomes from different sources should be
available to support this hypothesis. The strains isolated from vegetables in the same geographic area
shared the same distribution of COGs with a prevalence of the cluster “inorganic ion transport and
metabolism”, consistent with the lithotrophic nature of Arcobacter spp.. None of the Ab strains (from
shellfish and from vegetables) metabolized carbohydrates but utilized organic acids and amino acids
as carbon sources. The metabolic fingerprinting of Ab resulted less discriminatory than the genome-
based approach. The Ab strains isolated from vegetables and those isolated from shellfish endowed

multiple resistance to several antibiotics and heavy metals.

Key words: Arcobacter butzleri; Aliarcobacter butzleri; lithotrophic bacteria; vegetables; shellfish;

antibiotic and heavy metal resistance.
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1. Introduction

Arcobacter (A.) butzleri, recently proposed as Aliarcobacter butzleri (Pérez-Catalufia et al. 2018;
2019a,b), is one of the most widespread species of the genus Arcobacter and can be frequently found
at various stage of the food chain, with fecal (directly from the animal or via the use of manure as
fertilizer) and cross contaminations as the most likely routs of contaminations (Ferreira et al., 2019).
Fresh vegetables are among the main foods where A. butzleri may occur, mainly carried through
irrigation water, soil or manure, whereas cross-contamination is most likely the main rout of A.
butzleri contamination in processed and ready-to-eat vegetables (Gonzélez and Ferrus, 2011,
Hausdorf et al., 2013; Kim et al., 2019; Mottola et al., 2016a; Winters and Slavik, 2000;)

Together with A. cryaerophilus, A. thereius and A. skirrowii, A. butzleri is among the Arcobacter
species recognized as human pathogens (Ferreira et al., 2016). In particular, A. butzleri (Ab) is an
emerging water and food-borne pathogen able to cause abortion and stillbirth, mastitis and enteritis
in sheep, pigs and cows whereas in human may cause bacteremia, enteritis, septicemia and severe
diarrhea (Fanelli et al., 2019; Flynn et al., 2018; Franz et al., 2018, Fusco et al., 2018). Although self-
limiting, symptoms’ protraction and severity might recall after antibiotic treatment, which could be
complicated by the resistance of the Ab strains to antibiotic(s). Thus, knowledge about the occurrence
and genetic determinants of (multiple) antibiotic resistant Ab strains are needed to choose the
adequate antibiotic treatment. Moreover, knowing the phenotypic traits and the genomic background
of antibiotic and heavy metal resistant strains of this species as well as their virulence potential and
their ability to inhabit different ecological niches may provide further insight into the fitness and
evolution of this species.

Apart from the Ab RM4018, isolated from human feces, and Ab ED-1, isolated from microbial fuel
cells (Miller et al., 2007; Pérez-Catalufia et al., 2018), only two further strains of this species, which
were isolated from shellfish (Mottola et al., 2016b), have been genomically characterized (Fanelli et

al., 2019). Moreover, as highlighted by Fanelli et al. (2019), only an exiguous number of strains has



63
B4

©5
66

187

11
1568

1
189
16
170
18

191

20
21
202
23
2413
25

274
28

295
30

278
33

347
35

3
578
38
399
40
4380
42

4Bl
45

4@2
47

HE
50

584
52

5
S5
55
566
57

S&7
59

60
688
62
63
64
65

been characterized for the main phenotypic traits that characterize this species (Pérez-Catalufia et al.,
2018; Vandamme et al., 1992) and none of the strains used was isolated from vegetables.

Herein, we report the phenotypic and genomic characterization of two Ab strains isolated from pre-
cut ready-to-eat vegetables (Mottola et al., 2016a), providing useful info about their taxonomy and
their genotypic and phenotypic traits with particular reference to their overall virulence potential as
well as their antibiotic and heavy metal susceptibility. Moreover, we compared these features with
those of the Ab strains isolated from shellfish (Fanelli et al., 2019) and carried out a genome-based

taxonomic assessment of the Ab species.

2. Materials and Methods

2.1 Bacterial Strains

Ab strains 34_0O and 39_O were originally isolated from pre-cut ready-to-eat vegetables obtained
from supermarkets in the Apulia region (Italy) in 2016 (Mottola et al., 2016a). These strains were
previously identified and typed by MLST (Mottola et al., 2016a; Mottola, 2017). Allelic profiles and
sequences are available on the Arcobacter MLST database (https://pubmist.org/Arcobacter/MLST)
under the ID numbers 837 (Ab 34_0) and 838 (Ab 39_0).

Pure cultures, provided by the Food Safety Section of the Department of Veterinary Medicine of Bari,
were maintained in the Microbial Culture Collection of the Institute of Sciences of Food Production,
CNR, Bari (www.ispa.cnr.it/Collection). Bacterial strains were maintained at -80°C as pure stock
cultures in Brain Heart Infusion broth (BHI; Oxoid S.p.A., Rodano, Milan, Italy) supplemented with

glycerol (30% vol/vol).

2.2 Genome sequencing and assembly
DNA isolation was performed by using the Wizard® Genomic DNA Purification Kit (Promega), as
modified by Ercolini et al. (2005). The integrity, purity and quantity of DNA were assessed as

previously described by Fusco et al. (2011), by agarose gel electrophoresis, by NanoDrop-2000
4
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(Thermo Fisher Scientific, Wilmington, DE, USA) and by Qubit 3.0 fluorometer (Life Technologies).
DNA was then subjected to whole genome shotgun sequencing using the lon S5™ library preparation
workflow (Thermo Fisher Scientific, Waltman, MA, USA). 400 bp mate-paired reads were generated
on the Ion S5™ System (Thermo Fisher Scientific). Duplicate reads were removed by
FilterDuplicates (v5.0.0.0) lonplugin. De novo assembly was performed by AssemblerSpades (v.5.0)

Ionplugin™ (Gurevich et al., 2013).

2.3 Bioinformatic methods

Genes were predicted and annotated using PROKKA pipeline implemented in the Galaxy platform
(Galaxy Tool Version 1.0.0; Afgan et al., 2016). The predicted proteins were submitted to the PFAM
annotator tool within the Galaxy platform in order to predict the pfam domains. Protein ID used in
the manuscript indicated those obtained by NCBI (National Center for Biotechnology Information)
Prokaryotic Genome Annotation Pipeline (Tatusova et al., 2016).

Predicted proteins were assigned to Clusters of Orthologous Groups (COG) functional categories by
Web CD-Search Tool (Marchler-Bauer et al., 2017) using an Expected value threshold of 0.01. COG
ID were then manually mapped into functional categories (https://www.ncbi.nlm.nih.gov/COG/).
All the proteins sequences used in this study were retrieved from GenBank (NCBI). The homology-
based relationship of Ab 34 _O and Ab 39 O predicted proteins towards selected proteins was
determined by BLASTP algorithm on the NCBI site (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Gene
models were manually determined, and clustering and orientation were subsequently deduced for the
closely linked genes.

Antibiotic resistance genes were predicted by BLASTP search against the Antibiotic Resistance genes
Database ARDB (Liu et al., 2009), beta lactamase database (Naas et al., 2017) and The
Comprehensive Antibiotic Resistance Database (CARD; Jia e t al. 2017). Genes associated with
antibiotic resistance were also retrieved by keywords terms search within UniProtID entry list

obtained by functional annotation.
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Functional annotation, subsystem prediction and metabolic reconstruction comparison were also
performed using the RAST server (Aziz et al., 2008) and by using The Proteome Comparison Service

integrated in Patric (www.patric.org; Wattam et al., 2017). Genes involved in the mechanism of

resistance to heavy metals were retrieved by homology by BLASTP search against Ab 34_O and Ab
39_0O proteomes.

Genetic divergence was calculated by the ANI/AAI calculator (Goris et al. 2007; Rodriguez and
Konstantinidis, 2016) which estimates the average nucleotide/aminoacid identity (ANI/AAI) using
both best hits (one-way ANI) and reciprocal best hits (two-way ANI) between genomic datasets. The
Genome-to-Genome Distance Calculator (GGDC) (Meier-Kolthoff et al, 2013; 2014) web service

was used to report digital DDH for the accurate delineation of prokaryotic subspecies and to calculate
differences in G+C genomic content (available at ggdc.dsmz.de). Formula 2 alone was used for

analysis, providing an estimation of DDH independent of genome lengths, as recommended by the
authors of GGDC for use with any incomplete genomes (Auch et al., 2010; Meier-Kolthoff et al,

2013).

Phylogenetic tree was built by using The Phylogenetic Tree Building Service implemented in Patric
platform (www.patric.org) using as out-group the Campylobacter jejuni subsp. jejuni NCTC 11168

and the Maximum Likelihood method (Stamatakis et al., 2014).

Phylogenetic analysis was also performed by Multilocus Sequence Analysis (MLSA) using a
concatenated dataset of 13 housekeeping genes (atpA, atpD, dnaA, dnaJ, dnakK, ftsZ, gyrA, hsp60,
radA, recA, rpoB, rpoD, and tsf) obtained from the genomes using BLASTn search (Pérez-Cataluna
etal., 2018a). Phylogenies based on the concatenated sequences was constructed with MEGA version

7.0 (Kumar et al., 2016) using the Maximum-Likelihood (ML) algorithms.

2.4 Metabolic fingerprinting
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Ab strains LMG 10828™ (ATCC 49616, RM4018), 55 and 6V (Fanelli et al., 2019), 34 O and 39_O
were grown on Brain Heart Infusion (BHI) (Oxoid, Basingstoke, United Kingdom ) agar amended
with 0.6 % yeast extract (YE) (Biolife, Milan, Italy) incubated at 37 °C for 48 h under microaerophilic
atmosphere (CampyGen™ Compact, Oxoid, Basingstoke, United Kingdom). One single colony for
each strain was inoculated in 20 ml of BHI broth with 0.6% YE and incubated at 37 °C for 48 h in
anaerobiosis (AnaeroGen™: Oxoid, Basingstoke, United Kingdom), then subcultured at 1% and
incubated under the same conditions. Bacterial cells were recovered after centrifugation (10,000 rpm
x 10 min. at 4 °C), washed twice with sterile potassium phosphate buffer (50 mM, pH 7.0) and
resuspended in sterile 0.9 % NacCl solution adjusting optical density (600 nm) to 0.4. Each bacterial
suspension was inoculated into Biolog AN MicroPlate™ (Biolog, Hayward, CA, USA) (100 pl per
well) and incubated at 37 °C for 24 h under anaerobic conditions as recommended by the supplier
also for microaerophilic bacteria. Microplates were spectrophotometrically read using Biolog
Microstation and MicroLog 3 software (Biolog, Hayward, CA, USA). Absorbance values related to
the metabolic activities of Ab strains were clustered using the graphical analysis program
PermutMatrix v. 1.9.3 (Caraux and Pinloche, 2005) applying Euclidean distance as dissimilarity

measure.

2.5 Heavy metal and antibiotic susceptibility testing

For heavy metal susceptibility test, Ab strains LMG 10828" (ATCC 49616, RM4018), 55 and 6V
(Fanelli et al., 2019), 34 O and 39_O were grown on Brain Heart Infusion (BHI) (Oxoid,
Basingstoke, United Kingdom ) agar amended with 0.6 % yeast extract (YE) (Biolife, Milan, Italy)
incubated at 37 °C for 48 h under microaerophilic atmosphere (CampyGen™ Compact, Oxoid,
Basingstoke, United Kingdom). One single colony for each strain was inoculated in 20 ml of BHI
broth with 0.6% YE and incubated at 37 °C for 48 h, then subcultured at 1% and incubated under the
same conditions. Microbial cells were recovered by centrifugation (16,000 rcf x 6 min), washed in

sterile 0.9% NaCl solution and resuspended in the same solution reaching the optical density (600
7
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nm) of 0.5. Two microlitres of this suspension were spotted on cation adjusted Mueller Hinton agar
(Liofilchem, Teramo, Italy) containing twofold serial dilution of the following heavy metal salts:
sodium molybdate dihydrate (NazMoO4-2H>0), cadmium acetate dihydrate [Cd(CH3COO)2-2H-0]
and potassium chromate (K2CrO4) (final concentrations ranging from 32 mM to 0.0625 mM); zinc
chloride (ZnCl;) and copper sulphate pentahydrate (CuSO4-5H20) (final concentrations ranging from
16 mM to 0.0625 mM); cobalt dichloride hexahydrate (CoCl2-6H.0) (final concentrations ranging
from 64 mM to 0.0625 mM). Inoculated plates were incubated at 37 °C for 48 h under microaerophilic
atmosphere. The test was performed in two biological replicates. Minimal inhibitory concentrations
(MICs) were recorded as the lowest concentration of heavy metal salts that completely inhibits
bacterial growth. Strains were considered resistant for MIC values > 1 mM as suggested by Otth et
al. (2005).

The antibiotic susceptibility tests for A. butzleri strains LMG 10828 (ATCC 49616, RM4018), 34 O
and 39_0O were performed by disk diffusion and broth microdilution methods as previously described
in Fanelli et al. (2019). Antibiotic disks with the following antibiotic concentrations were used:
ampicillin (10 pg/disk), cefotaxime (30 pg/disk), chloramphenicol (30 pg/disk), ciprofloxacin (5
pg/disk), erythromycin (15 pg/disk), gentamicin (10 pg/disk), kanamycin (30 pg/disk), nalidixic acid
(30 pg/disk), streptomycin (10 pg/disk), tetracycline (30 pg/disk), vancomycin (30 pg/disk), and
penicillin G (10 units/disk) (Biolab Zrt., Hungary). Broth microdilution method was performed to
assess MIC and minimal bactericidal concentration (MBC) for those antibiotics which the tested Ab
strains did not provide inhibition zone at all. As reported in our previous study (Fanelli et al., 2019)
since breakpoint values have not been established for Arcobacter spp., classification of strains as
susceptible, resistant, or intermediate was defined according to zone diameter and MIC interpretive
standards for Staphylococcus spp. (erythromycin, penicillin, and vancomycin) and
Enterobacteriaceae ~ (ampicillin,  gentamicin,  cefotaxime, ciprofloxacin, tetracycline,
chloramphenicol, nalidixic acid, kanamycin, and streptomycin) reported in CLSI performance

standards for antimicrobial susceptibility testing (CLSI, 2015).



3. Results and discussion

3.1 General features of A. butzleri 34_0O and 39_0O genomes

Ab 34_O and Ab 39_0O genomes were sequenced using a whole genome shotgun approach on an lon
S5 platform (Thermo Fisher Scientific) generating around 472,441 and 460,707 reads with a median
length of 318 and 317 bp, respectively (Table 1). Genomes were assembled using the Spades v5.0
software for a total of 48 and 30 large contigs (>500 bp) and a GC% of 26.91 and 26.79, respectively.
The overall contiguity of the assembly is good, with a N50 of 102 Kbp and 192 Kbp for Ab 34_O and
Ab 39 O, respectively; the longest assembled fragment is 301 Kbp in length for Ab 34_O and 459
Kbp for Ab 39 O (performed by QUAST (Bankevich et al., 2012), available at

http://quast.sourceforge.net/quast) while the total length of the assembly was around of 2.2 Mb for

both genomes. These Whole Genome Shotgun projects have been deposited at DDBJ/ENA/GenBank
under the accessions QYZU00000000 (Ab 34_0O) and QYZV00000000 (Ab 39_0). The versions

described in this paper are QYZU01000000 (Ab 34_0O) and QYZV01000000 (Ab 39_0).

Table 1. Summary of Ab 34_0 and 39_0O genome sequencing and assembly

results
Ab34_0O Ab 39 O
Total sequenced bases 150,108,618 146,031,107
Mean read length 318 317
Total length 2,144,826 2,254,940
Number of scaffolds 48 30
Largest contig 301,400 459,205
Number reads 472,441 460,707
N50 102,534 192,281
Genome size 2,154,716 2,267,903
GC content 26.91% 26.79%
Predicted genes 2,239 2,313


http://quast.sourceforge.net/quast
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CDS 2,091 2,123

tRNA 44 46
NcRNAS 2 2
rRNA 1,1,1(5S,16S,23S) 1,1,1(5S,16S, 23S)

3.2 Genome-based analysis
The in silico MLST of the housekeeping genes retrieved from genomic sequences, confirmed in vitro
results achieved by Mottola (2017): Ab 34 _O and Ab 39_O define two novel sequence types, namely

ST651 and ST653, respectively, as they both harbor a new glyA allele (Table 2).

Table 2. Allelic profile of A. butzleri isolates

MLST
id isolate species source  aspA atpA glnA gItA glyA pgm tkt ST
837 340 Af{ﬁgﬁ” vegetable 268 186 153 123 635 306 210 651
838 39 0 ALCObaCt.er vegetable 3 42 2 15 684 21 4 653
utzleri

Novel alleles and novel Sequence Type (ST) are indicated in bold

Both Ab 34_0O and Ab 39_0O 16S rRNA gene sequences show 100% identity with the type strain Ab
RM4018 (Miller et al., 2007). ANI, AAI and DDH analyses were performed with 24 strains within
the Arcobacter group (Table S1). Campylobacter jejuni subsp. jejuni NCTC 11168 and Helicobacter
pylori 26695 were included as out-groups.

Ab 34 O and Ab 39 O share 97.22% nucleotide identity (Table S2) and are comprised in the cluster
including all the Ab species. According to the ANI, the closest relatives are Ab ED-1 and Ab 7h1h for
Ab 34 0 (97.39% and 97.29% ANI respectively) and Ab JV22 and Ab NCTC 12481 for Ab 39 O
(98.43% and 97.95% ANI respectively).

The same clustering is obtained by using AAI (Table S3) with 96.88% between Ab 34 O and Ab

39 0, 97.71% between Ab 34 0O and Ab RM4018, and 98.06% between Ab 39 O and Ab JV22.

10
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DDH analysis confirmed the clustering obtained by ANI and AAI analysis, with values of 76.80
between Ab 34_O and Ab 39_O, 77.4% between Ab 34_O Ab ED-1, and 86.8% between Ab 39 O
and Ab JV22 (Table S4).

These ANI and DDH values are within the range suggested by Chun et al. (2018) and, more
specifically for Arcobacter spp., by On et al. (2017), to include Ab 34_O and Ab 39_O into the
Aliarcobacter gen. nov. as Aliarcobacter butzleri comb. nov. (Pérez-Catalufia et al., 2018; 2019a, b).
Phylogenetic analysis based on the concatenated dataset of 13 housekeeping genes (Fig. 1) shows
that Ab strains can be grouped into two large clades and five different subgroups which, in part,
resemble characteristic based on host/geographical distribution, even though further genomes from
different sources should be available to support this hypothesis. The strains in the first subgroup are
all derived from animal fecal sample, with the exception of Ab S2 005 003 R2 45 and Ab L352, which
was collected by a diarrheic human stool sample. Within the second subgroup we can locate Ab JV22
and Ab 39_0O, which have also the highest ANI, AAIl and DDH reciprocal values. The third subgroup
comprised the type strain Ab RM4018 and Ab NCTC12481, which were both isolated from human
clinical samples in USA (Miller et al., 2007). The fourth subgroup includes Ab 55 and Ab 6V, which
were isolated from shellfish (Mottola et al., 2016b) and recently characterized (Fanelli et al., 2019).
The fifth subgroup comprises Ab ED-1, Ab L349, Ab 34_0O, Ab S2 012 000 R2 80 isolated from a
metagenomic sample from hospital surfaces, and Ab L351 and Ab L350, whose 13 gene sequences
are identical and descend from the same node. Ab L349 was isolated from a diarrheic human stool
sample, Ab L350 and Ab L351 from a healthy human stool, all from Canada.

This internal relationship was also confirmed by RAXML genome-based analysis, which is shown in
Fig. 2. Even with this approach we obtained the same grouping retrieved by housekeeping evaluation,
e.g. the subgroup comprising only Ab 55 and Ab 6V, the one including only Ab RM4018 and Ab
NCTC12481 or the close relationship of Ab L351 and Ab L350, confirming that these sequences,

utilized for MLSA, are informative and well support the phylogenetic results.

11
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3.3 Protein functional classification

1309 and 1371 UniProtkKB AC/ID identifiers retrieved by PFAM annotator tools (Galaxy Tool
Version 1.0.0) were successfully mapped to 1181 and 1211 UniProtKB IDs (The UniProt
Consortium, 2017) for Ab 34_O and Ab 39_O, respectively.

In both strains, the retrieved list included 37 genes associated with antibiotic resistance, including
beta-lactamase, multidrug efflux pump and resistance proteins, and 3 with antibiotic biosynthesis
related to bacteriocin, 25 for Ab 34_0O and 36 for Ab 39_O putatively involved in pathogenesis
(including regulators, lipoproteins, VOC family protein), 27 with metal resistance, 6 associated with
drug transmembrane transporter activity, 23 with virulence, 4 with hemolysis, and 2 and 3 with
quorum sensing (luxS, coding for the S-ribosylhomocysteine lyase, and tqsA, coding for the transport
of quorum-sensing signal protein, in both strains and mazF coding for the endoribonuclease toxin
MazF only in Ab 34_0O).

Predicted genes were assigned to the clusters of orthologous groups (COG) classification (Fig. S1).
Despite the group of general function prediction, which was the largest, the highest count for both
strain was related to inorganic ion transport and metabolism (890 counts for Ab 34_O corresponding
t0 11.24%, and 967 corresponding to 11.75% for Ab 39_0) followed by amino acid transport (10.6%)
and metabolism and signal transduction mechanisms (9.62% for Ab 34_O and 10.64% for Ab 39_0).
These strains isolated from ready-to-eat vegetables in the same geographic area share the same
distribution of COGs, as emerged from Fig. S1, indicating a limited functional variability, which is
different from that found in the two Ab strains isolated from shellfish (Fanelli et al., 2019), thus
supporting the possibility that the latter strains belong to different subspecies.

Moreover, the prevalence of the cluster “inorganic ion transport and metabolism” is consistent with
the lithotrophic nature of Arcobacter spp. [i.e. ability to use inorganic substrates as a source of
electron donors to drive energy acquisition, using either organic carbon or carbon dioxide as a source
of carbon for constructing cellular materials (Ehrlich and Newman 2008)], which is more accentuated

in plant-associated strains of the Ab species (Kalenitchenko et al., 2016).
12
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3.4 Metabolic fingerprinting

Biolog AN MicroPlates™ also used by other authors to investigate the metabolic properties of
microaerophilic, anaerobic or facultative anaerobic Gram positive and negative bacterial strains
(Kiely et al., 2010; Siragusa et al., 2013; Wang et al., 2017), allowed us to metabolically characterize
the Ab strains 34_O, 39 O and LMG10828™ (ATCC 49616, RM4018) along with Ab 55 and 6V
(Fanelli et al., 2019) by the utilization of 95 carbon sources (Table 3). As expected and reported in
the Arcobacter genus description by Vandamme et. al. (1992), none of the Ab strains metabolized
carbohydrates but utilized organic acids and amino acids as carbon sources. Particularly, the tested
Ab strains did used 16 (Ab 39_0), 15 (Ab 55), 14 (Ab LMG10828"), 13 (Ab 6V) and 12 (Ab 34_0)
substrates (Table 3), with A. butzleri 39_0O and 34_0O as the most and the least metabolically versatile
strains, respectively. All the strains used a-hydroxybutyric acid, D,L-lactic acid, D-lactic acid methyl
ester, L- malic acid, pyruvic acid, succinic acid and succinic acid mono-methyl ester, while
succinamic acid and L-glutamine were metabolized only by Ab 55, and Ab LMG 10828" was the only
strain that utilized L-alanyl-L-Histidine. Although several strains from different isolation source are
needed to build up a robust metabolic relationship, PermutMatrix analysis (Fig. 3) shows that among
the five tested Ab strains, 39_0O and 55 are the most metabolically related strains followed by 34 O
and 6V, while LMG10828T, that is not a food-borne strain, being isolated from human diarrheal feces
(Kiehlbauch et al., 1991), turned out to be the most metabolically different. According to these
findings it seems that the metabolic properties of Ab are not correlated with the two different source
of isolation, i.e. shellfish (A. butzleri 55 and 6V) (Fanelli et al., 2019) and pre-cut ready-to-eat
vegetables (Ab 34 _O and 39_0). Merga et al. (2013) on the basis of genotypic and phenotypic
differences between one Ab strain isolated from a cattle stool sample (Ab 7h1lh) and Ab RM4018,
hypothesized a probable niche adaptation in Ab but the comparison between only two strains allowed
only a tentative evidence as also referred by the same authors (Merga et al., 2013), suggesting the

need of comparative studies with strains from other sources as herein reported.
13
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Table 3. Anaerobic metabolism of 95 carbon sources by A. butzleri strains
LMG10828", 34 O, 39 0, 55 and 6V

Carbon source 1%2/;% 34 0O 39 O 55 6V
Acetic Acid +2 + + b -
Formic Acid + + + - -
Fumaric Acid + + + + -
a-Hydroxybutyric Acid + + + + +
Itaconic Acid + - - - +
a-Ketobutyric Acid - - + + +
D,L-Lactic Acid + + + + +
L-Lactic Acid - + + + +
D-Lactic Acid Methyl Ester + + + + +
L-Malic Acid + + + + +
Propionic Acid + + + - -
Pyruvic Acid + + + + +
Pyruvic Acid Methyl Ester - - + + +
Succinamic Acid - - - + -
Succinic Acid + + + + +
Succinic Acid Mono-

Methy! Ester * * + + +
L-Alanyl-L-Histidine + - - - -
L-Glutamic Acid + - + + +
L-Glutamine - - - + -
L-Threonine - - + + +

2+: utilization/oxidation of the carbon source

®-: not utilization/oxidation of the carbon source

The strains LMG 108287, 34_0, 39_0, 55 and 6V resulted all negative for: 3-Methyl-D-Glucose, Adonitol, Amygdalin, Arbutin,
D,L-a-Glycerol Phosphate, D-Arabitol, D-Cellobiose, Dextrin, D-Fructose, D-Galactose, D-Galacturonic acid, D-Gluconic Acid,
D-Glucosaminic Acid, D-Malic Acid, D-Mannitol, D-Mannose, D-Melezitose, D-Melibiose, D-Raffinose, D-Saccharic Acid, D-
Sorbitol, D-Trehalose, Dulcitol, Gentibiose, Glucose- 1-Phosphate, Glucose- 6-Phosphate, Glycerol, Glyoxylic Acid, i-Erythritol,
Lactulose, L-Alaninamide, L-Alanine, L-Alanyl-L-Glutamine, L-Fucose, L-Rhamnose, Maltose, Maltotriose, m-Inositol, m-
Tartaric Acid, N-Acetyl-D-Galactosamine, N-Acetyl-D-Glucosamine, N-Acetyl-B-D-Mannosamine, Palatinose, Salicin, Stachyose,
Sucrose, Turanose, Urocanic Acid, a-Cyclodextrin, a-D-Glucose, a-D-Lactose, a-Ketovaleric Acid, a-Methyl-D-Galactoside, a-
Methyl-D-Glucoside, p-Cyclodextrin, B-Hydroxybutyric Acid, B-Methyl-D-Galactoside, -Methyl-D-Glucoside.

3.5  Virulence determinants
The availability of an increasing number of Arcobacter spp. genome sequences has widened the
knowledge about the pathogenic potential of this genus and greatly helped in exploring and
identifying virulence associated genes, homologues to those described for both plant and animal
pathogens, which confers this genus an important endowment for host invasion and colonization
(Ferreira et al. 2016).
Table 4 shows the virulence determinants retrieved in the two Ab strains isolated from vegetables

along with those found in the shellfish isolates by Fanelli et al. (2019) and those retrieved in the type

14
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strain Ab RM4018. In this case, we investigated the presence of virulence determinants additional to
those reported by Miller et al. (2007) in the genomic sequence of Ab RM4018.

Bacterial pathogenicity, the ability to grow, survive, colonize and persist in different tissues and
ecosystem, aside from motility and chemotaxis, mainly rely on the ability to adhere to various
surfaces and co-aggregate forming biofilms (Cepas et al., 2019; Diaz-Guerrero et al., 2018; Matilla
and Krell, 2018; Tiwari et al., 2017).

Although still limited, several virulence determinants have been identified in Ab. Among these,
lipopolisaccharides (LPS) (in the smooth form, i.e. possessing the polysaccharide region) or
lipooligosaccharides (LOS) (in the rough form, i.e lacking the polysaccharide), which are major
components of the outer leaflet of the outer membrane of most Gram-negative bacteria, play a pivotal
role in pathogenesis, participating in host-pathogen interactions with the innate immune system,
conferring antibiotic, serum and bile resistance, resistance to phagocytic killing, adhesion, invasion
and survival in host cells and endotoxicity to the bacterial pathogens (Maldonado et al., 2016). In the
genomes of Ab 39_O and Ab 34 O, we identified the ‘waa’ gene cluster, harboring waaC and waaF
genes, responsible for assembly and phosphorylation of the inner-core region. waaC and waaF genes
encode a heptosyltransferase | and a heptosyltransferase | that catalyze the transfer of the first and the
second heptose to the inner-core region of the LOS/LPS, respectively. Orthologs of these genes have
been found in numerous pathogens such as Salmonella typhimurium (Sirisena et al., 1992), Neisseria
gonorrhoeae (Petricoin et al., 1991), N. meningitidis (Stojiljkovic et al., 1997), Bordetella pertussis
(Allen et al., 1998), Aeromonas hydriphila (Jimenez et al., 2008), Campylobacter spp. (Klena et al.,
1998; Kanipes et al., 2006; Richards et al., 2013), Klebsiella pneumoniae (Noah et al., 2001), Serratia
marcescens (Coderch et al., 2004), Pseudomonas aeruginosa (de Kievit and Lam, 1997) and
Arcobacter thereius (Rovetto et al., 2007). Attempts to construct knockout mutants of waaC and
waaF in P. aeruginosa failed, leading to consider these genes essential for cellular viability (de Kievit
and Lam, 1997), whereas mutation of waaC in Campylobacter jejuni 81-176 affects the structure of

LOS and capsular carbohydrate (Kanipes at al., 2006) while Wang et al. (2016) demonstrated that the
15
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deletion of the waaC, waaf or waaF genes in Escherichia coli W3110 disables the flagella
biosynthesis. These finding lead to hypothesize that these genes in Ab could be involved in the
organization of the outer part of the microbial cell.

As shown in Fig. 4, Ab 39_0O shares the same content and organization of the Ab RM4018 cluster,
while for Ab 34_O we retrieved some differences: the alP gene encoding an alkaline phosphatase
family protein (WP_012147774.1 in Ab RM4018), due to shifts in the open reading frame, has been
predicted as two different genes, putatively coding for a LTA synthase family protein and an
hypothetical protein. Between the gene encoding the glycosyltransferase (D5K91_07595), orthologue
of the glycosyltransferase (WP_012147769.1) in Ab RM4018, and the orthologue (DSK91_07585)
of the hypothetical protein (WP_012147768.1) in Ab RM4018, it is annotated a gene putatively
coding for a protein which has no orthologue in Ab species but has the 88% identity with
glycosyltransferase family 2 protein (WP_024775442.1) of Arcobacter cibarius LMG 21996.
Furthermore Ab 34 O seems to lack both the MBOAT family protein (WP_012147763.1) and the
hypothetical protein WP_012147762.1 of Ab RM4018 comprised between the glycosyltransferase
and the phosphoethanolamine transferase.

The components of the flagellum of Ab strains are reported in supplementary Table S5. As reported
by Chaban et al. (2018), the architecture of flagellar motors in A. butzleri has a diverse (Rossmann
and Beeby, 2018) motor structure, which is shared also by Ab 34_O and Ab 39_O. A core structure
(inner membrane stator complexes MotA4B2 and the C-ring), a dedicated type 1l secretion system
(T3SS) export apparatus and the inner membrane MS-ring and the P- and L-rings constitute the
bacterial flagellar motor, while homologues of the accessory proteins FIgP, FIgQ, FIgT are not found
in the Arcobacter-type motor accessory proteins (Chaban et al. 2018). Nevertheless, as for the two
Ab strains isolated from shellfish (Fanelli et al., 2019), we found the homologue FIgO, an outer
membrane protein required for flagellar motility in Vibrio cholerae, highly conserved in Vibrio spp.
(Zhu et al., 2017). Moreover, in Ab 34_0, the flhB gene coding for the flagellar biosynthetic protein

FIhB (D5K91_06835) of T3SS is a pseudogene frameshifted.
16
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Among recognized virulence determinants, the genome of Ab 34 O harbors ¢j1349 and cadF
(encoding the fibronectin-binding proteins CadF and Cj1349), ciaB (encoding the Campylobacter
jejuni invasion antigen B), mviN (encoding a protein essential for the peptidoglycan biosynthesis),
pldA (encoding phospholipase A), the hemolysin gene tlyA, gyrA (although we did not found any
mutation in this gene) and the hecB gene (encoding a hemolysin activation protein) (Table 4). It lacks
irgA (iron-regulating outer membrane protein) and the gene coding for the hydrolase IroE, while the
sequence of hecA gene, putatively coding for a member of the filamentous hemagglutinin (FHA)
family, is interrupted by a stop codon. Additionally, we identified a gene coding for the DNA binding
protein of the conserved virulence factor B (CvfB) superfamily (protein ID D5K91_00265), which
contributes to the expression of virulence factors and to pathogenicity in Staphylococcus aureus
(Junecko et al., 2012; Matsumoto et al., 2006), a VOC family virulence protein (D5K91_03755), virF
(D5K91_04440) of the AraC family of transcriptional regulators, a virulence transcriptional
regulatory  protein PhoP (D5K91 10615) and ShiB/FhaC/HecB family hemolysin
secretion/activation protein (D5K91_06285).

In the genome of Ab 39_0O we identified cadF, cj1349, ciaB, mviN, pldA, tlyA, gyrA (also in this case
with no mutation), hecB genes. hecA gene coding for a filamentous hemagglutinin N-terminal
domain-containing protein (D5R49_02690) resulted incomplete, partial in the middle of a contig. It
lacks iroE gene but we identified additional virulence determinants such as virF (D5R49_06790), the
gene coding for the virulence sensor protein BvgS precursor (D5R49 03150), one VOC family
protein with a Glyoxalase/Bleomycin resistance protein/Dihydroxybiphenyl dioxygenase domain
(D5R49 _07635), and the DNA binding protein (D5R49_00290) of the CvfB superfamily, whereas
the gene encoding the virulence sensor protein PhoQ is frameshifted.

Both strains lack the iroE gene, which encodes a siderophore esterase found also in uropathogenic E.
coli (Larsen et al., 2006) and catalyses the degradation of salmochelins and enterobactin required for
iron acquisition thus contributing to the competition with the host (Fischbach et al., 2006), although

its role in pathogenesis in not clearly demonstrated (Caza et al., 2015). The lack of iroE gene, together
17
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with the probable lack of functionality of hecA in Ab 34_0, are the only differences towards the two

Ab strains isolate from shellfish, leading to suppose that they might share a comparable virulence

potential.
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Table 4. Virulence determinants identified in A. butzleri isolates

: Virul
2 Irutence A. butlzeri strain
3 determinant
g RM4018 34 0 39 O 55 6V
s waaC-waaF  ABV68062.1- D5K91 07645- DSR49 09855- D3M61_00195- D3M75_05185-
8 cluster ABV68040.1 D5K91 07535  DSR49_09965 D3M61_00085  D3M75_05185
18 cj1349 ABV66352.1 D5K91 02870 D5R49 05805 D3M61_05835 D3M75_01765
g cadF ABV66756.1  D5K91_00640 D5R49 00740 D3M61_01000 D3M75_00225
ii ciaB ABV67798.1  D5K91_04550 D5R49 06440 D3M61_06575  D3M75_04485
15 mviN ABV67138.1 D5K91_06545 D5R49 02405 D3M61_02290 D3M75_04090
16
17 irgA ABV66991.1 na D5R49 08395 D3M61_09625 D3M75_06715
I iroE ABV66992.1 na na D3M61 09620  D3M75_06710
g‘i pldA ABV67121.1  D5K91 06630 D5R49 02320 D3M61 02040 D3M75_04175
gg tlyA ABV68075.1  D5K91_07700 D5R49 10875 D3M61_10630 D3M75_09375
24 gyrA ABV68029.1 D5K91_07480 D5R49 10020 D3M61_00030 D3M75_11235
25 a b
26 hecA ABV67200.1 DOK91.06280% - DSRA9_02690% g ,qs 5570 na
27 internal stop middle contig
gg hecB ABV67199.1 D5K91_06285 D5R49 02685  D3M61_02565 na
30 CvfB ABV66823.1 D5K91 00265 D5R49 00290 D3M61_00610  D3M75_05605
S VirF (AraC
33 transcriptional ABV67819.1  D5K91_04440 D5R49 06790 D3M61_06685  D3M75_04600
34 regulator)
gg BvgS precursor  ABV67286.1 na D5R49 03105 na D3M75_03370
o V%%I??S"y ABV68289.1  D5K91 03755 DS5R49 07635 D3M61 07955 D3M75_08585
39
40 phoQ ABV68106.1  D5K91_10615 D5R49 10105 D3M61_10465 D3M75_03320
41 Virulence
42 associated
43 A na na na D3M61_07785 na
44  protein-VirE
45  superfamily
46 a pseudogene, internal stop;
47 - . :
ag  pseudogene, partial in the middle of a contig
49?2
50
32203 3.6  Antibiotic susceptibility and genetic determinants
%4 Table 5 shows a list of genes involved in antibiotic resistance identified in of Ab 34 _O and Ab 39 O
55
W5  genomes and compared to those found in the type strain Ab RM4018 and Ab 55 and Ab 6V isolated
57
@6 from shellfish (Fanelli et al., 2019). This list comprises transporters, multidrug efflux pumps (operon
60
61
62
63 19
64

65
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emrAB), multidrug resistance protein (mtdE, mexA and mexB) and methyl- and acetyltransferase
(rimN, bpD, IpxD) and other enzymes with some differences between the strains.

In none of the two Ab strains isolated from vegetables we retrieved the gene coding for the
bifunctional polymyxin resistance protein arnA we previously identified in Ab 55 (Fanelli et al.,
2019), while both genomes harbour the arnB gene coding for the UDP-4-amino-4-deoxy-L-
arabinose-oxoglutarate aminotransferase which belongs to the DegT/DnrJ/EryC1/StrS
aminotransferase family protein and is required for resistance to polymyxin and cationic antimicrobial
peptides (Lee and Sousa, 2014).

Only in Ab 39_O we retrieved the hlpA gene. The predicted Serine/threonine-protein kinase HipA
(D5R49 _10660) is the toxic component of a type Il toxin-antitoxin (TA) system, and it is involved in
multidrug tolerance (Schumacher et al., 2009). A second toxic component of a type 1 toxin-antitoxin
(TA) system, RelE (mRNA interferase toxin), which plays a role in bacterial resistance to antibiotics,
was again retrieved only in Ab 39 O, Ab 55 and Ab 6V; overexpression of this protein induces

persistent resistance to ciprofloxacin and ampicillin (Maisonneuve et al., 2011).

Table 5. Antibiotic resistance genes in Ab 34_0O, Ab 39_0 and Ab RM4018 found in this study and
retrieved by Fanelli et al (2019) in Ab 55 and Ab 6V.

Gene Ab

name Product RM4018 Ab34 O Ab39 O Ab55 Ab6V
i putative metallo-hydrolase a
(metallo Beta-lactamase) P P P P P
Multidrug efflux pump
acrB acriflavin resistance protein P P P P P
AcrB
armnA Bifunctional polymyxin NaP Na Na p Na

resistance protein ArnA

UDP-4-amino-4-deoxy-L-
arnB arabinose—oxoglutarate P P P P P
(polymyxin resistance)

Antibiotic efflux pump outer

arpC membrane protein ArpC P P P P P
ber Blcyclomycm_ resistance P P P P P
protein
bepD Efflux pump periplasmic linker P P P P P
BepD precursor
20
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Efflux pump membrane

bepE transporter BepE P P P P P
bla Beta-lactamase OXA-15 P P P P P
precursor
bla2 Beta-lactamase 2 precursor P Na Na P P
cat3 Chloramphenicol P p p p p
acetyltransferase 3
Phosphoethanolamine
eptA transferase EptA (polymyxin P P P P P
resistance)
fsr Fosmldomycm resistance P Na P P P
protein
hepC Putative beta-lactamase HcpC Na P P P P
precursor
Serine/threonine-protein kinase
hipA HipA (methicillin resistance) Na Na P Na P
iles Isolegcmg-tRNA ligase P P P P P
(mupirocine resistance)
UDP-3-O-(3-
IpxD  hydroxymyristoyl)glucosamine P P P P P
N-acyltransferase
macA  Macrolide export protein MacA P P P P P
Macrolide export ATP-
macB binding/permease protein P P P P p
MacB
Multidrug resistance protein
mdtB MdtB P Na P P P
mdtE Multidrug resistance protein P Na P P Na
MdtE precursor
MexA Multidrug resistance protein P P P P P
MexA
mexB Multidrug resistance protein P P P P P
MexB
oprM  Outer membrane protein OprM P P P P P
Beta-lactam-inducible
pbp penicillin-binding protein P P P P P
relE m_RNA mter_ferase tOX|r_1 Re_IE Na Na P p P
(ciprofloxacin and ampicillin)
putative dual-specificity RNA
rimN methyltransferase RImN P P P P P
(ribosome target antibiotics)
sttH Streptothricin hydrolase P P P P P
tetA Tetracycline resistance protein, P Na P P P
class C
tolC TolC family protein P P P P P
Undecaprenyl-diphosphatase
UppP (bacitracin resistance) P P P P P
whpD Group B chloramphenicol P P P P p
acetyltransferase
8p: Present.
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®Na: Not annotated.
All genomes harbor the uppP gene encoding an undecaprenyl-diphosphatase, whose over-expression

in Escherichia coli is associated with bacitracin resistance (Cain et al., 1993), and the bcr gene
encoding a putative translocase involved in sulfonamide and byclomicin resistance (Nichols and
Guay, 1989). The gene encoding the phosphoetanolamine transferase EptA was detected in both Ab
34 0O (D5K91 03280) and Ab 39 O (D5R49 _06240) as in the other Ab strains analyzed. It catalyses
the addition of a phosphoethanolamine moiety to the lipid A, which is required for resistance to
polymyxin. The transporter conferring resistance against fosmidomycin, encoded by the fsr gene
(Fujisaki et al., 1996), was only found in Ab 39_O (D5R49 03895) and not in Ab 34 _O.

The multidrug resistance protein MdtE precursor is present in Ab RM4018, Ab 39_0 and Ab 55, while
mdtB was absent in Ab 34_0O.

In all genomes we identified the streptothricin conferring resistance hydrolase gene sttH
(D5K91 08335 for Ab 34_0O, D5R49 01845 for Ab 39_0O) (Hamano et al., 2006).

Moreover, in all strains we retrieved gene sequences of arpC, encoding the antibiotic efflux pump
outer membrane protein which has been demonstrated conferring resistance to numerous structurally
unrelated antibiotics such as carbenicillin, chloramphenicol, erythromycin, novobiocin, streptomycin
and tetracycline in P. putida (Kieboom et al., 2001), and the 23S rRNA methyltransferase rimN,
which specifically methylates position 2 of adenine 2503 in 23S rRNA and position 2 of adenine 37
in tRNAs, which confers resistance to some classes of antibiotics in E. coli (Toh et al., 2008).
Results of the disk diffusion tests are shown in Table 6. In Table 7 MICs and MBCs values, obtained
by broth microdilution method, for the antibiotics to which the tested Ab strains did not provide
inhibition zone at all are reported. Both tables also includes the results obtained by Fanelli et al.
(2019) for Ab 55 and 6V isolated from shellfish.

According to MIC interpretive standards (CLSI, 2015), the tested strains were resistant towards
cefotaxime, ampicillin, penicillin G and vancomicyn. These results, along with those obtained by disk

diffusion susceptibility test, were similar to those previously reported by Fanelli et al. (2019) for Ab
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type strain LMG 10828, herein used also as reference strain, and Ab 55 and 6V isolated from shellfish.
Particularly, Ab 34_0O and 39_O resulted susceptible as Ab 55, Ab 6V and LMG 10828T towards the
three tested aminoglycosides antibiotics, i.e. gentamicin, kanamycin and streptomycin and to the
hydrophilic fluoroquinolone ciprofloxacin. The latter susceptibility may be due to the absence of any
mutation in gyrA gene in the quinolone resistance determining region (Abdelbaqui et al., 2007).
Like Ab 55, Ab 6V and LMG 10828", Ab 34_O and Ab 39 O resulted resistant towards the three
tested B-lactams antibiotics, namely ampicillin, penicillin G and cefotaxime, and towards
vancomycin. As discussed by Fanelli et al. (2019), vancomycin resistance rather than molecular based
(reviewed by Ahmed and Baptiste, 2018), as we did not identify any element of the vancomycin
resistance operon in the genomic sequences of the analyzed Ab strains, can be due to the intrinsic
characteristic of Gram-negative bacteria porins, which do not allow high weight molecules, such as
glycopeptides, to pass through them (Quintiliani and Courvalin, 1995).

The B-lactam resistance can be ascribed to the combined presence of R-lactamase genes, to the
reduced affinity to the penicillin-binding proteins and to the action of proteins regulating the outer
membrane permeability (Georgopapadakou et al., 1993). In the genomes of Ab 34_O and Ab 39 O
we identified only two of the three putative R-lactamases orthologues to that of A. butlzeri RM4018
(Miller et al., 2007) (MBL fold metallo-hydrolase DSK91_08125 for Ab 34_O and D5R49 04415 for
Ab 39_0; class D beta-lactamase D5K91 09720 Ab 34_O and D5R49 10630 for Ab 39_0) as well
as penicillin binding proteins (D5K91 09860, D5K91 02225 and the frameshifted D5K91 09815
for Ab 34_0O and D5R49 10250, D5R49 10295 and D5R49 02950 for Ab 39_0). Multialignement
of the OXA beta lactamases from Ab species is shown in Fig. 5. Aminoacidic sequences shows few
differences between Ab 34_0O and Ab 39_0O: in Ab 39_O there is an asparagine at position 128 (while
there is a lysine in Ab 34_0O as in Ab 55 and Ab 6V; in Ab 34_O there are a lysine and an serine in
position 155 and 174 respectively, while in Ab 39_0O there are an arginine and an alanine. Finally, in
Ab 39 O there is a T at position 236 while in the other Ab strains there is an alanine. We did not

identify MBL of type 2.
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In addition, both genomes harbor few putative beta-lactamase-HcpC precursors (D5K91 01815,
D5K91_04700; D5R49 03430, D5R49 _06300) with a sell repeat domain, and one beta-lactamase
HcpB-like with a sell repeat domain (D5R49_07790; the D5K91_00255 in Ab 34_O is frameshifted).
In both strains we identified the IrgAB operon (D5K91_08490- D5K91 08495 for Ab34 O;
D5R49 02215-D5R49 02210 for Ab39_0), which was associated to the enhanced [-lactam
resistance in Ab RM4018 (Miller et al., 2007) and which modulates penicillin resistance in
Staphylococcus spp. (Bayles, 2000).

Only slight differences were observed for susceptibility to nalidixic acid, chloramphenicol,
tetracycline and erytromycin to which none of the tested Ab strains was sensitive but classification as
resistant or intermediate resistant was differently displayed for Ab 34_0O, Ab 39_0O, Ab 55, Ab 6V and
LMG 10828 as reported in Table 6. Regarding the hydrophobic quinolone nalidixic acid Ab 34 O,
39 0, LMG 10828" and 6V were intermediate resistant while Ab 55 was resistant (Table 6). The
absence of mutations in the gyrA gene as above discussed, suggests that mechanisms of hydrophobic
quinolone uptake, may intervene in nalidixic acid putative resistance (Miller et al., 2007).

As concerns chloramphenicol, Ab 34_O, Ab 55 and Ab 6V resulted intermediate resistant while LMG
10828™ and Ab 39 O were resistant (Table 6). All strains harbor one chloramphenicol
acetyltransferase gene (cat3): the coded enzyme (D5K91 05815; D5R49 08130) catalyses the
transfer of an acetyl remnant of acetyl CoA to chloramphenicol, which is the most common
mechanism for inactivating this antibiotic and conferring resistance in bacteria (Schwarz et al., 2004).
Ab 34 O, Ab 39 O and LMG 108287 were intermediate resistant towards tetracycline while Ab 55
and Ab 6V were resistant (Table 6). Tetracycline resistance is generally determined by the action of
efflux pumps, modification of the 16S rRNA at the binding site or protection from the ribosome
binding. The main proteins involved in these mechanisms are Tet(O) and Tet(M), paralogues of the
translational GTPase EF-G, which catalyses by hydrolysis the tetracycline removal from its binding
site (Chopra and Roberts, 2001). Both the genomic sequences of our strains harbor the Elongation

factor (D5K91_07060 for Ab 34_0O; D5R49 09200 for Ab 39_0) with the same C-terminus domain
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of the ribosomal protection proteins, while only in the genome of Ab 39 O we detected the
tetracycline resistance protein D5R49_01485, a predicted MFS transporter of the efflux pump.
Furthermore, the above mentioned multidrug efflux systems are homologs of the CmeABC
transporter of C. jejuni, which is known to be involved in macrolide and tetracycline resistance
(Gibreel et al., 2007).

Lastly, Ab 39_0O, Ab 55 and Ab 6V were resistant towards erythromycin, while Ab 34_O and LMG
10828T were intermediate resistant. CARD analysis identified in both strains, by using perfect and
strict selection criteria, adeF gene, encoding a strict resistance-nodulation-cell division (RND)
antibiotic efflux pump, which confer resistance to fluoroquinolone antibiotics and erythromycin.
AdeF is the membrane fusion protein of the multidrug efflux complex AdeFGH in Acinetobacter
baumanii (Coyne, et al. 2010) and has the same structure and function of the RND family AcrAB-
TolC export system described in Escherichia coli and Gram-negative bacteria, which is involved in
resistance to macrolide and several unrelated toxic compounds, such as dyes, detergents and
antibiotics (Chollet et al., 2004; Du et al., 2014), acting for metal and multidrug transporter.

The components of this tripartite efflux pump are generally coded by an operon and comprise a
component of the outer membrane channel (in this case TolC), an efflux pump periplasmic linker
(AcrA), an efflux pump membrane transporter (AdeF=AcrB), and an HTH-type transcriptional
regulator (MprA).

Ab 34 O has a single copy of contiguous genes coding for this system (D5K91 09085 -
D5K91 09100) while these genes are in two different loci in Ab 39 O (D5R49 00830 -
D5R49 _00845; D5R49 09690 - D5R49 09705). The presence of this system may also explain the
resistance and intermediate resistance of Ab 39_0O and Ab 34_0O, respectively, towards erythromycin,
also considering that we did not identify any specific resistance mechanism towards erythromycin,
such as the presence of the erm (erythromycin resistance methylase) class gene, which protect the

antibiotic binding to the ribosomes by post transcriptional methylation of 23S rRNA.
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526  The antibiotic susceptibility results herein reported, are mostly in agreement with antibiotic resistance
5;?7 or susceptibility prevalence reported for other Ab isolated from seafood and water sources (Collado
5?’,.8 et al., 2014; Rathlavath et al., 2017; Silha et al., 2017) as well as from other various sources such as
5229 meat (beef, pork and chicken), slaughterhouses, milk, cheeses and dairy plant, animal stools (cattles,

I'%%O sheeps, pigs and pultry), and humans (Aski et al., 2016; Elmali and Can, 2017; Ferreira et al., 2013;

11
B31 2017, Kabeyaetal., 2004; Kayman et al., 2012; Rahimi, 2014; Scanlon et al., 2013; Silha et al., 2017;
13

%Z Soma et al., 2017;VVan den Abeele et al., 2016; Vicente-Martins et al., 2018; Yesilmen et al., 2014;

16
BB83  Zacharow et al., 2015), as widely discussed in our previous study (Fanelli et al., 2019). Conversely a
18

;%34 very limited comparison can be accomplished with Ab isolated from vegetables. As far as we know,

21
B35 only one study by Gonzélez et al. (2017) reported antibiotic susceptibility of Ab isolates from
23
'5%86 vegetables but only two quinolone antibiotics were tested, among them ciprofloxacin. Anyway,

%»%7 results here reported are in agreement with those of Gonzalez et al. (2017): indeed, fifteen (88.24%)

28

B38 out of seventeen Ab isolates from fresh vegetables analyzed by Gonzélez et al. (2017) were
30

%9 susceptible to ciprofloxacin.

33
B0  According to the proposed definition for multidrug-resistant (MDR) bacteria reported by Magiorakos
35

ﬁl et al. (2012), on the basis of our disk diffusion susceptibility test, all the five Ab strains can be

38
3812 classified as MDR considering criteria either for Staphylococcus aureus and Enterobacteriaceae,
40

2%43 since, as far as we know, specific criteria for MDR Ab have not been proposed yet. Indeed, the tested

ﬁéA Ab strains resulted not susceptible to one antimicrobial agent belonging to three of the required classes
45
?5 of antibiotics used to classify S. aureus as MDR, i.e. macrolides, phenicols and tetracyclines, and to

@6 four classes of antibiotics proposed for MDR classification of Enterobacteriaceae, i.e. penicillins,

50
H47  phenicols, tetracyclines and extended spectrum, 3" and 4™ generation cephalosporins.

52
?}8
55

gg Table 6. Disk diffusion susceptibility test for A. butzleri

58

A. butzleri strain
=9 butzleri stra

60 L LMG 10828" a a
61 Class Antibiotics (RM4018) 34 0O 39 0 55 6V

62
63 26

64
65



Ampicillin 10 g /disk R* R* R* R* R*

1
g B-lactams Penicillin G 10 units/disk R* R* R* R* R*
g Cefotaxime 30 pg/disk R* R* R* R* R*
s Glycopeptides Vancomycin 30 pg/disk R* R* R* R* R*
o Ciprofloxacin 5 pg/disk S S S S S
10 Quinolones
11 Nalidixic acid 30 pg/disk I I I R I
12
13 Gentamicin 10 pg/disk S S S S S
14
15 Aminoglycosides  Kanamycin 30 pg/disk S S S S S
16
17 Streptomycin 10 pg/disk S S S S S
19 Phenicol Chlo_ramphenlcol 30 R | R | |
20 pg/disk
g; Tetracycline Tetracycline 30 pg/disk I | I R R
gi Macrolide Erytromycin 15 pg/disk I | R R R

B9  Classification as S (susceptible), I (intermediate) and R (resistant) was carried out according to zone
50 diameter interpretive standards for Staphylococcus spp. (erytromycin and penicillin G) and
1  Enterobacteriaceae  (ampicillin,  gentamicin,  cefotaxime, ciprofloxacin, tetracycline,
&2  chloramphenicol, nalidixic acid, kanamycin and streptomycin) (CLSI, 2015). To our knowledge, no
&H3  vancomycin reference interpretive criteria are reported for A. butzleri.

¥64  *no inhibition zone detected.

%S & disk diffusion susceptibility results reported by Fanelli et al. (2019)

35
36 Table 7. Cefotaxime, ampicillin, penicillin G and vancomycin MIC and MBC values (in pg/ml) for A.
37 butzleri

gg Antibiotics

40 B-lactams Glycopeptide

41 A. butzleri strain Cefotaxime Ampicillin Penicillin G Vancomycin

42
43 MIC?  MBCP MIC® MBCP MIC? MBCP MIC®  MBCP

44 LMG 108287
jg (RM4018) 16 16 32 32 128 256 2,048 >2,048
a7 34 0 128 128 128 128 128 256 2,048  >2,048

48 39 O 32 32 256 256 512 512 >2,048 >2,048

‘518 ®minimal inhibitory concentration
51 bminimal bactericidal concentration

52

557
54

%8 3.7  Heavy metal susceptibility

57

FH9  Heavy metals are naturally present in the environment and geological or anthropological activities
59

%0 may considerably accelerate their release and accumulation in different environments also including
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64
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56
517
58

61
62
63
64
65

agricultural and urban soils (Brandt et al., 2010; Zhang et al., 2018). The exposition to these
compounds, which being non-biodegradable remain and accumulate in the environment for extended
periods of time, have generated resistance mechanism in several bacteria species (Xavier et al., 2019).
Mechanisms of heavy metal resistance in bacteria include extracellular barrier, active transport of
metal ions (efflux), extracellular sequestration, intracellular sequestration, reduction of metal ions
(Bruins et al., 2000).

Results of heavy metal susceptibility testing are reported in Table 8.

Table 8. Heavy metal minimum inhibitory concentrations (MICs) for Arcobacter butzleri
Minimum Inhibitory Concentration (MIC) (mM)

heavy metal salt

A. butzleri cadmium
strain cobalt acetate
sodium molybdate zinc dichloride copper sulfate dihydrate [
dihydrate chloride hexahydrate pentahydrate Cd(CHsCO  potassium chromate

(NazMo04:2H20) (ZnClp) (CoCl2-6H20) (CuSO4-5H20)  0)2:2H:0] (K2CrOq)
LMG
108287
(RM4018) > 32* 4* 4* 2% 0.25 0.125
34 O 16* 4* 4* 2% 0.25 0.125
390 > 32* 4* 4* 2% 0.25 0.5
55 > 32* 4* 4* 2% 0.25 0.25
6V > 32* 4* 4* 2* 0.25 0.25

*resistant strain (MIC > 1 mM) (Otth et al., 2005)

To our knowledge, no standardized protocols for testing bacterial susceptibility to heavy metals are
available, and no reference breakpoints to classify bacteria as resistant, intermediate resistant or
sensible to heavy metals have been established as previously reported also by other authors (Chenia
and Jacobs, 2017; Ug and Ceylan, 2003). However, the agar dilution method employed within this
study for heavy metal susceptibility testing has been previously used by several researchers
(Aarestrup and Hasman, 2004; Chenia and Jacobs, 2017; Fard et al., 2011; Hasman et al., 2006;
Matyar at al., 2008; Otth et al., 2005; Ug and Ceylan, 2003).

Knowledge about Ab susceptibility to heavy metals is still very limited, in fact, as far as we know,
the in vitro susceptibility of Ab to heavy metals was assessed only in two studies, particularly by Otth

et al (2005) and Schroeder-Tucker et al. (1996), but the latter tested the susceptibility only towards
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one heavy metal salt, namely cadmium chloride, using disk diffusion test. According to Otth et al.
(2005) we considered MIC > 1 mM as interpretive criterion to classify Ab isolates as resistant to
heavy metals. This same interpretive criterion was as well used to assess resistance of Staphylococcus
spp. towards some heavy metal salts, such as zinc, cobalt, copper and chrome salts (Ug and Ceylan,
2003).

Ab 55, 6V, 34 0, 39 O and LMG 10828" were resistant towards cobalt and molybdate salts and
susceptible towards chromate salt (Table 8), in accordance with results obtained by Otth et al. (2005)
for fifty Ab strains tested in their study. In our study, MIC values for chromate and molybdate salts
were similar to those of Otth et al. (2005), ranging from 0.125 to 0.5 mM and 0.04 to 0.16 mM,
respectively. Moreover, high MIC values for molybdate, > 32 mM and > 80 mM, respectively, were
obtained in this study and in that of Otth et al. (2005), with the exception of Ab 34_O which showed
more sensitivity to this heavy metal (16 mM MIC).

Our Ab strains showed lower MIC values for cobalt (4 mM) than those found by Otth et al. (2005) (>
80 mM) for the fifty Ab strains tested in their study.

These differences in MIC values could be due to certain differences in the experimental conditions,
such as the chosen salt or the incubation condition. Growth conditions recommended for Ab type
strain LMG 10828™ by BCCM/LMG Bacteria Collection (http://bccm.belspo.be) were used in the
present study [37°C in microaerophilic atmosphere instead of 26 °C in aerobiosis used by Otth et al.
(2005)] as well as in other previous studies that tested the antimicrobial susceptibility of Ab (Aski et
al., 2016; Fanelli et al., 2019; Ferreira et al., 2013). As far as we know, we reported for the first time
MIC values of zinc, copper and cadmium for Ab. The strains tested in this study were all resistant to
zinc (4 mM MIC) and copper (2 mM MIC) whereas they were all susceptible to cadmium (0.25 mM
MIC). Similar findings were reported also for Campylobacter spp., which are taxonomically related
to Arcobacter spp. (Perez-Catalufia et al., 2018a). Particularly Baserisalehi et al. (2007) reported that
MICs for cadmium ranged between 0.01 to 1 mM for the six Campylobacter spp. isolates they tested

and Kaakoush et al. (2008) reported that cadmium was lethal at 1 mM for C. jejuni NCTC 11168, the
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only strain they tested, concluding that this heavy metal is highly toxic for C. jejuni. Baserisalehi et

al. (2007) also reported high MIC values of zinc and copper for the six Campylobacter spp. they

tested, that ranged between 10 to 100 mM for both heavy metals.
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Table 9. RND efflux pumps and metal resistance genes in Ab 34_O and Ab 39 O

Gene/pump Product substrate Ab 34 O Ab 39 O
arsC Arsenate reductase D5K91 04925 D5R49 04920
ars3 Arsenic resistance protein arsenic D5K91 00250 D5R49 00275
arsB Arsenical pump membrane protein D5K91 06775 D5R49 09480
mopA LysR family transcriptional regulator D5K91 03135 D5R49 06090
modA molybdate ABC transporter substrate-binding protein molybdenum D5K91 03140 D5R49 06095
modB Molybdate ABC transporter, permease protein D5K91 03150 D5R49 06100
modC Molybdate/tungstate binding, C-terminal D5K91_03145 D5R49 06105
merT Mercuric transport protein mercuric D5K91_10875 D5R49 11280

Cation efflux

metal efflux RND transporter

cobalt, zinc and cadmium,
silver, copper, nickel,

D5K91_00270

D5R49_00295

system metal ABC transporter ATP-binding protein various toxins D5K91_00275 D5R49 00300

. . D5K91 00315 D5R49 00340

heavy metal translocating P-type ATPase copper, cadmium D5K91_00645 D5RA9_00745

Metal sensing transcriptional repressor D5K91 00650 D5R49 00750

cation diffusion facilitator family transporter cadmium, zinc, cobalt D5K91 01295 D5R49 01425

corC HIyC/CorC family transporter magnesium, cobalt D5K91 01595 D5R49 03695

ABC/ECF transporter, transmembrane component cobalt, nickel D5K91 06295 D5R49 02675

cation ABC transporter substrate-binding protein zinc D5K91 07400 D5R49 10485

rcnA nickel/cobalt efflux protein RcnA cobalt, nickel D5K91 07405 D5R49 10490*

zntB zinc transporter ZntB zinc D5K91 10365 D5R49 10780

cadA P-type ATPase subfamily 1B cation trasport copper, cadmium D5K91 10645 D5R49 10065
RND efflux efflux RND transporter periplasmic adaptor subunit cobalt. nickel D5K91 10805 no
pump efflux RND transporter permease subunit ' D5K91 10810 no

copZ copper chaperone copper, mercuric D5K91 10870 D5R49 11275

CsoR Metal-sensitive transcriptional repressor copper, nickel, cobalt D5K91 00650 D5R49 00750

czcB Cobalt-zinc-cadmium resistance protein CzcB cobalt, zinc, cadmium No D5R49 00840
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The presence of genetic determinants of metal resistance is believed to be ancient as the appearance
and toxicity of metals in the environment (Jenkins and Stekel, 2010). Genetic determinants of heavy
metal resistance can be localized both on bacterial chromosomes and on extrachromosomal genetic
elements. Horizontal gene transfer plays an important role in the spread of heavy metal resistance in
nature (Heuer and Smalla, 2012).

Metal resistance and antibiotic resistance genes often co-occur together on mobile elements, such as
genomic islands, plasmid or transposable elements, and their genetic linkage often determine their
co-resistance and co-selection and the risk of horizontal transfer between bacteria, as increasingly
reported (Bengtsson-Palme and Larsson, 2015; Zhao et al., 2019). It is also of great concern since
this mechanism can promote antibiotic resistance also in the absence of antibiotic exposure in a metal
selective environment. Another mechanism of co-selection is cross-resistance due to the occurrence
of single genes encoding resistance to both antibiotics and metals (Zhao et al., 2019).

Strains Ab 34_0O and Ab 39 _O were isolated from pre-cut ready-to-eat vegetables (Mottola et al.,
2016b) thus it is hardly improbable that they were under a selective antibiotic pressure. The finding
of several antimicrobial resistant genes in these strains could be a consequence of exposure to
different heavy metal salts in soil or water environments, based on the role of Cu in the spread of
antibiotic resistances in bacteria and their antibiotic resistance genes (Berg et al. ,2005; Xu et al.,
2017).

Our study found resistance to Cu, Co, Zn, and Mo salts that could correlate with resistance to -
lactams, chloramphenicol and tetracycline. In fact, it is well known that reduction of membrane
permeability and rapid efflux mechanisms (whose genes were also found by genomic analysis) are
antibiotic- and metal-resistance shared systems as reviewed by Baker-Austin et al. (2006).

In Escherichia coli genetic determinants of metal resistance are well characterized and usually
organized in operons, while knowledge in Arcobacter spp. is limited. As for toxic compounds and
antibiotics, in Gram-negative bacteria metal uptake and control is exerted by RND (Resistance-

Nodulation-Division) multidrug efflux pumps which are generally composed by an inner membrane
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transporter, an outer membrane channel and a periplasmic adaptor protein, as previously stated
(Daury et al., 2016). Bacterial multidrug efflux pumps are generally chromosomally encoded with a
conserved organization both at the genetic and at the protein levels (Blanco et al., 2016).

The RND pumps act in synergy with other pumps, which are responsible of drug extrusion into the
periplasm (Lee et al., 2000).

In both Ab 34_O and Ab 39_0O we identified several RND efflux pumps (Table 9), which are generally
located close to genes involved in antibiotic resistance and metal sensing transcriptional regulators.
Furthermore, we identified specific metal resistance proteins such as the arsenate reductase, the
arsenical membrane protein and the arsenical resistance protein (D5K91_04925, D5K91 03135 and
D5K91 06775 in Ab 34_O, D5R49 04920, D5R49 00275 and D5R49 09480 in Ab 39 O,
respectively).

We also retrieved in both strains merT gene, encoding a mercuric transport protein (D5K91_10875
in Ab 34_0; D5R49 11280 in Ab 39_0), as well as transporters for copper, cadmium, zinc, nickel
and cobalt (Table 9).

In both strains we identify genes encoding the modABC system, involved in the molybdenum
acquisition and transport, located in an operon as in other bacterial species (Kashyap, et al., 2006;
Xia et al., 2018). The operon comprises a gene coding for ModE, a transcriptional regulator, ModA,
a molybdenum binding protein, ModB, the transmembrane component of the permease, and ModC

P-type ATPase.

Conclusion

To the best of our knowledge, this the first study reporting the genomes of Ab strains isolated from
vegetables. Genomic analyses allowed us to confirm the amendment of Arcobacter butzleri as
Aliarcobacter butzleri, comb. nov. (Perez- Pérez-Catalufia et al. 2018). Moreover, the genotaxonomic
assessment of the Ab species supports the division of the Ab species in different subspecies. Several

antibiotic, virulence and metal resistance determinants were retrieved in both strains and were
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compared to those found in the type strain and in the strains isolated from shellfish (Fanelli et al.,
2019). Less virulence and antibiotic resistance genes were found in Ab 34_O than in Ab 39_0O while
all the five strains endowed multiple resistance to several antibiotics and heavy metals. The metabolic
fingerprinting of all the assayed strains resulted less discriminatory than the taxonomic approach
although providing useful information about the phenotypic traits of the Ab species. Overall, this
study provided further knowledge that may contribute to obtain an updated description of the species
and to clarify the role of genetic endowment, as well as of the ecological niches the strain come from,
in the pathogenesis of Ab illness. In addition these findings are relevant in terms of food safety, as
they enable us to assess the possible public health implications of food-poisoning illnesses caused by
Arcobacter-contaminated foods, and highlight the need for additional data in order to better assess

the human health risks arising from the consumption of such foods.

Figure captions

Fig. 1. Phylogenetic tree based on the concatenated dataset of 13 housekeeping genes

Fig. 2. Phylogenetic tree based on RAXML analysis

Fig. 3. PermutMatrix analysis of A. butzleri metabolic patterns determined by Biolog system. The
colours scale from green to red indicates the utilization or oxidation of each carbon source ranging
from the lowest to the highest value. Euclidean distance was used to calculate the percentage of
dissimilarity.

Fig. 4. Genomic organization of waaC/waaF gene cluster in A. thereius LMG 24486, A. butzleri ED-
1, A. butlzeri 34_0O, A. butzleri 39_0, and A. butzleri RM4018. Gene clustering is represented by the
arrows superposed on the black horizontal line. Intergenic spaces are not drawn in scale. For A.
thereius LMG 24486, Ab ED-1, and Ab RM4018, the locus tag of each gene is indicated below the
respective gene arrow; for Ab 34_O and Ab 39_O, protein ID is indicated below the respective gene
arrow. Red arrows in Ab ED-1 and indicate genes with no orthologue in Ab 34_0O, 39_0O and RM4018.

DSR49 09915+ indicates pseudogene (frameshifted). lAaT: lipid A biosynthesis acylTransferase; dK:
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diacylglycerol kinase; yejM: inner membrane protein yejM; O-aL: O-antigen ligase; hp: hypotetical
protein; gT: glycosyltransferase; pgaB: poly-beta-1,6-N-acetyl-D-glucosamine N-deacetylase; eptA:
phosphoethanolamine transferase eptA; rfaF: lipopolysaccharide heptosyltransferase II; aT:
acetyltransferase; sunS: glycosyltransferase sunS; aLP: alkaline phosphatase family protein; gPtT:
glucose-1-phosphate thymidylyltransferase rfbA; yrbL-phoP: regulatory network protein; degT:
DegT/DnrJ/EryC1/StrS family aminotransferase; rfbA: glucose-1-phosphate thymidyl transferase;
rfbB: dTDP-glucose 4,6-dehydratase 1; rfbC: dTDP-4-dehydrorhamnose 3,5-epimerase; rfbD: dTDP-
4-dehydrorhamnose reductase; mbOat: membrane bound O-acyl transferase; yrbL-phoP: YrbL-PhoP
reg domain containing protein.

Fig. 5. Multialignment of OXA beta-lactamase from A. butzleri obtained by using T-Coffee web
server (Di Tommaso et al., 2011). Ab 34 O protein ID: D5K91_097; Ab 39 O protein ID:
D5R49 106; Ab 55 protein ID: D3M61_10735; Ab 6V: D3M75_10375; OXA-491, Accession:
ANW35665.1; OXA-464: ANW35663.1; OXA-490: ANW35664.1. A. butzleri RMA4018:
WP_012013127.1; A. butzleri S2_012 000_R2 80: PZP12670.1; A. butzleri L348:
WP_046997374.1; A. butzleri L353: WP_050071304.1; A. butzleri ED-1: WP_014468976.1; A.
buzleri L355: WP_046997672.1; A. butzleri JV22: EFU68937.1; A. butzleri L349: WP_046993700.1,;

A. butzleri L.: WP_014474670.1.

Supplementary material

Fig. S1. COGs functional classification of genes present in Ab 34_0O and Ab 39_O genomes.

Table S1: Strains used in this study, source of isolation and accession numbers of available genomes
or reference sequences.

Table S2: ANI values for A. butzleri strains and outgroups.

Table S3: AAI values for A. butzleri strains and outgroups.

Table S4: DDH values for A. butzleri strains and outgroups.

Table S5: Flagellum proteins in A. butzleri genomes.
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Fig. 4. Multialignment of OXA beta-lactamase from Arcobacter butzleri obtained by using T-Coffee web
server (Di Tommaso et al., 2011). Ab 34_0 protein ID: D5K91_097; Ab 39_0 protein ID: D5R49_106; Ab 55
protein ID: D3M61_10735; Ab 6V: D3M75_10375; OXA-491, Accession: ANW35665.1; OXA-464:
ANW35663.1; OXA-490: ANW35664.1. A. butzleri RMA4018: WP_012013127.1; A. butzleri
S2_012_000_R2_80:PZP12670.1; A. butzleri L348: WP_046997374.1; A. butzleri L353: WP_050071304.1; A.
butzleri ED-1: WP_014468976.1; A. buzleri L355: WP_046997672.1; A. butzleri JV22: EFU68937.1; A. butzleri
L349: WP_046993700.1; A. butzleri L.: WP_014474670.1.
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