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Abstract
Reptiles, including snakes, can be asymptomatically infected with multiple pathogen microorganisms, including Salmonella 
spp., which is considered an important concern for public and animal health. Small and uninhabited isles are quite ecologi-
cally different from mainland and represent interesting fields of study, to discover unexpected biological and microbiological 
aspects of their wild inhabitants. This work reports the presence of the very rare Salmonella enterica serovar Yopougon, 
isolated in a carcass of a native wild snake (Hierophis viridiflavus) from an Italian uninhabited island of Mediterranean Sea, 
Montecristo. To our knowledge, S. enterica serovar Yopougon was previously isolated only once 34 years earlier in Ivory 
Coast, from a human fecal sample. In the present study, we present the genomic characterization of the new isolate, the 
phylogenetic comparison with the previously isolated S. enterica serovar Yopougon strain of human origin and with other 
sequences available in public databases. In addition, an extensive review of available data in the literature and from our case 
history is provided. Our finding represents an example of the ability of some pathogens to travel for very long distances 
within their hosts and then to infect others, even from different taxa.
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Introduction

Reptiles can host asymptomatically pathogenic microor-
ganisms and serve as potential reservoirs of infection for 
humans, pets, and other reptiles. Knowledge on the intestinal 
microbiota of free-living reptiles is still limited, although 
a greater number of studies have been conducted on some 
pathogens of zoonotic interest or frequently isolated in rep-
tiles kept as pets or of commercial interest (Schmidt et al. 
2014; McWhorter et al. 2021).

Salmonella spp. is considered a frequent commensal of 
the intestinal microbial flora of most snakes and reptiles 
in general, as well as many other animal species, which 
intermittently spread the bacterium in the environment 
through their feces (Briones et al. 2004; Köbölkuti et al. 
2009; McWhorter et al. 2021). The biological role of free-
living snakes in the transmission of bacteria and parasites 
is still hardly explored. Due to direct contact with the 
reptiles themselves or environmental contamination, the 
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consequences for public health are not negligible (Zając 
et al. 2016). The infection rates of Salmonella spp. in rep-
tiles vary according to the geographical area considered, 
the host species, and among populations of captive and 
free-living reptiles. Moreover, fluctuations in infection 
rates can also be influenced by temporal or seasonal vari-
ations. Reptiles are generally infected with Salmonella 
through contact with food, water, and the environment 
(McWhorter et al. 2021).

Bacteria of the genus Salmonella are divided into 
two main species: S. enterica and S. bongori. S. enter-
ica includes six subspecies: S. enterica subsp. enterica 
(I), S. enterica subsp. salamae (II), S. enterica subsp. 
arizonae (IIIa), S. enterica subsp. diarizonae (IIIb), S. 
enterica subsp. indica (VI), and S. enterica subsp. houte-
nae (IV) (Briones et al. 2004; Grimont and Weill 2007). 
The subspecies S. enterica subsp. enterica (I) includes 
approximately 2600 known serovars, characterized by 
a wide variety of phenotypes, genotypes, and ecologi-
cal behaviors. Members of the subspecies S. enterica 
subsp. enterica (I) are primarily responsible for disease 
in humans (about 99% of all cases of salmonellosis), other 
mammals, and birds, whereas all other subspecies of S. 
enterica are sporadically linked to disease episodes in 
these animal species (Lamas et al. 2018; Pulford et al. 
2019; Vila Nova et al. 2019).

The islands of the Mediterranean Sea represent excel-
lent areas for the study of ecological phenomena related 
to the spread of insular diseases, because of their well-
known history and the different animal populations iden-
tified so far. Montecristo Island, located in the Tyrrhenian 
Sea, constitutes a particularly noteworthy reality. Despite 
its small surface area (10.39  km2), it hosts two species of 
snakes that are particularly widespread throughout the 
Italian peninsula: the Western Whip Snake, Hierophis 
viridiflavus (Lacépède 1789), and the asp viper, Vipera 
aspis (Linnaeus 1758) (Vanni and Zuffi 2011; Luiselli 
et al. 2015).

The Western Whip Snake is a medium-sized nonven-
omous colubrid (100–140 cm in total length) present in 
a large variety of habitats throughout Europe, especially 
in the  (Fornasiero et al. 2007). The specimen present in 
Montecristo Island is approximately 30% smaller than the 
continental H. viridiflavus populations, probably due to the 
ecological phenomenon known as insular dwarfism (Zuffi 
et al. 2003; Luiselli et al. 2015). The snake is present in 
every type of habitat and soil found on Montecristo. The 
diet of this population of snakes consists of lizards, pas-
serine birds, and secondly insects, since small mammals 
such as rodents, which are important components of the 
diet of continental conspecifics, are absent on the island 
territory (Luiselli et al. 2015).

Materials and methods

Microbiological methods for identification 
and serotyping

Salmonella spp. was isolated according to the method 
described in “OIE Manual for terrestrial animals 2018” 
(Chapter 3.9.8 par A, B, 2016; Chapter 3.3.11 A, B, 2018) 
and identified through cultural test. Further investigations 
on the strain (SAL_117300), such as serotyping analysis, 
according to the “ISO/TR 6579–3: 2014” standards, and 
molecular analysis through HTS (high throughput screen-
ing), were carried out.

Whole genome sequencing

Genomic DNA was extracted with automatic extrac-
tion system, QIAsymphony (Qiagen, Hilden, Germany). 
Libraries were prepared using Nextera XT DNA Library 
Prep and pair-end (2 × 300 bp) run with a MiSeq sequencer 
(Illumina, CA, USA). Raw reads were archived in the 
GenBank database (NCBI-SRA) under the BioProject 
PRJNA998331, BioSample SAMN36701244.

The quality of raw reads was assessed with Fast QC 
(v0.11.5) (Andrews 2023), and low-quality reads and 
adapters were trimmed using Trimmomatic (v0.39) 
(Bolger et al. 2014) before any analysis was done using 
the following quality filter: minimum quality of Q30, 
a window size of 10 with Q20 as the average quality, 
and a minimum length read of 50 bp. The high-quality 
reads were de novo assembled into contigs using SPAdes 
(v3.13.0) (Bankevich et al. 2012) with the careful option 
on, draft assemblies were improved using Pilon (v1.23) 
(Walker et al. 2014), and contigs shorter than 500 bp were 
removed (Bushnell 2023). Plasmids were found with plas-
midSPAdes (Bankevich et al. 2012). The assembly qual-
ity was assessed with QUAST (v5.0.2) (Gurevich et al. 
2013). The antigenic formula was deduced in silico using 
SeqSero2 (v1.1.0) (Zhang et al. 2015, 2019) on the ARIES 
Galaxy server (Knijn et al. 2020). In-silico subtyping, or 
multi-locus sequence typing (MLST), was performed 
on EnteroBase platform (Zhou et al. 2020) that used the 
classic scheme for Salmonella spp. of seven housekeep-
ing genes (aroC, dnaN, hemD, hisD, purE, sucA, thrA) 
described by Kidgell et al. (2002). On the same platform, 
the core genome MLST (cgMLST) analysis, that analyzed 
3002 core genes of Salmonella, was performed. Subse-
quently, a comparison was performed with the most simi-
lar sample in cgMLST collected in the Salmonella inter-
national database based on EnteroBase (Achtman et al. 
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2021) that collect more than 410,000 isolates genome. 
The distances were visualized with GrapeTree (Zhou et al. 
2018) using the algorithm RapidNJ showing the assigned 
hierarchical clusters (HCs), and MSTree V2, for cgMLST 
allelic distances. The reference strain of S. enterica sero-
var Yopougon (IP 7148/89) was included in the analy-
sis, whose genome sequence is present in the Salmonella 
database on EnteroBase (Achtman et al. 2021). This ref-
erence strain was isolated from human in Ivory Coast 
in 1989. The identification of antimicrobial resistance 
genes was assessed from the assemblies using ABRicate 
(Seemann 2020), based on ResFinder database (Zankari 
et al. 2012) and performed on the ARIES Galaxy Server 
(Knijn et al. 2020). The presence of virulence genes was 
assessed using the tool VirulenceFinder v2.0.3 (Joensen 
et al. 2014) against the Virulence Factors of Pathogenic 
Bacteria (VFDB) database of core virulence genes (Liu 
et al. 2019). The assembled genome was annotated using 
RAST tool kit (RASTtk) (Brettin et al. 2015) on BV-BRC 
platform (Olson et al. 2023).

Analytical methods for toxicological determinations

The following analytical methods have been used for deter-
mination of major toxicants: Strychnine, Crimidine, Met-
aldehyde, and Pesticides using gas chromatography–mass 
spectrometry (GC/MS) system by Thermo Scientific and 
Anticoagulant rodenticides using high-performance liquid 
chromatography (HPLC) system by Sciex, coupled with both 
fluorometric and diode array detector. QuEChERS meth-
odology was used for the extraction and purification steps 
(protocol developed in house, available on request).

Results

In October 2021, two carcasses of Western Whip Snake (H. 
viridiflavus), one male and one female, were dispatched to 
the Operating Territorial Unit of Pisa of the Istituto Zoopro-
filattico Sperimentale del Lazio e della Toscana “M. Alean-
dri” (IZSLT). The reptiles were found dead in Montecristo 
Island, a protected nature reserve located in the Tyrrhenian 
Sea and included in the Tuscan Archipelago National Park 
(42 20′05″ N, 10 18′44″ E) (Luiselli et al. 2015). The two 
snakes were found days earlier by agents of the national 
police (Carabinieri Forestali). The carcasses were then car-
ried to the Museum of Natural History of the University of 
Pisa, which preserved the specimens until they were sent to 
the IZSLT for further diagnostic investigation.

Anatomical-pathological examination showed the death 
of the two snakes dated back to some days before, con-
sidering the state of dehydration and the level of exfolia-
tion of the skin. However, no macroscopic lesions in the 

internal organs were observed in either animal. Further-
more, toxicological screening for metaldehyde, pesticides 
(carbamates, organochlorines, organophosphorus), and 
strychnine gave negative results. After necropsy, micro-
biological research was carried out on the organs of the 
two snakes (intestine, myocardium and a pool of organs). 
Microbiological investigations on female Western Whip 
Snake organs tested negative, whereas the male specimen 
intestine and myocardium tested positive for Salmonella 
spp. and Bacillus spp., respectively. The Salmonella strain 
(SAL_117300) was serotyped as S. enterica subsp. enter-
ica serovar Yopougon with antigenic formula 45:z:e,n,z15 
(hereafter referred to as S. Yopougon).

Genomic analyses

In silico serotyping confirmed the identification of S. Yopou-
gon (O:45, fliC:z, and fljB:e,n,z15). The strain carries the 
gene fosA7 that encodes resistance to the antibiotic fosfo-
mycin. A new MLST, ST10543, was assigned to the strain 
on EnteroBase and resulted the only one belonging to this 
ST. We then used cgMLST, a more discriminative approach 
based on 3002 genes, and implemented it into EnteroBase. 
The used cgMLST scheme also assigned bacterial genomes 
to single-linkage hierarchical clusters (HCs) in real-time, 
at various levels of resolution, ranging from HC0 (high-
resolution clusters consisting of identical genomes with no 
allelic differences) to HC2850 (low-resolution clusters con-
sisting of genomes with up to 2850 allelic differences). The 
SAL_117300 genome was found to belong to HC2850_2 
(as for subspecies enterica strains), HC2600_191982, and 
HC2000_319874. This latter group contained only two 
genomes: SAL_117300 and IP 7148/89, the reference strain 
of S. Yopougon. However, the allelic differences between 
the two genomes were quite high (n = 1968). Figure 1 shows 
the HC 2600 of the closest genomes found in EnteroBase. 
The closest genomes were from the following rare serovars 
Saintphilibert with 2571 allelic differences, Durance with 
2600, Kassel with 2635, and Koblenz and Chicago with 
2644 allelic differences. All other serovars were at least 2658 
alleles apart and represented in a Minimum Spanning Tree 
shown in Figure S1.

Virulence genes found in the investigated strain are 
shown in Table S1. Approximately 60% of the core viru-
lence genes was found in the genome. The annotation of 
the entire genome included 1,012 hypothetical proteins and 
4,554 proteins with functional assignments and a genome 
size of 5.3 Mbp. The representation of genes found in the 
assembled genome is reported in Figure S2.

The only other sequenced strain of S. Yopougon (IP 
7148/89) available was most similar to the one isolated in 
the snake (SAL_117300), compared to others in the pub-
lic database. The IP 7148/89 strain had a genome size of 
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4.7 Mbp and harbored 650 hypothetical proteins and 4,116 
proteins with functional assignments.

Discussion

S. Yopougon is an extremely rare serovar of S. enterica 
subsp. enterica, and no publications or data appear in the 
literature. In the international database EnteroBase (Acht-
man et al. 2021), only one strain was referable to this sero-
var: S. Yopougon strain IP 7148/89. This strain was isolated 
in Ivory Coast in 1989 (ndr: plausibly in the municipal of 
Yopougon, in the District of Abidjan) from a sample of 
human feces and sequenced at the Institut Pasteur, Paris, 
France (FXW). The genomic analysis confirmed a closer 
relationship between the two Yopougon strains compared 
with the other serovars in public databases, but with a high 
allelic distance according to the long temporal range. The 
virulence and resistance genes found were similar in both 
strains, but the genome size and the annotated genes were 
higher in the isolate from the snake.

From a bibliographic comparison of various studies on 
serotyping of Salmonella spp., conducted in the District of 
Abidjan, no isolation of this serovar has ever emerged in 
the different matrices of human and animal origin (poultry, 

cattle) (Boni-Cissé et al. 2012; Bonny et al. 2015; Yao et al. 
2017).

To date, there are no prevalence studies on Salmonella 
spp. or other bacterial species in free-living snakes in Italy. 
Few reviews relating to European snakes are available, 
none of which, however, included H. viridiflavus among 
the sampled species.

According to a study conducted in Poland, 45 native 
free-living grass snakes (Natrix natrix) were captured and 
kept under controlled laboratory conditions. It emerged 
that 22% (n = 10) were positive for Salmonella spp. on 
fecal sampling through cloacal swabs. Salmonella spp. 
was the fourth most frequently isolated pathogen in the 
study, after Aeromonas hydrophila (37.8%), Morganella 
morganii (26.7%), and Proteus vulgaris (24.4%). To date, 
the study of Pawlak and colleagues reported the highest 
number of free-living snakes analyzed for Salmonella spp. 
in Europe, (n = 45) (Pawlak et al. 2020).

Another study conducted in Poland on 16 autochtho-
nous snakes, 15 grass snakes (Natrix natrix) and a smooth 
snake (Coronella austriaca), found positivity to Salmo-
nella spp. in 87.5% of specimens (n = 14). The molecular 
investigations (PCR multiplex), conducted on a total of 33 
Salmonella isolates, identified 11 distinct serovars, 9 of 
which belong to S. enterica subsp. diarizonae (IIIb) and 

Fig. 1  Hierarchical clusters HC2600 of the closest genomes found in EnteroBase of S. Yopougon SAL_117300, calculated with cgMLST. 
Orange—the strains belonging to the HC2600_191982, including the two S. Yopougon (black circle)
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2 to S. enterica subsp. enterica (I). Positive reptiles were 
infected with one to four different Salmonella serovars at 
the same time (Zając et al. 2016).

A research carried out in Romania showed 62.5% of 
positivity for Salmonella spp. on autochthonous vipers 
(Vipera berus; n = 19). The most isolated subspecies 
through biochemical investigations was S. enterica subsp. 
arizonae (IIIa) among positive samples (Köbölkuti et al. 
2009).

A noteworthy German study was conducted on free-living 
vipers (Vipera berus; n = 23) and grass snakes (Natrix natrix; 
n = 12) on the island of Hiddensee (Germany), testing swabs 
from pharynx and cloaca. This research demonstrated the 
presence of a single subspecies of Salmonella, S. enterica 
subsp. diarizonae (IIIb), exclusively in eight vipers (34.8%). 
Other potentially pathogenic bacteria isolated from swabs 
were P. vulgaris, A. hydrophila, Klebsiella pneumoniae, and 
Escherichia coli (Schmidt et al. 2014). A previous research 
on native snakes of the same island had identified a much 
lower prevalence of Salmonella spp. (1 positive specimens 
out of 22 sampled) (Krautwald-Junghanns et al. 2013), but 
the reason for such markedly different results in a regime of 
completely similar sampling and analysis method have not 
been clarified (Schmidt et al. 2014).

Finally, a wide-ranging research was conducted in Spain 
to isolate Salmonella spp. from cloacal swabs on native rep-
tiles and amphibians, including 35 specimens of snakes of 
5 different species, mainly colubrids, out of the 166 animals 
sampled in total. A total of 27 Salmonella were isolated from 
19 positive snakes (54.3%), belonging to S. enterica subsp. 
enterica (I) and S. enterica subsp. diarizonae (IIIb) (Briones 
et al. 2004).

Before the case presented, the Regional Reference Center 
for Enteropathogens (CREP) serotyped Salmonella strains 
from free-living native snakes (n = 18) collected in Central 
Italy in the period 2010–2012. The serovars found were S. 
enterica subsp. diarizonae (IIIb) (n = 16, 88.89%) and S. 
enterica subsp. arizonae (IIIa) (n = 2, 11.11%).

Therefore, the CREP case series shows a substantial affin-
ity with the results obtained in targeted studies conducted 
in the rest of Europe, with a clear prevalence of S. enterica 
subsp. diarizonae (IIIb) in positive European snakes. Fur-
thermore, no other cases of isolation of S. Yopougon from 
food or animals emerged consulting the national database 
of Salmonella isolates of veterinary origin collected by the 
National Reference Center for Salmonellosis, at the Istituto 
Zooprofilattico Sperimentale delle Venezie, Legnaro, Italy, 
during the same period (personal communication). Accord-
ing to data collected for Italy by the ECDC “Surveillance 
Atlas of Infectious Diseases”, no isolations of S. Yopougon 
from humans have ever been recorded in Europe.

The presence of S. Yopougon in such a remote location 
in the Mediterranean Sea is probably related to the fact that 

Montecristo Island constitutes an important rest stop for doz-
ens of species of migratory birds coming from Africa (Spina 
et al. 1993; Montemaggiori et al. 2002).

The movements and migrations of birds represent a 
remarkable biological phenomenon, but at the same time, 
they can also determine epizootiological factors (Hubálek 
2004). Birds share with humans the peculiarity of traveling 
among countries and continents within a few hours (Jourdain 
et al. 2007). It is established that migratory birds are respon-
sible for a large geographical spread of viral, bacterial, and 
parasitic pathogens (Hubálek 2004; Jourdain et al. 2007; Foti 
et al. 2009). The efficiency of this geographical diffusion 
depends on various biotic factors (variety of native verte-
brate hosts, invertebrate vectors, resistance of the microor-
ganism in the environment) and abiotic factors (humidity, 
temperature, etc.), that influence the survival of the etio-
logical agent in the new environment. Migratory birds may 
be involved in the transport of pathogenic microorganisms 
through three epidemiological mechanisms: by serving as 
biological hosts, mechanical carriers, or biological hosts, 
and mechanical carriers of infected ectoparasites (Hubálek 
2004). When birds act as biological hosts, infection by the 
pathogen can be acute, chronic, latent, or asymptomatic. The 
latter course, in particular, is often determined by Salmo-
nella spp., although few studies have demonstrated this event 
in migratory birds (Hubálek 2004; Foti et al. 2009). In young 
specimens of some bird species, the spread of the pathogen 
is more effective, and the symptoms are more evident than in 
adults, even in cases of Salmonella spp. infections. Moreo-
ver, migrations represent an important stress factor for these 
animals and the immune defenses can be affected, increasing 
the susceptibility to various pathogens and consequently the 
duration of their spreading (Hubálek 2004).

At Italian latitudes, from spring to summer, birds arriv-
ing from sub-Saharan Africa become numerous, both in 
number of species and individuals, particularly from 
March to July, a period that coincides with spring migra-
tions and mating season. This can lead to a greater risk 
of introduction of pathogens from African continent to 
Italian latitudes. Most of the sub-Saharan bird species that 
pass through the Mediterranean Sea in spring are insec-
tivorous passerines, which winter in Africa and mate in 
Europe (Jourdain et al. 2007). Crossing the Mediterranean 
may imply the need to fly over large stretches of open sea 
for hundreds of kilometers and most European passerines 
potentially possess all the biological characteristics to 
succeed in this undertaking. During these very energy-
consuming journeys, the islands can represent a unique 
opportunity to stop while crossing the sea.

In 1988, the National Institute for Wild Fauna (Isti-
tuto Nazionale per la Fauna Selvatica, INFS) launched 
the "Small Islands Project" (Progetto Piccole Isole, 
PPI), which subsequently became an integral part of the 
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“European-African Songbird Migration Network” starting 
in 1994 to study and characterize the migratory processes 
of birds across the Mediterranean Sea (Montemaggiori 
et al. 2002). Montecristo Island is counted among the 
many islands examined within the PPI: this allowed to 
draw up a list of migratory species of ornithological inter-
est, which use the island as a stopover before continuing 
their flight to Northern Europe. The installation of special 
capture nets (mist-nets) on the island has made it possible 
to determine the elements (species, number of species, and 
period of the year) that distinguish migrations in this area 
of the central Mediterranean (Spina et al. 1993).

Assuming that S. Yopougon originated from strains of 
S. enterica native to the country of first isolation (Ivory 
Coast), it is plausible that this serovar could have reached 
Montecristo Island through one or more individuals, or one 
or more species of migratory birds, that regularly stop on 
the island during their journey. The Western Whip Snake 
of Montecristo, as previously mentioned, is a reptile that 
mainly preys on lizards and small passerines. Therefore, it 
is possible that the snake, tested positive for S. Yopougon, 
may have become infected by preying on an already infected 
passing African passerine.

In Europe and Italy, the isolation of Salmonella spp. from 
migratory bird species from Africa has been demonstrated 
on several occasions (Hubálek 2004; Jourdain et al. 2007; 
Foti et al. 2009, 2011; Mancini et al. 2020).

A recent study on some pathogenic bacteria (Salmonella 
spp., Campylobacter spp., and Yersinia enterocolitica) was 
conducted by collecting fecal samples of migratory and 
sedentary species of birds in the Laghi Lungo e Ripasottile 
Regional Natural Park of Lazio, from March to December 
2012. Out of 92 samples divided into 16 different bird spe-
cies, 3 were positive for Salmonella spp. (3.20%), particu-
larly S. Livingstone was isolated in feces from a specimen 
of blackcap (Sylvia atricapilla). Blackcaps are migratory 
passerines that also come from sub-Saharan Africa and the 
Ivory Coast (Spina et al. 2022). Their massive presence 
in Montecristo Island was demonstrated during migration 
between March and April, within the research context of 
the PPI (Spina et al. 1993; Svensson et al. 2015; Mancini 
et al. 2020).

In a previous study conducted in 2006, samples were 
collected from cloacal swabs and organs of the only spe-
cies of migratory birds found dead on Ustica Island, off 
the coast of Sicily. Out of 21 specimens, only 1 Salmo-
nella bongori serovar 48z:35 positive bird was identified, 
once again in a blackcap (Foti et al. 2011). The authors 
hypothesized correlation between the S. bongori strain 
isolated from the blackcap and two epidemic clusters of 
human salmonellosis affected children aged between 1 
and 2 years with acute enteritis, in Palermo and Messina 

between the 1980s and 1990s. Molecular investigations 
demonstrated that the strain responsible for human epi-
demics shared identical genetic pattern with one from 
the blackcap of 2006, as well as other strains of the same 
serovar isolated from two healthy pigeons in southern 
Italy, also in 2006 (Giammanco et al. 2002; Foti et al. 
al. 2009). Furthermore, S. bongori serovar 48:z35 was 
recently isolated in Piedmont from a child with acute 
hemorrhagic enteritis. Based on epidemiological inves-
tigation, it is suggested that the patient may have become 
infected during a trip to Sardinia, although the source of 
infection could not be traced, and there were no reported 
contacts with local wildlife. (Bellio et al. 2016).

Very little is still known about the potential commensal 
bacteria of Italian and European free-living reptiles, espe-
cially regarding the pathogenic impact that some of them 
could have on humans or domestic and wild animals. In this 
context, a more comprehensive study on the commensal 
flora of free-living reptiles in Italy is desirable, to assess 
the risk of zoonosis for humans and transmission to other 
animal species. Furthermore, research on the microbiota of 
the fauna of certain natural reserves uninhabited by humans, 
including Montecristo Island, would be necessary to dis-
cover potential pathogens that may have apparently disap-
peared or never emerged.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00203- 023- 03772-w.

Acknowledgements We thank Lisa Barco and the staff of National Ref-
erence Centre for Salmonellosis (Istituto Zooprofilatico Sperimentale 
delle Venezie, Legnaro, PD, Italy) for personal communication. We 
thank Antonio Battisti and all the staff of the Department of General 
Diagnostics (IZSLT, Rome) for technical support. We thank Maria Gra-
zia Marrocco, Gina di Giampietro, and Emilia Rasile (CREP, IZSLT, 
Rome), and all the staff of the Food Microbiology Unit laboratories 
of IZSLT of Rome and the IZSLT UOT Tuscany North (Pisa) for the 
technical support to microbiological analyses. This work is dedicated 
to our beloved Emilia.

Authors' contributions AF.DB. and C.C. wrote the main manuscript 
text. V.R. conducted the bioinformatic analysis and wrote the Mate-
rials and Methods section and genomic analysis in results. S.V. and 
S.P. carried out microbiological analysis. ML.DM. supervised and led 
the research planning and execution. G.T. carried out the necroscopic 
exams and the microbiological identification. C.F. carried out the 
toxicologic test. A.M. gave valuable information about bird ecology. 
MAL.Z. gave valuable information about snake ecology and Monte-
cristo habitat. FX.W. supervised and supplied the sequences of the 
formerly isolated S. Yopougon strain. T.B. supervised the writing of 
the manuscript and approved the final version. All authors reviewed 
the manuscript.

Funding This work was funded by the Italian Ministry of Health, as 
part of the Ricerca Corrente 2020 programme, grant IZS AM 01/20.

Availability of data and materials Raw reads of the newly found S. 
Yopougon were archived in the GenBank database (NCBI- SRA) 
under the BioProject PRJNA998331, BioSample SAMN36701244; 

https://doi.org/10.1007/s00203-023-03772-w


Archives of Microbiology          (2024) 206:49  Page 7 of 8    49 

and in EnteroBase database under the barcode SAL_SB9201AA, name 
SAL_117300.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose. The authors have no competing interests 
to declare that are relevant to the content of this article. All authors cer-
tify that they have no affiliations with or involvement in any organiza-
tion or entity with any financial interest or non-financial interest in the 
subject matter or materials discussed in this manuscript. The authors 
have no financial or proprietary interests in any material discussed in 
this article.

Ethical approval Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Achtman M, Zhou Z, Alikhan NF, Tyne W, Parkhill J, Cormican M, 
Chiou CS, Torpdahl M, Litrup E, Prendergast DM et al (2021) 
Genomic diversity of Salmonella enterica - the UoWUCC 10K 
genomes project. Wellcome Open Res 5:223. https:// doi. org/ 10. 
12688/ wellc omeop enres. 16291.2

Andrews S (2023) Babraham Bioinformatics-FastQC a Quality Control 
tool for High Throughput Sequence Data. http:// www. bioin forma 
tics. babra ham. ac. uk/ proje cts/ fastqc/ Accessed 03/2023.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov 
AS, Lesin VM, Nikolenko SI, Pham S et al (2012) SPAdes: a 
new genome assembly algorithm and its applications to single-
cell sequencing. J Comput Biol 19:455–477. https:// doi. org/ 10. 
1089/ cmb. 2012. 0021

Bellio A. Bianchi DM, Acutis P, Biolatti C, Luzzi I, Modesto P, Roc-
chetti A, Decastelli L, Gallina S, 2016. Salmonella bongori 
48:z35:– The first Italian case of human infection outside Sicily. 
Microbiol Med, 31(3).https:// doi. org/ 10. 4081/ mm. 2016. 5884

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trim-
mer for Illumina sequence data. Bioinformatics 30:2114–2120. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btu170

Boni-Cissé C, Meité S, Faye-Ketté H, Houedanou C, Timité-Konan 
M, Kalpi C, Bakayoko S, Nguessend N, Akessé N et al (2012) 
Serotypes and antibiotypes of Salmonella isolated at the Univer-
sity Teaching Hospital of Yopougon, Abidjan, Cote d’Ivoire from 
2005 to 2009. J Microbiol Antimicrob 4:40–44

Bonny AC, Karou TG, Ake MDF, Dadie AT, Bohoua LG, Niamké SL 
(2015) Distribution of serovars and antibiotic resistance genes 
of Salmonella isolated from chicken gizzards in Abidjan, Côte 
d’Ivoire. IJIAS 11:567–578

Brettin T, Davis JJ, Disz T, Edwards RA, Gerdes S, Olsen GJ, Olson 
R, Overbeek R, Parrello B et al (2015) RASTtk: a modular and 
extensible implementation of the RAST algorithm for building 

custom annotation pipelines and annotating batches of genomes. 
Sci Rep 5:8365. https:// doi. org/ 10. 1038/ srep0 8365

Briones V, Tellez S, Goyache J, Ballesteros C, Del Pilar LM, 
Dominguez L, Fernandez Garayzabal JF (2004) Salmonella 
diversity associated with wild reptiles and amphibians in Spain. 
Environ Microbiol 6:868–871. https:// doi. org/ 10. 1111/j. 1462- 
2920. 2004. 00631.x

Bushnell B (2023) BBMap. https:// sourc eforge. net/ proje cts/ bbmap/. 
Accessed 03/2023

Fornasiero S, Corti C, Luiselli L, Zuffi MAL (2007) Sexual size 
dimorphism, morphometry and phenotypic variation in the Whip 
Snake Hierophis viridiflavus from a central Mediterranean area. 
Rev Écol (La Terre Et La Vie) 62:73–85. https:// doi. org/ 10. 3406/ 
revec. 2007. 1346

Foti M, Daidone A, Aleo A, Pizzimenti A, Giacopello C, Mammina 
C (2009) Salmonella bongori 48:z 35:– in migratory birds, Italy. 
Emerg Infect Dis 15:502–503. https:// doi. org/ 10. 3201/ eid15 03. 
080039

Foti M, Rinaldo D, Guercio A, Giacopello C, Aleo A, De Leo F, Fisi-
chella V, Mammina C (2011) Pathogenic microorganisms carried 
by migratory birds passing through the territory of the island of 
Ustica, Sicily (Italy). Avian Pathol 40:405–409. https:// doi. org/ 
10. 1080/ 03079 457. 2011. 588940

Giammanco GM, Pignato S, Mammina C, Grimont F, Grimont 
PAD, Nastasi A, Giammanco G (2002) Persistent endemicity 
of Salmonella bongori 48:z 35:− in southern Italy: molecular 
characterization of human, animal, and environmental isolates. 
J Clin Microbiol 40:3502–3505. https:// doi. org/ 10. 1128/ JCM. 
40.9. 3502- 3505. 2002

Gurevich A, Saveliev V, Vyahhi N, Tesler G (2013) QUAST: qual-
ity assessment tool for genome assemblies. Bioinformatics 
29:1072–1075. https:// doi. org/ 10. 1093/ bioin forma tics/ btt086

Grimont P, Weill FX (2007) Antigenic formulae of the Salmonella 
serovars, 9th ed. WHO Collaborating Centre for Reference and 
Research on Salmonella, Paris. Institute Pasteur., p 1–166

Hubálek Z (2004) An annotated checklist of pathogenic microorgan-
isms associated with migratory birds. J Wildl Dis 40:639–659. 
https:// doi. org/ 10. 7589/ 0090- 3558- 40.4. 639

Joensen KG, Scheutz F, Lund O, Hasman H, Kaas RS, Nielsen EM, 
Aarestrup FM (2014) Real-time whole-genome sequencing for 
routine typing, surveillance, and outbreak detection of verotoxi-
genic Escherichia coli. J Clin Microbiol 52:1501–1510. https:// 
doi. org/ 10. 1128/ jcm. 03617- 13

Jourdain E, Gauthier-Clerc M, Bicout D, Sabatier P (2007) Bird 
migration routes and risk for pathogen dispersion into western 
Mediterranean wetlands. Emerg Infect Dis 13:365–372. https:// 
doi. org/ 10. 3201/ eid13 03. 060301

Kidgell C, Reichard U, Wain J, Linz B, Torpdahl M, Dougan G, 
Achtman M (2002) Salmonella typhi, the causative agent of 
typhoid fever, is approximately 50,000 years old. Infect Genet 
Evol 2:39–45

Knijn A, Michelacci V, Orsini M, Morabit S (2020) Advanced 
research infrastructure for experimentation in genomicS 
(ARIES): a lustrum of Galaxy experience. Bioinformatics. 
https:// doi. org/ 10. 1101/ 2020. 05. 14. 095901

Köbölkuti L, Spinu M, Cadar D, Czirjak G, Kiss T (2009) Classi-
cal and molecular monitoring of the prevalence of Salmonella 
spp. carriage in free-living and captive native Vipera snakes 
in Romania. Lucr Ştiinţ - Univ Ştiinţe Agric Med Vet Banat 
Timiş 42:294–298

Krautwald-Junghanns ME, Stenkat J, Szabo I, Ortlieb F, Blindow I, 
Neul AK, Pees M, Schmidt V (2013) BMTW - Characterization 
of Salmonella isolated from captive and free-living snakes in Ger-
many. Berl Munch Tierarztl Wochenschr 126:209–215. https:// doi. 
org/ 10. 2376/ 0005- 9366- 126- 209

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.12688/wellcomeopenres.16291.2
https://doi.org/10.12688/wellcomeopenres.16291.2
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.4081/mm.2016.5884
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/srep08365
https://doi.org/10.1111/j.1462-2920.2004.00631.x
https://doi.org/10.1111/j.1462-2920.2004.00631.x
https://sourceforge.net/projects/bbmap/
https://doi.org/10.3406/revec.2007.1346
https://doi.org/10.3406/revec.2007.1346
https://doi.org/10.3201/eid1503.080039
https://doi.org/10.3201/eid1503.080039
https://doi.org/10.1080/03079457.2011.588940
https://doi.org/10.1080/03079457.2011.588940
https://doi.org/10.1128/JCM.40.9.3502-3505.2002
https://doi.org/10.1128/JCM.40.9.3502-3505.2002
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.7589/0090-3558-40.4.639
https://doi.org/10.1128/jcm.03617-13
https://doi.org/10.1128/jcm.03617-13
https://doi.org/10.3201/eid1303.060301
https://doi.org/10.3201/eid1303.060301
https://doi.org/10.1101/2020.05.14.095901
https://doi.org/10.2376/0005-9366-126-209
https://doi.org/10.2376/0005-9366-126-209


 Archives of Microbiology          (2024) 206:49    49  Page 8 of 8

Lamas A, Miranda JM, Regal P, Vázquez B, Franco CM, Cepeda A 
(2018) A comprehensive review of non-enterica subspecies of 
Salmonella enterica. Microbiol Res 206:60–73. https:// doi. org/ 
10. 1016/j. micres. 2017. 09. 010

Liu B, Zheng D, Jin Q, Chen L, Yang J (2019) A comparative pathog-
enomic platform with an interactive web interface. Nucleic Acids 
Res 47:D687–D692. https:// doi. org/ 10. 1093/ nar/ gky10 80

Luiselli L, Petrozzi F, Mebert K, Zuffi MAL, Amori G (2015) Resource 
partitioning and dwarfism patterns between sympatric snakes in a 
micro-insular Mediterranean environment. Ecol Res 30:527–535. 
https:// doi. org/ 10. 1007/ s11284- 015- 1250-x

Mancini L, Marcheggiani S, D’Angelo AM, Chiudioni F, Delibato E, 
Dionisi AM, Luzzi I, De Medici D (2020) A case study on wild 
birds: a human enteric pathogens transmission. JESPH 4:267–281. 
https:// doi. org/ 10. 26502/ jesph. 96120 099

McWhorter A, Owens J, Valcanis M, Olds L, Myers C, Smith I, Trott 
D, McLelland D (2021) In vitro invasiveness and antimicrobial 
resistance of Salmonella enterica subspecies isolated from wild 
and captive reptiles. Zoonoses Public Health 68:402–412. https:// 
doi. org/ 10. 1111/ zph. 12820

Montemaggiori P, Spina F (2002) Il Progetto Piccole Isole (PPI): uno 
studio su ampia scala della migrazione primaverile attraverso il 
Mediterraneo. In: Brachetti P, Gariboldi A (eds) Manuale di Orni-
tologia, vol 3. Edagricole, Bologna, 330pp. ISBN: 8850648251

Olson RD, Assaf R, Brettin T, Conrad N, Cucinell C, Davis JJ, Demp-
sey DM, Dickerman A, Dietrich EM et al (2023) Introducing the 
bacterial and viral bioinformatics resource center (BV-BRC): a 
resource combining PATRIC, IRD and ViPR. Nucleic Acids Res 
51:D678–D689. https:// doi. org/ 10. 1093/ nar/ gkac1 003

Pawlak A, Morka K, Bury S, Antoniewicz Z, Wzorek A, Cieniuch G, 
Korzeniowska-Kowal A, Cichoń M, Bugla-Płoskońska G (2020) 
Cloacal gram-negative microbiota in free-living grass snake natrix 
natrix from poland. Curr Microbiol 7:2166–2171. https:// doi. org/ 
10. 1007/ s00284- 020- 02021-3

Pulford CV, Wenner N, Redway ML, Rodwell EV, Webster HJ, Escu-
dero R, Kröger C, Canals R, Rowe W et al (2019) The diversity, 
evolution and ecology of Salmonella in venomous snakes. PLOS 
Neg Trop Dis 13:e0007169. https:// doi. org/ 10. 1371/ journ al. pntd. 
00071 69

Schmidt V, Mock R, Burgkhardt E, Junghanns A, Ortlieb F, Szabo 
I, Marschang R, Blindow I, Krautwald-Junghanns ME (2014) 
Cloacal aerobic bacterial flora and absence of viruses in free-
living slow worms (Anguis fragilis), grass snakes (Natrix natrix) 
and european adders (Vipera berus) from Germany. EcoHealth 
11:571–580. https:// doi. org/ 10. 1007/ s10393- 014- 0947-6

Seemann T (2020) Abricate, Github https:// github. com/ tseem ann/ abric 
ate

Spina F, Massi A, Montemaggiori A, Baccetti N (1993) Spring migra-
tion across central Mediterranean: general results from the “Pro-
getto Piccole Isole.” Vogelwarte 37:1–94

Spina F, Baillie SR, Bairlein F, Fiedler W, Thorup K (2022) The 
Eurasian African bird migration atlas. https:// migra tiona tlas. org.
EURING/CMS

Svensson L, Mullarney K, Zetterström D, Grant PJ (2015) Guida degli 
uccelli d’Europa, Nord Africa e Vicino Oriente. 3a ed. Ricca Edi-
tore, Roma, 448pp. ISBN: 9788866940326

Vanni S, Zuffi MA (2011) Hierophis viridiflavus (Lacépède, 1789). In: 
Corti C, Capula M, Luiselli L, Razzetti E, Sindaco R (eds) Fauna 

d’Italia. Reptilia. Ministero dell’Ambiente e della Tutela del Ter-
ritorio, Calderini, Bologna, p 509–516

Vila Nova M, Durimel K, La K, Felten A, Bessières P, Mistou MY, 
Mariadassou M, Radomski N (2019) Genetic and metabolic sig-
natures of Salmonella enterica subsp. Enterica associated with 
animal sources at the pangenomic scale. BMC Genomics 20:814. 
https:// doi. org/ 10. 1186/ s12864- 019- 6188-x

Yao KR, Coulibaly KJ, Cissé S, Tiécoura KB, Goualié GB, Gueu KR, 
Yapi HF, Djaman AJ (2017) Prevalence of Salmonella strains in 
cattle breeding in the district of Abidjan(Côte d’Ivoire). Int J Curr 
Microbiol Appl Sci 6:1154–1162. https:// doi. org/ 10. 2056/ ijcmas. 
2017. 603. 134

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, 
Cuomo CA, Zeng Q, Wortman J et al (2014) Pilon: an integrated 
tool for comprehensive microbial variant detection and genome 
assembly improvement. PLoS ONE 9:e112963. https:// doi. org/ 10. 
1371/ journ al. pone. 01129 63

Zając M, Wasyl D, Różycki M, Bilska-Zając E, Fafiński Z, Iwaniak W, 
Krajewska M, Hoszowski A, Konieczna O et al (2016) Free-living 
snakes as a source and possible vector of Salmonella spp. and 
parasites. Eur J Wildl Res 62:161–166. https:// doi. org/ 10. 1007/ 
s10344- 016- 0988-y

Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, 
Lund O, Aarestrup FM, Larsen MV (2012) Identification of 
acquired antimicrobial resistance genes. J Antimicrob Chemother 
67:2640–2644. https:// doi. org/ 10. 1093/ jac/ dks261

Zhang S, Yin Y, Jones MB, Zhang Z, Deatherage Kaiser BL, Dinsmore 
BA, Fitzgerald C, Fields PI, Deng X (2015) Salmonella serotype 
determination utilizing high-throughput genome sequencing 
data. J Clin Microbiol 53:1685–1692. https:// doi. org/ 10. 1128/ 
jcm. 00323- 15

Zhang S, den Bakker HC, Li S, Chen J, Dinsmore BA, Lane C, Lauer 
AC, Fields PI, Deng X (2019) SeqSero2: Rapid and Improved Sal-
monella Serotype Determination Using Whole-Genome Sequenc-
ing Data. Appl Environ Microbiol 85:23. https:// doi. org/ 10. 1128/ 
AEM. 01746- 19

Zhou Z, Alikhan NF, Sergeant MJ, Luhmann N, Vaz C, Francisco 
AP, Carriço JA, Achtman M (2018) GrapeTree: visualization of 
core genomic relationships among 100,000 bacterial pathogens. 
Genome Res 28:1395–1404. https:// doi. org/ 10. 1101/ gr. 232397. 
117

Zhou Z, Alikhan NF, Mohamed K, The Agama Study Group, Achtman 
M (2020) The EnteroBase user’s guide, with case studies on Sal-
monella transmissions, Yersinia pestis phylogeny and Escherichia 
core genomic diversity. Genome Res 30:138–152

Zuffi MAL, Fornasiero S, Carlino P, Bonacci A, Corti C, Sperone E, 
Tripepi S (2003) Geographical comparison and body size dif-
ferentiation in the European Whip Snake, Hierophis viridiflavus, 
from central and southern Italy. In: Proceedings of the 12th ordi-
nary general meeting of the Societas Europaea Herpetologica, 
12–16 August 2003, Saint-Petersburg, Russia, p 113. ISBN: 
5-93881-044-2

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.micres.2017.09.010
https://doi.org/10.1016/j.micres.2017.09.010
https://doi.org/10.1093/nar/gky1080
https://doi.org/10.1007/s11284-015-1250-x
https://doi.org/10.26502/jesph.96120099
https://doi.org/10.1111/zph.12820
https://doi.org/10.1111/zph.12820
https://doi.org/10.1093/nar/gkac1003
https://doi.org/10.1007/s00284-020-02021-3
https://doi.org/10.1007/s00284-020-02021-3
https://doi.org/10.1371/journal.pntd.0007169
https://doi.org/10.1371/journal.pntd.0007169
https://doi.org/10.1007/s10393-014-0947-6
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://migrationatlas.org
https://doi.org/10.1186/s12864-019-6188-x
https://doi.org/10.2056/ijcmas.2017.603.134
https://doi.org/10.2056/ijcmas.2017.603.134
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1007/s10344-016-0988-y
https://doi.org/10.1007/s10344-016-0988-y
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1128/jcm.00323-15
https://doi.org/10.1128/jcm.00323-15
https://doi.org/10.1128/AEM.01746-19
https://doi.org/10.1128/AEM.01746-19
https://doi.org/10.1101/gr.232397.117
https://doi.org/10.1101/gr.232397.117

	An extremely rare serovar of Salmonella enterica (Yopougon) discovered in a Western Whip Snake (Hierophis viridiflavus) from Montecristo Island, Italy: case report and review
	Abstract
	Introduction
	Materials and methods
	Microbiological methods for identification and serotyping
	Whole genome sequencing
	Analytical methods for toxicological determinations

	Results
	Genomic analyses

	Discussion
	Anchor 11
	Acknowledgements 
	References


