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Impacts

e This work provides information about the presence of antimicrobial
resistance genes in four urban areas in Costa Rica, taking pigeons as
biomarkers, considering that they share their habitat with people.

e Pigeons can carry antimicrobial resistance genes, potentially acting as
reservoirs of resistant bacteria and vectors to humans.

e This work provides information on potential routes of environmental
exposure of pigeons and humans through them.
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Introduction

Summary

Antimicrobial resistance is known to be an emerging problem, but the extent of
the issue remains incomplete. The aim of this study was to determine the pres-
ence or absence of nine resistance genes (blatgy, catl, mecA, qnrS, sull, sulll, tet
(A), tet(Q), vanA) in the faeces of 141 pigeons from four urban parks in Alajuela,
Guadalupe, Tres Rios and San José in Costa Rica. The genes were identified by
real-time PCR directly from enema samples. About 30% of the samples were pos-
itive for genes catl and sull; between 13% and 17% were positive for gnrS, sulll,
tet(A) and tet(Q); and 4% were positive for blargy. The mecA and vanA genes
were not detected. The average of antimicrobial resistance genes detected per
pigeon was 2. Eight different patterns of resistance were identified, without differ-
ences in the sampling areas, being the most common pattern 2 (sulll positive
samples). During rainy season, the genes more frequently found were sull and fet
(A). In conclusion, the urban inhabiting pigeons tested are currently carrying
antimicrobial resistance genes, potentially acting as reservoirs of resistant bacteria
and vectors to humans. To the authors” knowledge, this is the first study carried
out on direct detection of resistance genes in the digestive metagenomes of
pigeons.

strengthen surveillance and monitoring the use of antimi-
crobial agents in different activities (Acar and Moulin,

Since the discovery of the first antibiotics, the extent of
antimicrobial resistances (AMR) has increased in a variety
of habitats, including animal feeding systems (Durso et al.,
2011), municipal waste streams (Nagulapally et al., 2009)
and environments with little or no human impact (Durso
et al., 2012). Because of its impact on public health, this
has been considered as an emerging global problem
(WHO, 2014). The Pan American Health Organization
(PAHO) has pointed out that there is an urgent need to

2013).

One of the most important mechanisms for the acquisi-
tion of AMR is the incorporation of mobile genetic
elements, mainly antibiotic resistance genes (ARGs), which
facilitate horizontal gene transfer between bacteria (Mazo-
dier and Davies, 1991). This can be caused by different
environmental factors, given that they are not necessarily
linked to exposure to antibiotics. The rate of development
of microbial resistance is more rapid in environments
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where the use of antibiotics is greater (van de Sande-
Bruinsma et al., 2008), as in human medicine, veterinary
medicine, production systems and agriculture (Kiimmerer,
2009).

Generally used diagnostic methods that involve bacterial
culture and subsequent detection of ARGs in the isolates
could affect the results of analysis because non-culturable
fractions include most of the microbial community (only
0.1-1% of soil bacteria can be grown in laboratory condi-
tions) (Torsvik and @vreas, 2002). This hinders the under-
standing of potential negative effects of AMR on the
ecosystem and on human and animal health, and is the rea-
son for which some authors recommend genetic studies
rather than those based only on cultures (Jiang et al., 2013;
Marti et al., 2013).

Urbanization is a continuous process that leads to differ-
ent densities and patterns of human settlements, reducing
and fragmenting the native vegetation, and modifying com-
munities of resident fauna (Marzluff and Ewing, 2001). In
Costa Rica, about 60% of the population lives in the
so-called greater metropolitan area (GMA), where four
conurbations are located (San José, Alajuela, Cartago and
Heredia), and represents just over 4% of the area of the
country. It is the most urbanized, populated and economi-
cally active region of Costa Rica and it is characterized by
urban sprawl, overcrowding and low quality of urban space
(INEC, 2012). Thirty-one per cent of national and special-
ized hospitals of the country are located in the GMA. How-
ever, in the country 72% of the population uses septic
tanks and only 3.6% of sewage is treated in centralized
plants. This contamination could influence the finding of
ARGs in other scenarios in the country (Rodriguez et al.,
2006), including urban ecosystems.

Birds are a good choice for monitoring urban ecosystems
because they can be surveyed on a large scale, their occur-
rence and abundance is influenced by habitat characteris-
tics, and they are easy to see and attractive to the
population (Carignan and Villard, 2002). The Columbia
livia pigeon is common in cities in many countries and can
transmit more than 30 diseases to humans through the air
or their excreta (Weber et al., 1995), although, until now, it
is unknown whether ARGs can be spread by their faeces.

Numerous studies about AMR in humans and domestic
animals are currently underway, but little is known about
its presence in animals and birds living in an environment
not controlled by man. The objective of this research is to
identify ARGs directly in faeces from pigeons that inhabit
urban parks, which could serve as indicators of pollution.

Materials and Methods

The study was conducted in the towns of Alajuela, Guada-
lupe, Tres Rios and San José, located in the central region
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of Costa Rica (GMA), belonging to three of the provinces
with the largest wurban populations (coordinates:
476 538.952 to 1107 612.622 m, 491 550.327 to
1098 323.532 m, 494 116.374 to 1 099 811.839 m,
501 609.231 to 1 095 552.201 m). The capture of 141 birds
was carried out in two different terms between March 2013
and May 2014 in the parks of Guadalupe (55), San José
(44), Alajuela (29) and Tres Rios (16), using a net and corn
or peanuts as bait (Table 1). They were immediately trans-
ferred to the Veterinary School of the Universidad Nacional
de Costa Rica, where enema samples were taken approxi-
mately 1.5 h after the capture introducing 0.5 ml of sterile
DNAse- and Rnase-free phosphate-buffered saline (PBS)
into the cloaca, and then retrieving the PBS together with
the cloacal contents. The recovered suspension was diluted
with PBS to yield a final volume of 2 ml. All samples were
stored at —80°C until they were analysed. All procedures
were performed according to national standards of envi-
ronmental well-being, permission #EMV-CBA-06-2012.
Little is known about ARG movement in the environment
through wildlife species. For this reason, studies based on
culture-independent methods are strongly recommended
(Allen et al., 2010).

DNA was extracted directly from all enema samples with
the QuickGene DNA Tissue Kit S (Fujifilm, Japan) follow-
ing the manufacturer’s instructions. The 16S rRNA gene
was identified to detect the presence of bacterial genetic
material in each sample, following the methodology pro-
posed by Doi and Arakawa (2007). A sample was consid-
ered validated when a 10-fold dilution showed a cycle
threshold (ct) less than 30. ARGs were detected by real-time
PCRs, using SYBR Green in all of them, except for the gene
mecA, where a TagMan probe was used (Francois et al.,
2003; Jiang et al.,, 2013; Marti and Balcazar, 2013). The
ARGs analysed (blargyy, catl, mecA, gnrS, sull, sulll, tet(A),
tet(Q), vanA) were selected as representatives of some of
the leading groups of antimicrobial agents (Table 1).

In order to investigate the patterns of resistance, a
k-means clustering method was applied (GENEsis software
vs 1.7.7, Graz University of Technology, Graz, Austria).
Each sample was assigned to one cluster. Since multiresis-
tant bacteria are defined by the resistance to more than two
different classes of antimicrobials (Karczmarczyk et al.,
2011; Sacristan et al., 2014), we apply the term ‘multiresis-
tant microbiome’ when a faecal sample present at least
three ARG encoding resistance to different groups of
antimicrobials. Thus, samples were also classified into
‘multiresistant microbiome’ and ‘non-multiresistant micro-
biome’. Besides, a nonparametric test (Mann—Whitney
U-test) was applied (spss vs. 14.0) to establish differences
among sampling areas for the following parameters: pres-
ence of each ARG, average number of ARGs per sample,
resistance pattern and multiresistance. Sampling dates were
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2 classified into dry (December to April) and wet (May to
§ November) seasons, and the same nonparametric test was
g oo om performed. Additionally, all the hospitals, clinics, contami-
Z3ISLeSy nated rivers and vegetable markets whose crop farming has
been associated with the use of antibiotics (Rodriguez
" et al., 2006) were identified in a radius of 3 km from every
g park (Table 2), in order to identify possible routes of
% é infection to the pigeons.
§ls|28328
Results and Discussion
% © ™ 0 o Enema samples from 141 pigeons were obtained, and in all
R|¥Sdsd of them the 16S rRNA gene was detected. Of the nine ARGs
*Q searched for, seven were found in at least one sample; catl
gl=z and sull were the most common (29.1% and 30.5%, respec-
§ o< winn tively), followed by sulll (17.7%), tet(A) (14.2%), qnrS
S R (13.5%), 1e(Q) (13.5%) and blarey (4.3%). vanA and
mecA genes were not detected. The average of antimicrobial
. § NN MmN~ resistance genes detected per sample was two, which is low
I|R|2=x7 2 compared with findings reported in aquatic resources,
é where nine of 11 ARGs were identified in all samples
‘;; Sloamnon (Table 1) (Marti et al., 2013).
Zlxlagdsg The k-means clustering identified eight different patterns
(Table 3). No differences were found between sample loca-
-, tions and the distribution on different clusters. Cluster 1
% was the most frequent (23.4%) and represents all the sam-
2 ples negative to all ARGs. Cluster 2 includes all the sulll
é g positive samples, being the third most frequent (17.7%),
u_%_ ;o’ s g § :_: g = and represents the 80% of the total of ‘multiresistant
S microbiomes’. Multiresistance was associated with sul genes
- % as well as tet(A) and gnrS, also with season. All the multire-
o | e g ki sistant microbiomes were detected during wet season
% E ; ié % (12.7%), when a higher percentage of positive samples to
g g < S coooo % sull (40.5%) and tet(A) (21.5%) was observed. In addition,
S sile|leceees £ a higher average number of ARGs per sample (1.4) was
2 2 found during rainy season than in dry season (17.7%, 4.8%
§ E a and 0.9, respectively). These findings match with a peak in
= o ] respiratory and digestive bacterial infections that normally
é % _ g occur in this season in the country.
I S| 8|~ne=m= 2
3 Sle|mInl g
©
g N *f Table 2. Characterization of the area within a radius of 3 km from the
e % % g parks
= el 2 EQ
*(;; £ & ? = Population
e i ; g g g (k& g S living in the Human
? 6 2 canton where hospitals Rivers contaminated
% % ;_2 Park the park is located*  or clinics  with faecal matter
3 SALRI|5
2 < i Sanlosé 336 792 8 2
2 € g Guadalupe 133 557 5 1
« g o O Alajuela 297 879 2 2
< slgeg 3_| 8% TresRios 107 755 1 2
= SJla<<EoOoFE| « & *National Institute of Statistics and Censuses of Costa Rica, INEC (2012).
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No. samples
included in the
pattern / No.

Table 3. Patterns of resistance obtained
in the enema samples by k-means

o clustering
Multiresistant

Cluster Resistance pattern Location total samples (%) microbiomes (%)*
1 No resistance Alajuela 9/29 (31.0) 0(0)
Guadalupe 13/55 (23.6) 0(0)
San José 9/41 (22.0) 0(0)
Tres Rios 2/16 (12.5) 0(0)
Total 33/141(23.4) 0(0)
2 sulll + Alajuela 5/29(17.2) 2 (20)
Guadalupe 7/55(12.7) 0(0)
San José 8/41 (19.5) 6 (60)
Tres Rios 5/16 (31.3) 0(0)
Total 25/141(17.7) 8(80)
3 catl +, gnrS/ Alajuela 5/29(17.2) 0(0)
sulll/tet(A)/tet(Q) — Guadalupe 12/55(21.8) 0(0)
San José 7/41 (17.1) 0(0)
Tres Rios 4/16 (25.0) 0(0)
Total 28/141(19.9) 0(0)
4 qnrs +, sull/sulll — Alajuela 1/29 (3.4) 0(0)
Guadalupe 5/55(9.1) 0(0)
San José 2/41 (4.9) 1(10)
Tres Rios 2/16 (12.5) 0(0)
Total 10/141 (7.1) 1(10)
5 tet(Q) +, gnrS/sulll — Alajuela 2/29 (6.9) 0(0)
Guadalupe 8/55 (14.5) 0(0)
San José 4/41 (9.8) 0(0)
Tres Rios 1/16 (6.3) 0(0)
Total 15/141 (10.6) 0(0)
6 tet(A) +, qnrS/sulll/tet(Q) — Alajuela 1/29 (3.4) 0(0)
Guadalupe 2/55 (3.6) 0(0)
San José 2/41 (4.9) 0(0)
Tres Rios 1/16 (6.3) 0(0)
Total 6/141 (4.3) 0(0)
7 sull +, catl/sulll/tet(Q) — Alajuela 6/29 (20.7) 0(0)
Guadalupe 7/55(12.7) 0(0)
San José 8/41(19.5) 0(0)
Tres Rios 1/16 (6.3) 1(10)
Total 22/141(15.6) 1(10)
8 blatgpm +, rest — Alajuela 0/29 (0) 0(0)
Guadalupe 1/55 (1.8) 0(0)
San José 1/41 (2.4) 0(0)
Tres Rios 0/16 (0) 0(0)
Total 2/141 (1.4) 0(0)

*Number of ‘multiresistant microbiomes’. The percentage was calculated from the total number

of ‘'multiresistant microbiomes’ (n = 10).

To date, few studies have analysed the genetic level of
AMR in wildlife and most of them differ in the genes moni-
tored and in the diagnostic methodology used, normally
based on culture, which constitutes a limiting factor in the
interpretation of results (Francois et al., 2003; Jiang et al.,
2013; Marti et al., 2013). This is the case of previous
research with domestic pigeons (Poeta et al., 2005;
Sacristdn et al., 2014), in which, as in the present study, the
resistance to tetracycline highlights the widespread distri-
bution among different ecological niches. A higher

percentage of animals with resistance to sulphonamides,
chloramphenicol and fluoroquinolones was found in this
study compared to data reported by Sacristan et al. (2014)
(18.9% sulphamethoxazole, 14% trimethoprim-sulpha-
methoxazole, 4.9% chloramphenicol and 0.6% ciprofloxa-
cin) and Poeta et al. (2005) (0% chloramphenicol and
8.6% ciprofloxacin). Sulphonamide resistance has been
associated with human activities (Radimersky et al., 2010),
which may explain the findings in all city parks. The case of
the phenicols is interesting, because in Costa Rica its use is
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limited to human medicines, and chloramphenicol is
banned in all species producing food for human consump-
tion (Rojas Martinez, 2009). So, it is necessary to identify
the pathways of contamination with this antibiotic in
future studies.

Results for the representatives of the B-lactam group
were very different from those of the studies cited above:
19.5% for ampicillin (Sacristan et al., 2014), 0% for ampi-
cillin (Poeta et al., 2005) and in the present research
(4.3%). Other authors found that the close contact with
antimicrobial products or by-products derivate of human
activities (i.e. human and veterinary medicine) increases
the number of antibiotic resistance in wild and domestic
animals (Guardabassi et al., 2004; Dolejska et al., 2007).
No methicillin-resistant genes were found (0% mecA) in
the sampled areas, which is highly important for public
health in these spaces (Grundmann et al., 2006); this is
different from the amount reported for birds of prey in
Portugal (Sousa et al., 2014).

Although fluoroquinolone resistance can be regarded as
higher than that detected in previous studies, it is less than
that reported in E. coli isolates among diseased pigeons
farmed in China (21.9% gnrS gene) (Yang et al., 2015),
where there is a possibility that the birds had been treated
previously with this antibiotic for a period of time. Our
result is worrisome because fluoroquinolones are used for
treating a wide variety of infections (Hopkins et al., 2005).
All the samples were negative for vanA, a plasmid-mediated
vancomycin resistance gene. This result contrasts with
those found in wildlife from natural parks of Portugal
(4.3%) (Poeta et al., 2005), feral pigeons from Czech
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Republic (3%) (Radimersky et al., 2010) and birds of the
Azores Archipelago (0.72%) (Santos et al., 2013). Resistant
bacterial strains have been reported in Costa Rica since the
early 1990s (Olivo Meza et al., 1998).

Domestic pigeons do not travel long distances (an
approximate maximum distance of 5.29 km) (Rose et al.,
2006), and they have to meet their needs with what they
find within the above-mentioned distance. In this study,
each park was located in environments with high human
population, closed to national hospitals or clinics and rivers
contaminated with faecal matter (Table 2), where they can
get water and food contaminated with pharmaceutical
products among them antibiotics, faecal matter or ARGs,
or even be in contact with contaminated airdrops (Fig. 1)
(Rodriguez et al., 2006; Aali et al., 2014; McEachran et al.,
2015).

No differences in resistance patterns were found in the
four locations, a fact related to the homogeneous presence
of ARGs. However, some variances were observed in the
percentage of appearance of some ARGs, such as sul genes,
tet(A) and gnrS, which could be attributed to differences in
the exposure sources. San José, Guadalupe and Alajuela
correspond to locations with a high density of human pop-
ulation (e.g. San Jose is the area most crowded in the coun-
try with a population density of 5000-10 000 inhabitants/
km?), and in a radius of 3 km from the parks, it is possible
to find human clinics, hospitals and rivers (influenced by
these clinics and hospitals) with high levels of contamina-
tion with faecal matter (Table 2) (Calvo Brenes et al.,
2012). Conventional and hospital discharges have been
described as a potential route for dissemination of ARGs

Park Use Emission Exposure pathways
Contaminated rivers most
Hospitals .|  Urine and feces ’chsedtuﬂleparks_ )
Use of ATBE at homes |+, = excretion (Maria Aguilar, Torres, Timibi,
o ! Ciruelas, Segundo)
Sa Jose i
! X Rum-off i Pigeons
Markets with agricultural ' Disposal in wastewater |/ it ﬂ
products contaminated ¥ mdm : i
with ATB B ; :
j Air contaminated with ARGs
Dairy farming
Tres Rios »  (therapeutic and > Manure
preventive treatments)

Fig. 1. Possible routes of exposure to ARGs by the doves.
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into the natural environment and pose a hazard to environ-
mental and public health, because ARGs can be transferred
among the bacteria from the different areas through plas-
mids, integrons and transposons (Rahube and Yost, 2015).
Besides, transduction can occur even without the presence
of the ‘donor’ and ‘recipient’ cells at the same place or at
the same time, between bacteria belonging to different gen-
era (Mazaheri Nezhad Fard et al.,, 2011; Muniesa et al.,
2013). On the other hand, Tres Rios is an urban centre
characterized by its agricultural production, mainly coffee
fields, and dairy farming. This park showed higher percent-
age of tet(A) positive samples than the others from San
José, Alajuela and Guadalupe, which could be due to the
water or air transportation of particles contaminated with
tetracyclines used in the livestock activities performed in
the area (Fig. 1) (Calvo Brenes et al., 2012; de la Cruz
et al., 2014).

The importance of rainfall is not well recognized in
urban ecosystems. It is known that the rainy season can
affect the metabolism of birds (Wilson et al., 2004), taking
into account that it is possible that they be forced to seek or
find shelter during heavy rainfall (Elkins, 1988), but there is
no evidence about its influence in the contamination with
ARGs. In Costa Rica, the rainy season is characterized by
high precipitation during several months and Calvo Brenes
et al. (2012) proposed that rivers showed a higher level of
faecal contamination due to the leaching of contaminants
to them, which can come from human activities and exc-
reta of animals, both domestic and wild. So, it is possible
that the transmission of ARGs to the birds is higher at this
season, which could explain the detection of multiresistant
microbiomes and the higher percentage of sull and tet(A).
However, the areas with higher resistance were all sampled
during the rainy season, so the localization or the season
could act as confounding factors.

Pigeons have been identified as sources that disseminate
multiple infectious agents to human populations (Weber
et al., 1995), so it is possible that they can spread ARGs by
their faeces. Other authors have suggested that they can
interact with other birds, facilitating the acquisition and
propagation of ARGs to other species (Santos et al., 2013).
This could produce an ecological impact given Costa Rica’s
rich avifauna. However, it is most important to determinate
the mechanisms by which pigeons could have acquired the
ARGs, especially considering that the direction of gene trans-
mission could be from humans, livestock or other activities
to pigeons. This information can help to generate manage-
ment measures to diminish the risk of contamination with
ARGs by other animals and humans.

Although the percentages of detected ARGs may be con-
sidered low, some of them are important for public and
animal health. A pending task for the future is to
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determinate whether there is a link between our results and
the presence of resistant infectious agents in hospitals.

This work clearly illustrates that pigeons in close proxim-
ity to people are potential indicators that can facilitate
rapid dissemination of AMR in urban areas, and opens the
door for further investigations in which the presence of
ARGs will be compared in pigeons from different areas, as
well as to birds and animals of different ecological niches.
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