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ABSTRACT

Monitoring zoonoses in urban environments is of great relevance, where the incidence of certain pathogens may
be higher and where population density makes the spread of any contagious disease more likely. In this study we
applied a metabarcoding approach to study potentially zoonotic pathogens in faecal samples of 9 urban verte-
brate species. We applied this methodology with two objectives. Firstly, to obtain information on potential
pathogens present in the urban fauna of a large European city (Madrid, Spain) and to determine which are their
main reservoirs. In addition, we tested for differences in the prevalence of these potential pathogens between
urban and rural European rabbits, used as ubiquitous species. Additionally, based on the results obtained, we
evaluated the effectiveness of metabarcoding as a tool for monitoring potential pathogen. Our results revealed
the presence of potentially zoonotic bacterial genera in all studied host species, 10 of these genera with zoonotic
species of mandatory monitoring in the European Union. Based on these results, urban birds (especially house
sparrows and pigeons) and bats are the species posing the greatest potential risk, with Campylobacter and Listeria
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genera in birds and of Chlamydia and Vibrio cholerae in bats as most relevant pathogens. This information
highlights the risk associated with fresh faeces from urban wildlife. In addition, we detected Campylobacter in
>50 % of the urban rabbit samples, while we only detected it in 11 % of the rural rabbit samples. We found that
urban rabbits have a higher prevalence of some pathogens relative to rural rabbits, which could indicate
increased risk of pathogen transmission to humans. Finally, our results showed that metabarcoding can be an
useful tool to quickly obtain a first screening of potentially zoonotic organisms, necessary information to target
the monitoring efforts on the most relevant pathogens and host species.

1. Introduction

Emerging infectious diseases, especially those with zoonotic poten-
tial, are a growing threat to human health (Jones et al., 2008; Morse
et al., 2012; Rohr et al., 2019). Zoonoses are infectious diseases that are
transmitted from nonhuman animals to humans (Palmer et al., 1998;
Taylor et al., 2001). These diseases can be caused by viruses, bacteria or
eukaryotic parasites (fungi, protozoa or helminths) and are transmitted
directly, through ingestion of contaminated food or water, or through
vectors such as mosquitoes or ticks (Taylor et al., 2001; Jones et al.,
2008; Rahman et al., 2020). It is estimated that more than half of known
human pathogens may be zoonotic (Taylor et al., 2001; Woolhouse and
Gowtage-Sequeria, 2005; Mackenstedt et al., 2015). Many zoonoses
have their origin in wildlife due to dynamic interactions between human
populations, wildlife and livestock. As human populations advance in
their occupation of hitherto virgin habitats, interactions at the animal-
human interface increase, facilitating the emergence and spread of
zoonoses worldwide (Magouras et al., 2020). Besides, factors such as
globalisation, agricultural intensification, climate change and under-
funded health care systems seem to favour the emergence of zoonotic
epidemics (Walsh et al., 2020).

For these reasons, zoonoses have gained global prominence over the
last decades, highlighting the need to establish preventive monitoring
mechanisms (Carlson et al., 2021). In the European Union, Directive
2003/99/EC of the European Parliament on the monitoring of zoonoses
and zoonotic agents stipulates which zoonotic organisms should be
monitored. In addition, the European Food Safety Authority (EFSA) and
the European Centre for Disease Prevention and Control (ECDC) report
annually on the incidence of these pathogens of zoonotic origin. How-
ever, the predominant wildlife disease monitoring system in Europe is
through passive surveillance (Cardoso et al., 2021), which means that
information is obtained or received by Veterinary Authorities without
being actively sought. Each Member State has its routine monitoring
protocols in animal health, food hygiene, and communicable human
diseases, which in most cases do not contemplate wildlife (Cardoso
et al., 2021). These states are required to notify any primary outbreaks
of the diseases listed in Annex I of the Directive 2003/99/EC that are
detected within their territory. Passive surveillance improves the prob-
ability of early detection of emerging diseases, but active surveillance (a
survey carried out specifically for monitoring purposes) is essential to
assess epidemiological dynamics and risk assessment of zoonoses and
zoonotic agents to establish rapid alert systems (Cardoso et al., 2021;
Chakraborty et al., 2022; Woods et al., 2019). For a correct risk
assessment, active surveillance must be carried out methodically and
regularly (Perez-Sancho et al., 2020). Moreover, without active sur-
veillance, retrospective assessments of the origin of an epidemic or
pandemic are complicated, hindering the decision-making process
(Chakraborty et al., 2022).

Furthermore, active surveillance should be prioritised in areas with
high population density, especially cities and peri-urban areas, where
the spread of any contagious disease is more likely (Mackenstedt et al.,
2015; Lindahl and Magnusson, 2020). Modern cities are in fact conur-
bations where people live in urban centres and surrounding towns
intermingled with agrarian land, forest patches and parks, where people
get in contact with many animal species, some of which may act as
vector of zoonoses (Mackenstedt et al., 2015). In the large European

cities, it is common for humans to coexist with animals, such as house
sparrows, pigeons, storks, gulls, rats, rabbits, bats, etc., and including in
the last decades some invasive alien species such as parakeets or rac-
coons (Parrott et al., 2009). Some of these species may be present in high
densities (especially rats, pigeons and parakeets), leading to a high
probability of human contact with their faeces. In the case of invasive
alien species, they may harbour a greater number of pathogens, as they
often have weaker defence mechanisms against native parasites
(Chinchio et al., 2020; Najberek et al., 2022) and, additionally, they may
also carry parasites that are exotic to the region (Mori et al., 2018;
Najberek et al., 2022). Furthermore, the prevalence of certain pathogens
may be higher in urban animals due to higher exposures to these path-
ogens, especially to gastrointestinal ones (Rothenburger et al., 2017).
However, there is a notable lack of research, and therefore knowledge,
on zoonoses in urban and peri-urban environments (Rothenburger et al.,
2017; Lindahl and Magnusson, 2020). Despite some species- and
pathogen-specific studies (Camacho et al., 2016; Navarro et al., 2019;
Perez-Sancho et al., 2020; Antilles et al., 2021), to our knowledge a
broad overview of the potentially zoonotic organisms circulating in the
urban ecosystem have not been provided.

Since active surveillance of several pathogens would be very
expensive and time-consuming, an alternative option could be the use of
next generation sequencing (NGS). Molecular approaches, such as
metabarcoding, can provide detailed information on the organisms
present in a sample through the massive sequencing of specific DNA
fragments (Shokralla et al., 2012; Taberlet et al., 2012; Compson et al.,
2020). Currently, metabarcoding is a relatively affordable and versatile
technique that allows to quickly obtain information about the organisms
of interest present in an environmental sample (Srivathsan et al., 2016;
Cabodevilla et al., 2023). Using this technique and appropriate molec-
ular markers, it should be possible to monitor zoonotic organisms of
bacterial or eukaryotic origin (Razzauti et al., 2014; Jahan et al., 2021;
Stensvold et al., 2021; Cabodevilla et al., 2024). In addition, this tech-
nique allows working with samples containing degraded DNA such as
faecal remains (Srivathsan et al., 2016; Compson et al., 2020), thus
facilitating sample collection and avoiding invasive techniques. Faecal
samples (especially when fresh) can provide valuable information on
organisms present in the host's intestinal tract (all faecal microbiota),
including pathogens (Briscoe et al., 2022; Cabodevilla et al., 2023). In
fact, it is extremely interesting to study the prevalence of pathogens in
faeces, as faeces are the most common animal origin substance that
humans come into contact with and one of the main sources of zoonoses
(Slifko et al., 2000; Garcia-Aljaro et al., 2019; Cabodevilla et al., 2024).
As a drawback, it should be noted that metabarcoding only certifies the
presence of the organism's DNA and not its viability or pathogenicity
(Bulman et al., 2018). Even so, it could be an ideal tool for efficient
screenings, providing information on potentially zoonotic organisms
circulating in animals and their prevalence. Furthermore, the
sequencing of the bacteria DNA present in faeces through metabarcod-
ing allows for comprehensive information on the entire faecal micro-
biota. While this microbiota is not identical to the gut microbiota, it
serves as a reliable proxy commonly used to study the gut microbiota in
a non-invasive manner (Jandhyala et al., 2015). This is particularly
significant because the gut microbiota of many species is not yet well-
characterized, despite its crucial importance for their health (Lee and
Hase, 2014; Jandhyala et al., 2015).
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In the present work, we studied the presence and prevalence of
potentially zoonotic pathogens in the urban wildlife of Madrid city
(Spain) and its surroundings, one of the largest European cities with
>3.2 million inhabitants and approximately 7 million including the
entire metropolitan area (conurbation). Our main objective was to
provide an overview of the potentially zoonotic organisms circulating
and, with it, a better understanding of the potential risks. The study was
carried out using metabarcoding of the 16S rRNA phylogenetic bacterial
marker gene by analysing faeces from 9 species (6 birds and 3 mam-
mals). In addition, using one of the species (European rabbit, Oryctolagus
cuniculus; Linnaeus, 1758), whose habitat use is clearly ubiquitous
(Galvez-Bravo, 2017), we analysed the differences in the presence of
these organisms between urban and rural areas. We hypothesize that in
urban areas, wildlife, including rabbits, are more commonly exposed to
pathogens due to their regular contact with anthropogenic waste, and
consequently, they may have higher prevalence rates and potentially
play an important role as vectors of these pathogens. We also aimed to
explore whether metabarcoding could be a useful tool to monitor
potentially zoonotic organisms circulating in the fauna of cities and their
surroundings and to identify the most important reservoirs of each
potentially zoonotic organism. Finally, we take advantage of the meta-
barcoding data obtained to provide insights into the faecal microbiota of
the species.

2. Methods
2.1. Target species and sample collection

We collected faecal samples of 9 different urban and peri-urban
species (six birds and three mammals; Table 1) that have frequent
contact with people, either directly or indirectly (faeces). We collected
samples of White stork (Ciconia ciconia; Linnaeus, 1758), Lesser Black-
backed gull (Larus fuscus; Linnaeus, 1758), Rock dove (Columba livia;
Gmelin, 1789), House sparrow (Passer domesticus; Linnaeus, 1758),
Monk parakeet (Myiopsitta monachus; Boddaert, 1783), Rose-ringed
parakeet (Psittacula krameri; Scopoli, 1769), Pipistrelle bat (Pipistrellus
sp.; Kaup, 1829), European rabbit and Common raccoon (Procyon lotor;
Linnaeus, 1758; Table 1; see abbreviated names used hereafter in
Table 1). Storks and gulls are common in cities and usually feed on

Table 1

Target species and their respective sample size after sample processing (number
of samples with data after sequencing and filtering). More information about the
samples' origin can be found at Supplementary Material Table Al.

Common Scientific Name Collected Sample
name name used in samples with
this work data
Birds White stork  Ciconia Stork 45 37

ciconia

Lesser Larus fuscus Gull 45 39

Black-

backed gull

Rock dove Columba Pigeon 66 61
livia

House Passer Sparrow 24 16

sparrow domesticus

Monk Myiopsitta Monk 80 31

parakeet monachus parakeet

Rose- Psittacula Rose- 10 6

ringed krameri ringed

parakeet parakeet

Mammals  Pipistrelle Pipistrellus Bat 16 16

sp.

European Oryctolagus Urban 39 31

rabbit cuniculus Rabbit

European Oryctolagus Rural 36 19

rabbit cuniculus Rabbit

Common Procyon lotor ~ Raccoon 17 14

raccoon
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landfills (Cook et al., 2008; Gyimesi et al., 2016; Pineda-Pampliega
et al., 2021). Stork samples (45) were collected in Colmenar Viejo (35
km North from Madrid city, Spain), very close to the Colmenar Viejo
landfill (Supplementary Material Table A1). During winter, these storks
sleep in the village, and spend the day eating at the landfill and its
surroundings. Gull samples (45) were collected in Manzanares el Real
(46 km North from Madrid city). These gulls feed mainly at the large
landfills of Madrid (Colmenar Viejo and Valdemingémez, 15 km South
from Madrid city), and roost at the Santillana reservoir, which supplies
water to Madrid. Feral pigeons and sparrows are two iconic species of
cities, which are abundant and commonly feed in parks and street
pavements on anthropogenic waste. Samples of both species (66 samples
of pigeon and 24 of sparrow) were collected in Madrid city (Spain) and
surrounding towns (Supplementary Material Table Al). The two para-
keet species are invasive alien species that colonised the city just a few
decades ago (in the 80s). Moreover, Monk parakeet could be a key
species as a reservoir of zoonotic pathogens due to its high density in
Madrid, with around 40 % of the Spanish population (Molina et al.,
2016), its colonial habits (Burger and Gochfeld, 2009; Rodriguez-Pastor
et al., 2012), and its continuous contact with humans. Parakeet samples
(80 samples of Monk parakeet and 10 of Rose-ringed parakeet) were
provided by the Area de Gobierno de Medio Ambiente y Movilidad of the
Madrid City Council. We included bats in the study because it is docu-
mented that bats can be reservoirs of different pathogens (Miihldorfer,
2013). Bat samples (16) were collected in Madrid city from bat boxes
occupied by pipistrelles. The rabbit is a common mammal in urban parks
and city outskirts, which has already been described as a reservoir of a
zoonotic parasite (Leishmania sp.) (Jiménez et al., 2014), as well inhabits
in purely rural areas. In the case of rabbits, we performed a stratified
sampling in different locations of the Community of Madrid, categoris-
ing as urban (39) or rural (36) samples, based on proximity to a city/
town and probability of contact with people and products of anthropic
origin (estimated based on personal observations, areas with a high
affluence of walkers, runners and bikers). Urban samples were collected
within 350 m of towns or cities with a population of at least 10,000
inhabitants, while rural samples were taken from locations >450 m
away, with an average distance >2 km. Two exceptions were made for
two samples located 1 km from the city in areas with high pedestrian,
runners, and bikers circulation, which were classified as urban due to
their high potential for human contact. Finally, raccoons' samples (17)
were provided by the Consejeria de Medio Ambiente, Vivienda y Agri-
cultura of the Community of Madrid. Raccoons are an important inva-
sive species whose populations are continuously growing in Spain
despite population control efforts (Valdez et al., 2022).

All faeces (Table 1), with the exception of samples from the two
parakeet species and raccoon, were collected from the ground in
roosting areas, and were collected as fresh as possible (still wet). In the
case of the two parakeets and raccoon, samples were obtained by cloacal
swabs. Since they are invasive exotic species, there is a population
control program for both species lead by City Council and samples were
facilitated by veterinarians conducting it. Faeces were collected in in-
dividual containers (Eppendorf or Falcons depending on the sample
size) in 96° pure ethanol and stored cold until transfer to the laboratory,
where they were kept frozen at —20 °C until DNA extraction (Vogtmann
et al., 2017).

2.2. Sample processing

We used the MagBind Environmental DNA 96 Kit (Omega BioTek) to
perform the DNA extractions. Then we checked the quality of extracted
DNA through agarose gel electrophoresis and measured its concentra-
tion using Picogreen (Invitrogen). We used the primers 357Fw (5-
CCTACGGGNGGCWGCAG-3) and 785R (5-GACTACHVGGGTATC-
TAATCC-3) targeting the V3-V4 region (Herlemann et al., 2011) for the
amplification of the 16S rRNA bacterial phylogenetic marker, including
Illumina sequencing adapters. For DNA amplification, we used 4 pl of
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template DNA in a reaction mixture containing 35 pl of ddH20, 2.75 pl
of dNTPs (10 mM each), 11 pl of 5x reaction buffer, 0.3 pl of each primer
(10 mM), and 0.6 pl of Q5® HighFidelity DNA Polymerase (New En-
gland Biolabs). Thermocycler conditions consisted of 95 °C for 30 s,
followed by 20 cycles of 95 °C for 10 s, 55 °C for 30 s, and 72 °C for 30 s.
PCR products were then treated with 20 U of Exol (Thermo Scientific)
for 20 min at 37 °C to remove the initial primers followed by 15 min at
80 °C to inactivate the enzyme. Then, samples were subjected to 10 more
PCR cycles as above using primers bearing the required Illumina
adapters and barcodes. We checked the amplicon libraries produced
through agarose gel electrophoresis and measured their concentration
using Picogreen (Invitrogen). We pooled equimolar amounts from each
library, run on an agarose gel, excised the appropriate band, and puri-
fied using Monarch® DNA Gel Extraction Kit. Finally, the end product
was sequenced with an Illumina MiSeq NGS platform using 600 cycle v3
reagent kits following the manufacturer's instructions.

2.3. Pathogens of interest: zoonoses and zoonotic agents

We consider pathogens of interest those mentioned by the European
Centre for Disease Prevention and Control (ECDC) and/or the US Centers
for Disease Control and Prevention (CDC) as zoonoses or zoonotic agents
(Table 2; ECDC, 2022; CDC, 2022). In addition, we paid special attention
to those zoonoses and zoonotic agents whose monitoring is mandatory
in the European Union (Table 3), according to the European Parliament
Directive 2003/99/EC on the monitoring of zoonoses and zoonotic
agents. Although the information obtained by metabarcoding ensures
the presence but not the viability and pathogenicity of the detected taxa,
in this work we use this tool to quickly obtain an integrated overview on
the zoonotic potential of the faeces of each species.

2.4. Bioinformatic and statistical analyses

We carried out all bioinformatic analyses using Cutadapt software
(Martin, 2011) and R v4.1.2 software with the DADA2 v1.22.0 package
(Callahan et al., 2016, 2017; R Core Team, 2021). First, we removed the
primers from the sequences using Cutadapt. Then we filtered the se-
quences based on quality (allowing maximum of 2 expected errors) and
trimmed based on sequences length (to 275 pb in forward and to 215 pb
in reverse). Next, we merged forward and reverse sequences, con-
structed a table of amplicon sequence variants (hereafter ASV), and
removed chimeric sequences. Finally, we assigned the taxonomy using a

Table 2
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Table 3

Zoonoses and prokaryotic zoonotic agents listed in Annex 1 of Directive 2003/
99/EC. Relevance = 1, zoonoses of mandatory monitoring in the European
Union (Annex 1, Part A). Relevance = 2, zoonoses of mandatory monitoring
depending on the epidemiological situation of the country (Annex 1, Part B)

Genus Species Relevance
Borrelia B. burgdorferi 2
Brucella B. sp. 1
Campylobacter C. sp. 1
Chlamydia C. psittaci 2
Clostridium C. botulinum 1
Escherichia E. coli" 1
Leptospira L. sp. 2
Mycobacterium M. tuberculosis 1
Mycobacterium M. bovis 1
Mycobacterium M. caprae 2
Listeria L. monocytogenes 1
Salmonella S. sp. 1
Vibrio V. sp. 2
Yersinia Y. sp. 2

@ For Escherichia coli it is only compulsory to report cases of verotoxigenic
Escherichia coli.

minBoot of 80 and SILVA (v138) reference database (Quast et al., 2012;
Callahan et al., 2017; McLaren and Callahan, 2021). Once the ASV table
was built, we performed a second data cleaning. We removed samples
with <5000 reads, and among the remaining samples we removed ASVs
not classified at phylum level or that presented <3 reads. We then
calculated the relative read abundance (RRA) of each ASV for each
sample and removed those ASVs with a maximum RRA lower than 0.01
%.

For the analysis of potential zoonoses, we only kept those ASVs that
were identified at genus level as a genus considered zoonotic in Table 2.
These ASVs were combined at the genus level for the following analyses.
From this dataset, we have followed two different approaches. First,
removing the samples of rural rabbits (keeping only urban samples), we
characterized the prevalence of sequences of potential zoonotic agents
in host species, with the aim of assessing the zoonotic potential of
samples. We constructed a complete table of prevalence's and mean RRA
values per genus in the host species. We also built a prevalence graph per
potentially zoonotic genera, focusing only in those genera that have
species whose monitoring is mandatory by the EU (The same informa-
tion but grouped by host species can be found in Supplementary Mate-
rial Fig. A1). On the other hand, using the data from rabbits (both urban

Prokaryotic organisms listed as zoonotic agents by the European Centre for Disease Prevention and Control (ECDC; source = 1) and/or the US National Public Health

Agency (CDC, source = 2).

Genus Species Source Genus Species Source
Aeromonas Aeromonas sp. 2 Mycobacterium M. marinum 2
Bacillus Bacillus sp. 1 Mycobacterium M. shottsii 2
Bartonella Bartonella henselae 2 Mycobacterium M. pseudoshottsii 2
Borrelia Borrelia burgdorferi 1&2 Mycobacterium M. fortuitum 2
Brucella Brucella sp. 1&2 Mycobacterium M. chelonae 2
Campylobacter C. sp. 1&2 Mycobacterium M. abscessus 2
Capnocytophaga C. sp. 2 Mycobacterium M. gordonae 2
Chlamydia C. psittaci 1&2 Mycobacterium M. salmoniphilum 2
Clostridium C. botulinum 1 Mycobacterium M. haemophilum 2
Clostridium C. perfringens 1 Mycobacterium M. tuberculosis 1&2
Coxiella C. burnetii 1&2 Proteus P. sp. 1
Cronobacter C. sakazakii 1 Rickettsia R. rickettsia 2
Enterococcus E. sp. 1 Salmonella S. sp. 1&2
Erysipelothrix E. rhusiopathiae 1&2 Shigella S. sp. 1
Escherichia E. coli 1&2 Spirillum S. minus 2
Francisella F. tularensis 1&2 Staphylococcus S. aureus 1&2
Klebsiella K. sp. 1 Streptobacillus S. moniliformis 2
Leptospira L. sp. 1&2 Vibrio V. sp. 1
Listeria L. monocytogenes 1 Yersinia Y. pestis 1&2
Mycobacterium M. bovis 1&2 Yersinia Y. enterocolitica 1&2
Mycobacterium M. caprae 1&2
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and rural) we performed a comparative analysis on the prevalence of
potentially zoonotic organisms between urban and rural rabbits. To do
this, we fitted General Linear Models (GLMs) with a binomial error and
logit link function using the lme4 package in R (Bates et al., 2015). We
fitted a model for each bacteria genera and used the rabbit sample
category (urban or rural) as fixed factor.

Finally we carried out some analyses to characterise the faecal
microbiota of the host species. First, we generated two heatmaps (one at
Phylum level and another one at genus level) using the R package
ampvis2 (Andersen et al., 2018). Subsequently, to assess the differences
in faecal microbiota composition between host species, we carried out
Nonmetric Multi-Dimensional Scaling (NMDS) and permutational
multivariate analysis of variance (PERMANOVA) using the vegan v2.42
package in R (Dixon, 2003). Lastly, we analysed the relation between
host species' faecal microbiotas by calculating the Pianka's index of
overlap (Pianka, 1973) using the R package EcoSimR (Gotelli et al.,
2015). This index ranges from 0 to 1 (full overlap) and allows to quantify
the degree of similarity between two samples, faecal microbiotas in our
case. We used the R package corrplot (Wei and Simko, 2021) to visualize
these values.

3. Results

During the filtering process, 29 samples were excluded for having
fewer than 5000 reads, resulting in 270 samples retained from the
original 299 with sequencing data. After all filtering, an average
coverage per sample of 25,737.2 reads (maximum of 175,480 and
minimum of 5037) and a total of 13,534 ASVs were obtained. 51.3 % of
these ASVs could be identified to genus level, grouped into 777 genera.

3.1. Potentially zoonotic pathogens

Among the prokaryotic organisms classified as zoonotic (Table 2),
we detected DNA of 21 potentially zoonotic bacterial genera in the
analysed samples (Supplementary Material Table A2), 10 of which
include zoonotic species of mandatory monitoring in the European
Union (Fig. 1, Table 3): Brucella, Campylobacter, Chlamydia, Clostridium,
Escherichia, Listeria, Mycobacterium, Salmonella, Vibrio, and Yersinia.
Clostridium and Escherichia were detected in all host species, with
prevalence higher than 0.40 for all of them except for the rabbit (Fig. 1).
Brucella was only detected in pigeon and bat, with very low prevalence
(proportion of samples) in pigeon (0.02) but with a prevalence of 0.14 in
bat faeces (Fig. 1; Supplementary Information Table A2). Campylobacter
was detected in 7 of the 9 host species, with prevalence over 0.50 in
sparrow (0.50) and urban rabbit (0.55) and prevalence over 0.10 in
Rose-ringed parakeet (0.17), Monk parakeet (0.16), and pigeon (0.11).
Chlamydia was only detected in bats, with a prevalence of 0.48. Listeria
was detected in 6 species. Mycobacterium was detected in 8 out of the 9
species, with prevalence higher than 0.10 in all of them except for the
stork and the Monk parakeet. Salmonella was only detected in a stork
samples. Vibrio was detected in bats and raccoon. And Yersinia was only
detected in sparrow, with a prevalence of 0.29 (Fig. 1, Supplementary
Information Table A2). Overall, the bat was the host species in which the
most potentially zoonotic genera of mandatory monitoring were detec-
ted, 7 out of 10 (Fig. 1; Supplementary Material Fig. Al), followed by
stork, pigeons and sparrows with 6 genera detected.

In addition, the taxonomic assignment (using a minBoot threshold of
80) enabled species-level identification for 37 % of the ASVs categorized
as potentially zoonotic genera of mandatory monitoring, with 10 zoo-
notic species of relevance identified (Table 4): Brucella melitensis,
Campylobacter cuniculorum, Campylobacter jejuni, Campylobacter lari,
Escherichia coli, Listeria monocytogenes, Salmonella enterica, Vibrio chol-
erae, Yersinia enterocolitica and Yersinia rohdei. Brucella melitensis was
detected in pigeon (0.02) and bat (0.18). Campylobacter cuniculorum was
detected in Monk parakeet and urban rabbit, in the latter with a prev-
alence of 0.42. Campylobacter jejuni was identified in faeces of pigeon
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Fig. 1. Prevalence of each zoonotic bacterial genus that is mandatory for
monitoring in the EU in the faeces of host species. We have used the abbrevi-
ation M. parakeet to refer to Monk parakeet and RR. parakeet to refer to Rose-
ringed parakeet.

and sparrow. Escherichia coli was detected in all host species and in most
cases with high prevalence. However, in the case of Escherichia coli it
could be either zoonotic or risk-free as our analyses does not allow us to
discriminate between them. Listeria monocytogenes was present in sam-
ples of stork, gull, pigeon, sparrow, Monk parakeet, and bat, with
highest prevalence in gull (0.10), but highest abundance per sample
(RRA) in sparrow (with up to 0.68 % of reads) and Monk parakeet (with
up to 0.51 % of reads; Table 4). Salmonella enterica was only detected in a
stork sample and Vibrio cholerae was only detected in a single bat sam-
ple. Finally, both Yersinia species were detected in sparrow.

3.2. Differences between urban and rural rabbits in the prevalence of
zoonotic pathogens

Regarding the differences on the prevalence of potentially zoonotic
pathogens between urban and rural rabbits, our results showed a sig-
nificant effect for two bacterial genera (Fig. 2; Supplementary Infor-
mation Table A3), Campylobacter (Fi4g = 10.50, P < 0.01) and
Staphylococcus (Fy48 = 4.62, P < 0.05). In both cases, urban rabbits
showed higher prevalence than rural rabbits. For Campylobacter (of
mandatory monitoring), urban rabbits had a prevalence of 0.55 while
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Table 4
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Prevalence of ASVs identified as potentially zoonotic bacteria species of mandatory monitoring. In brackets and grey the maximum RRA value is given (Relative read
abundance in percentage obtained in a single sample). Many ASVs could not be identified to specie level, so this table provides only partial data.

Stork Gull Pigeon Sparrow Monk parakeet Rose-ringed Bat Urban Rural Raccoon
parakeet Rabbit Rabbit
Brucella melitensis 0.02 (0.01) 0.18 (0.11)
Campylobacter 0.06 (0.02) 0.42 (0.48)
cuniculorum
Campylobacter 0.03 (0.07) 0.06 (0.09)
Jjejuni
Campylobacter lari 0.03 (0.02)
Escherichia coli 0.41 (4.01) 0.49 (5.52) 0.84 (49.93) 0.81 (13.32) 1 (95.55) 1(4.53) 0.44 (4.80) 0.16 (0.21) 0.16 (0.02) 1
(50.60)
Listeria 0.05 (0.05) 0.10 (0.06) 0.02 (0.05) 0.06 (0.68) 0.06 (0.51) 0.06 (0.20)
monocytogenes
Salmonella enterica 0.03 (0.04)
Vibrio cholerae 0.06 (0.01)
Yersinia 0.13 (2.89)
enterocolitica
Yersinia rohdei 0.06 (0.05)
NMDS and PERMANOVA analyses confirmed significant differences
1.00+ between the faecal microbiota of native and invasive birds (parakeets),
with the latter clustering closer to rabbits and raccoons than to native
0.754 bird species (Fig. 4). Native birds were grouped closer together, espe-
8 cially storks, gulls and sparrows, showing the highest similarity in faecal
c *%* . . . . . .
I microbiota (Fig. 4). The correlation plot showed the same relationship
g 0.50+ (Supplementary Information Fig. A3), with an important overlap in the
r?_ faecal microbiota composition of the four native bird species (>0.6 out
0.25 of 1) and very little overlap between parakeets and native birds. Sur-
* prisingly Rose-ringed parakeet showed a high overlap with the rabbit
0,004 B . . B (0.79 out of 1; Supplementary Information Fig. A3).
o > o o @ o . .
N b d ~6‘°& & (\e}“ é\e}\ & 4. Discussion
& & \5}0 & N \\000
(@) \J . . . .
o'b‘o & A %@2‘\ Our study provide a broad picture of the potentially zoonotic bac-

. 1_Urban

Fig. 2. Differences on the prevalence of potentially zoonotic bacterial genera
between urban and rural rabbits. Bacterial genera of mandatory monitoring in
the EU are highlighted in bold. **P < 0.01; *P < 0.05.

2_Rural

rural rabbits had a prevalence of only 0.11 (Fig. 2; Supplementary In-
formation Table A3).

3.3. Faecal microbiota

According to our results, the faecal microbiota of all studied host
species, both birds and mammals, was mainly composed of bacteria of
the phylum Firmicutes (Supplementary Material Fig. A2). The phylum
Proteobacteria was also important (>10 %) in the microbiota of pigeon,
sparrow, Monk parakeet, bat and raccoon (Supplementary Material
Fig. A2).

Regarding the main bacterial genera detected in their faecal micro-
biota, we found important differences among host species (Fig. 3), being
quite pronounced in birds, and especially between native and invasive
species (Fig. 3). The faecal microbiota of native birds was mainly
composed of the genus Lactobacillus (RRA above 50 % in stork, pigeon
and sparrow) and also had a higher RRA of Streptococcus and Cat-
ellicoccus genera than invasive birds (Fig. 3). In contrast, parakeets had
higher RRA of Enterococcus genus than native species and Monk parakeet
a 42 % RRA of Escherichia. The faecal microbiota of bats consisted
mainly of Enterococcus, Lactococcus and Staphylococcus genera. Rabbit's
faecal microbiota had some similarity to that of the Rose-ringed para-
keet, with >10 % RRA of Akkermansia, Monoglobus, Ruminococcus and
Tyzzerella genera. Finally, the faecal microbiota of the raccoon was
mainly composed of Clostidium and Escherichia genera (Fig. 3). The

teria circulating in urban species of a large European city and their
prevalence, as well as a better understanding of the risk that interactions
with these animals and their faeces may pose. We have detected
potentially zoonotic bacterial genera in all the host species, 10 of these
genera with zoonotic species of mandatory monitoring in the European
Union. Besides, our results demonstrate that urban rabbits have a higher
prevalence of certain pathogens, with a prevalence of >0.5 of
Campylobacter compared to the prevalence of 0.1 in rural rabbits.
Moreover, our results indicate that metabarcoding of faecal samples is a
useful tool to perform a first screening of the scenario, providing in-
formation on potentially zoonotic organisms circulating in vertebrates
in contact with human and their prevalence, as well as, to identify the
most important reservoirs of each potentially zoonotic organism.
Finally, we also provide detailed information on the composition of the
faecal microbiota of studied host species.

4.1. Potentially zoonotic pathogens

An outstanding result of this study is the detection of DNA from
potentially zoonotic bacterial genera in all host species. Among the 21
potentially zoonotic genera detected, there are 10 which have zoonotic
species of mandatory monitoring in the European Union. These ten were
detected in several host species, which could be due to their trophic
ecology, including in their diet remains of food of anthropic origin (Cook
et al., 2008; Gyimesi et al., 2016; Pineda-Pampliega et al., 2021; Postigo
etal., 2021; Mazzoni et al., 2022). The two most common and abundant
genera were Clostridium and Escherichia, being detected in all host spe-
cies. Both genera can be a natural part of the host' faecal microbiota
(Silva et al., 2012; Grond et al., 2018). However, it should be noted that
over half of the Clostridium-affiliated reads were identified as
C. perfringens, a species with pathogenic strains (Songer, 2010; Grond
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Fig. 3. Heatmap by host species with the 30 most abundant (RRA) bacterial genus detected. We have used the abbreviation M. parakeet to refer to Monk parakeet

and RR. parakeet to refer to Rose-ringed parakeet.
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Fig. 4. Graphical representation of the similarity between hosts' faecal micro-
biota obtained from the NMDS analysis based on the ASVs. The large symbols
represent the centroid for each species, while the small dots represent the data
for each of the samples per species. We have used the abbreviation M. parakeet
to refer to Monk parakeet and RR. parakeet to refer to Rose-ringed parakeet.

et al., 2018). Unfortunately, metabarcoding, at least with these primers
and reference database, does not allow to obtain precise information
about the pathogenic capacity of detected C. perfringens and Escherichia
coli, as it only provides information about the presence of the organism
and not about its strain. In future studies this should be complemented
with the use of other primers specific to pathogenic strains.

In addition to these two genera, other potentially zoonotic genera
such as, Brucella, Campylobacter, Chlamydia, Listeria, Mycobacterium,
Salmonella, Vibrio, and Yersinia were detected. Among these, Mycobac-
terium, Campylobacter and Listeria were the most widespread, detected in
7, 7 and 6 host species respectively. In this case, all ASVs of the genus
Mycobacterium identified to species level do not appear to be zoonotic, as
the species identified have not been reported infecting humans. Detected
Campylobacter and Listeria, on the other hand, are of great health rele-
vance (Chlebicz and Slizewska, 2018). Campylobacter has already been
commonly described in birds as a zoonotic agent (Grond et al., 2018;
Perez-Sancho et al., 2020; Antilles et al., 2021) and in our case it was
found in all bird species, with the highest prevalence in sparrow, being
detected in the half of the sparrow's samples. We found it also in >50 %
of urban rabbit's samples, and in >10 % of Rose-ringed parakeet's, Monk
parakeet's and pigeon's samples. Moreover, the highest abundance
(RRA) of Campylobacter genus was found in pigeons and sparrows. In
these two species Campylobacter jejuni was detected, the zoonotic agent
responsible for most Campylobacteriosis in humans (Chlebicz and
Slizewska, 2018).

Therefore, contact with faeces from any species of urban bird or
rabbit could pose a zoonotic risk of Campylobacteriosis, but especially
sparrow and pigeon faeces, two very common species that are easy to
come into contact with. Listeria genus has not been studied as much as
Campylobacter in birds, but it is also an important zoonotic agent
(Chlebicz and Slizewska, 2018). We found it in almost all urban bird
species, having not been detected only in the Rose-ringed parakeet. In
this case, the highest prevalence was found in gulls (10 % of samples),
although the highest read abundance was found in the sparrow followed
by the Monk parakeet. All of the Listeria detected were classified as
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Listeria monocytogenes, the zoonotic bacteria responsible of listeriosis in
humans (Chlebicz and Slizewska, 2018), although our approach does
not allow the determination of the strain and therefore its pathogenicity.

The remaining zoonotic organisms of mandatory monitoring were
detected in specific species. Brucella genus was detected in pigeon and
bat. Chlamydia genus was detected only in bat samples, detected in 10
out of 16 samples. It should be noted that in this study no Chlamydia was
detected in any bird, not even in parakeets. Salmonella was detected in a
single stork sample and Vibrio was detected in two species (bat, and
raccoon), identifying Vibrio cholerae's DNA in a bat sample. Finally,
Yersinia was only detected in sparrow samples, identified as Y. rohdei
and Y. enterocolitica; the zoonotic bacteria responsible of yersiniosis in
humans (Chlebicz and Slizewska, 2018).

Overall, bats appear to be the species of greatest importance as a
reservoir of zoonotic organisms, having detected in them 7 out of the 10
species of mandatory monitoring, including Vibrio cholerae. Besides, the
bird species with the highest prevalence and relative abundance of
zoonotic organisms was the sparrow, including Campylobacter jejuni,
Listeria monocytogenes, and Yersinia enterocolitica. Given their ecology,
their proximity to humans, and their abundance in large cities, the pi-
geon would be the second species potentially posing the greatest risk
after the sparrow. Pigeon usually form large groups in cities, they roost
in groups or colonies (Stukenholtz et al., 2019) and they feed in public
spaces where it is easy to come into contact with their fresh faeces due to
their size and availability. All this facilitates pathogen spread. However,
to accurately determine the risk posed by each species, it would be
necessary to consider their density, potential population increases, and
likelihood of contact with humans. Unfortunately, we do not have
detailed information on densities in the study area. But because of their
habitat preferences and adaptability, sparrows and pigeons likely have
the closest contact with humans in Madrid.

Furthermore, in the case of the stork and the gull, although we have
found lower prevalence of potentially zoonotic bacteria on them, the
fact that they regularly feed in landfills might lead to a higher patho-
genic potential of these bacteria. It should be noted that landfills provide
conditions for the development and transmission of antibiotic resistant
pathogens (Martin-Maldonado et al., 2020), so that the species that
frequent them could be reservoirs of several particularly dangerous
zoonotic pathogens. In fact, according to Martin-Maldonado et al.
(2020) 40.5 % of Salmonella found in storks feeding in landfills are
resistant to some antibiotic. Another study has shown that storks feeding
in landfills have a higher number of multi-resistant Escherichia coli
(Pineda-Pampliega et al., 2021).

Regarding the comparison between urban and rural rabbits, we
found a significantly higher prevalence of Campylobacter and Staphylo-
coccus in urban ones. This could be because urban rabbits, as other urban
animals, are more frequently exposed to these pathogens due to their
regular contact with anthropogenic waste (Rothenburger et al., 2017).
However, this could also be related to other reasons, such as their
density, as they might reach higher densities in cities (Ziege et al., 2016).
In any case, this result supports the evidence that urban wildlife tends to
have higher prevalence of pathogens, leading to more opportunities for
pathogen transmission. This being the case, urban fauna could play an
important role as reservoirs and dispersers of these pathogens, an issue
of potential concern for initiatives to improve the presence of biodi-
versity in urbanized areas, like the EU Green infrastructure (Maes et al.,
2015; European Commission, 2022). However, there is still a lack of
knowledge in this respect, and more research is needed to verify that
faeces from urban wildlife have a higher zoonotic risk than faeces from
rural wildlife.

4.2. Faecal microbiota
As was previously described in wildlife (Grond et al., 2018), our

results showed that the faecal microbiota of the different host species
was mainly composed of the phylum Firmicutes, with an important
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presence of the phyla Proteobacteria and Actinobacteriota in some of
them. However, we observed important differences in the composition
of the faecal microbiota between host species. In birds, we found a
greater similarity within native urban species compared to parakeets
(invasive species). It is known that birds' gut microbiota is highly
dependent on diet, but also on host phylogeny, habitat, nest environ-
ment and season (Grond et al., 2018; Matheen et al., 2022). The strong
similarities among native urban bird species could hardly be explained
by diet, as there are clear differences in the trophic habits between them.
While stork and gull are mainly carnivorous (Gyimesi et al., 2016;
Chenchouni, 2017), pigeon and sparrow are mainly granivorous
(Murton and Westwood, 1966; Whelan et al., 2015). On the other hand,
the differences with parakeets could be related to various aspects. In this
case, the dietary difference could be an explanation, as although para-
keets could feed regularly on waste of anthropogenic origin inside the
city their diet consists mainly of vegetal material (Mazzoni et al., 2022).
Another explanation could be the fact that native species are better
adapted to their environment unlike alien species. These differences
could be also related to the biogeographical origin of the different host
species, being the native species from Europe while Monk parakeet is
originally from South America and Rose-ringed parakeet from Africa
and Asia. Besides, there does not seem to be a link with their phyloge-
netic origin, as the native urban species are also phylogenetically distant
species (Prum et al., 2015). However, we also cannot rule out the pos-
sibility that these differences could be related to the type of sample
(Grond et al., 2018; Matheen et al., 2022), since in the native urban
species faeces were collected as fresh droppings and in the parakeets the
samples were collected by cloacal swab directly from the intestinal tract.

Regarding mammals, we found large differences in faecal microbiota
between them, with extremely low Pianka's overlapping values. This is
probably due to two main factors. First, all three have very different
diets; the studied bats are strictly insectivorous (Alberdi et al., 2020),
rabbits are strictly herbivorous (Martins et al., 2002), and raccoons are
omnivorous (Rulison et al., 2012), and second, they are species from
very distant phylogenetic groups (Prasad, et al., 2008). Surprisingly, a
high degree (0.79 out of 1) of overlap in faecal microbiota composition
was observed between rabbit and Rose-ringed parakeet. We found no
apparent explanation for this similarity, as if it were related to diet, it
would be expected to find the same relationship with the Monk
parakeet.

5. Conclusion

In conclusion, our results provided a broad picture of the potentially
zoonotic bacteria circulating in wildlife of a large European city,
providing information on the presence and prevalence of several or-
ganisms. This information highlights the risk that coming into contact
with fresh urban wildlife faeces could pose, as we also found that urban
wildlife has a higher prevalence of these microorganisms. Urban birds
and bats were the species that pose the highest risk, with Campylobacter
and Listeria in birds and Chlamydia and V. cholerae in bats as the most
important potentially zoonotic pathogens. Taking into account their
ecology, possibly the most important species from a health point of view
are sparrow, pigeon and bat. As the methodology used does not allow us
to be sure that the detected DNA comes from viable cells, in future
studies it would be very important to carry out specific monitoring of the
pathogens present in urban bat populations and in particular it would be
advisable to verify the presence of Vibrio cholerae in this species so
important in the ecosystem (Kunz et al., 2011). Moreover, our results
show that, with limitations (especially the lack of strain-level resolu-
tion), metabarcoding provides highly relevant information at a rela-
tively low cost and effort, and can be used to quickly obtain rapid
screenings, providing information on potentially zoonotic organisms
and their prevalence, as well as identifying the most important reser-
voirs. This information makes it much easier to focus future monitoring
efforts on the most relevant pathogens and host species.
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