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 | Epidemiology | Research Article
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fusciceps) at a wildlife rescue center on the coast of Ecuador—
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ABSTRACT Human populations can be affected in unpredictable ways by the 
emergence and spread of zoonotic diseases. The COVID-19 (coronavirus disease of 2019) 
pandemic was a reminder of how devastating these events can be if left unchecked. 
However, once they have spread globally, the impact of these diseases when entering 
non-exposed wildlife populations is unknown. The current study reports the infection of 
brown-headed spider monkeys (Ateles fusciceps) at a wildlife rescue center in Ecuador. 
Four monkeys were hospitalized, and all tested positive for SARS-CoV-2 (Severe acute 
respiratory syndrome coronavirus 2) by RT-qPCR (Quantitative Reverse Transcription 
PCR). Fecal samples (n = 12) from monkeys at the rescue center also tested positive; 
three zookeepers responsible for feeding and deworming the monkeys also tested 
positive, suggesting human-animal transmission. Whole genome sequencing identified 
most samples’ omicron clade 22B BA.5 lineage. These findings highlight the threat posed 
by an emerging zoonotic disease in wildlife species and the importance of preventing 
spillover and spillback events during epidemic or pandemic events.

IMPORTANCE Although COVID-19 (coronavirus disease of 2019) has been primarily 
contained in humans through widespread vaccination, the impact and incidence of 
SARS-CoV-2 (Severe acute respiratory syndrome coronavirus) and its transmission and 
epidemiology in wildlife may need to be addressed. In some natural environments, the 
proximity of animals to humans is difficult to control, creating perfect scenarios where 
susceptible wildlife can acquire the virus from humans. In these places, it is essential to 
understand how transmission can occur and to develop protocols to prevent infection. 
This study reports the infection of brown-headed spider monkeys with SARS-CoV-2, a 
red-listed monkey species, at a wildlife recovery center in Ecuador. This study reports the 
infection of brown-headed spider monkeys with SARS-CoV-2, indicating the potential for 
transmission between humans and wildlife primates and the importance of preventing 
such events in the future.

KEYWORDS Ecuador, wildlife, SARS-CoV-2, Ateles fusciceps, Nanopore, omicron

Z oonotic spillover is a significant concern for the protection of human health and 
the prevention of future pandemics. An estimated 60%–75% of all emerging human 

infectious diseases is considered zoonotic (1, 2), and several have impacted the human 
population over time. Some of the most prominent cases include HIV, which originated 
in non-human primates (3, 4); Ebolavirus that was transmitted to humans from various 
wildlife species such as bats, chimpanzees, gorillas, and monkeys (5, 6). SARS-CoV (Severe 
acute respiratory syndrome) and MERS-CoV (Middle East respiratory syndrome–related 
coronavirus) were transmitted to human populations from bats through palm civets and 
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dromedary camels as intermediate hosts, respectively (7). The impact of the pandemic 
recently experienced demonstrates the devastating effects of a new zoonotic virus 
jumping from non-human animals to a naïve population of humans. SARS-CoV-2, the 
pathogen responsible for the COVID-19 (coronavirus disease of 2019) pandemic that 
shook the world in 2020 and has claimed millions of lives, is a vivid example of zoo
notic spillover, according to the most reliable data (8). Despite mitigation efforts, the 
exponential increase in SARS-CoV-2 infections resulted in a significant global health 
burden with unprecedented consequences (9).

The possibility of anthroponosis or spillback events is another concern. As with 
SARS-CoV-2, human cases have been reported everywhere, raising the potential of 
the virus spreading to wildlife. To date (November 2023), the SARS-ANI VIS database 
(A Global Open Access Dataset of Reported SARS-CoV-2 Events in Animals) (10) has 
reported 900 SARS-CoV-2 events in 34 animal species from 39 countries around the 
world, with a fatality rate of 1.4% (https://github.com/amel-github/sars-ani/). Among 
these events, only a few (n = 190) were reported in animals living in natural reserves 
or wildlife. Cases of SARS-CoV-2 in farmed mink demonstrated for the first time that 
the virus could infect these mammals, allowing new mutations to emerge and then 
spread back to humans (11); other domestic or farm animals may have transmitted the 
infection directly or indirectly to wildlife (12). For instance, free-ranging white-tailed 
deer in the USA are highly susceptible to SARS-CoV-2, and recent evidence has shown 
spillback to humans (11), suggesting that this species can be considered a new natural 
reservoir of the virus. Moreover, white-tailed deer can maintain transmission in the wild. 
A new variant has even evolved in these animals (13), highlighting the importance of 
monitoring this pathogen’s presence in wildlife.

Reports of SARS-CoV-2 infection in wildlife are scarce. Cases of SARS-CoV-2 infection 
have been reported in gorillas and squirrel monkeys in USA zoos. All the infected gorillas 
recovered well, but the squirrel monkey unfortunately died. The exact role of SARS-CoV-2 
in the animal’s clinical presentation and demise is unclear (14–16). However, because 
non-human primates are primary models for SARS-CoV-2 in pathogenesis and vaccine 
development, the pathology of this infection is well known. The current study reports 
the identification of SARS-CoV-2 in brown-headed spider monkeys (Ateles fusciceps) living 
at a wildlife rescue center on the coast of Ecuador and a likely spillback event from 
humans to primates.

Understanding the routes of transmission of SARS-CoV-2 to these animal populations 
may help prevent transmission and motivate site-specific protocols that contribute 
to the prevention of infection. This study reports the identification of SARS-CoV-2 in 
brown-headed spider monkeys (Ateles fusciceps) living in a wildlife sanctuary on the 
coast of Ecuador describes possible transmission routes and a likely human-to-primate 
transmission event.

MATERIALS AND METHODS

Study site and background

RT-qPCR detected SARS-CoV-2 in Ateles monkeys at a wildlife rescue center located 
approximately 100 km from Guayaquil, near the Ecuadorian Pacific coast in Guayas. 
The rescue center has a unique infrastructure that includes a series of artificial islands 
with enclosures to keep and rehabilitate brown-headed spider monkeys (Ateles fusciceps) 
rescued from the illegal wildlife trade.

The site has two main areas (Fig. S1): area 1 contains a kitchen room for food 
preparation, and a few meters away, there is a cage enclosure (enclosure 1) with one 
brown-headed spider monkey. This monkey is not in direct contact with any other 
animals. Area 2 is 130 meters from Area 1 and consists of six small artificial islands with 
vegetation and trees (20 × 40 meters). A water stream interconnects the islands. Island 1 
has two brown-headed spider monkeys, Island 2 has one, Island 3 is empty, and Islands 
4, 5, and 6 have three, six, and five monkeys, respectively. There are three more cage 
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enclosures (enclosures 2, 3, and 4) near the islands, each with one or two monkeys. 
Squirrel monkeys (Saimiri cassiquiarensis) frequently visit Islands 2 and 3 and enclosures 
2, 3, and 4. These monkeys roam freely in the reserve in search of food. No squirrel 
monkeys have been recorded on islands 4, 5, and 6.

Sample collection

Between 15 and 17 August 2022, 22 monkeys were dewormed using baits (a mixture 
of guayaba jam, baby cereal, and 2, 8, or 3.5 mL of nitazoxanide 100 mg/5 mL). On 22 
August, three of these animals presented lethargy, anorexia, diarrhea, and fever, initially 
suspecting that it was due to the deworming process. Nevertheless, due to previous 
experience of the veterinarians, they suspected SARS-CoV-2.

Between 23 August and 6 December 2022, nasal/fecal/tissue samples were collected 
from 15 adults and one juvenile brown-headed spider monkey living in the wildlife 
rescue center (Table S1). For the other six monkeys, taking samples was impossible 
due to logistic difficulties. The chronology of the sample collection is shown in Fig. 1. 
Briefly, on 23 August, the first monkey was transferred to Hospital de Fauna Silvestre 
TUERI-USFQ; this animal presented lethargy and was anorexic (Atl.16). It died on its way 
to the hospital; from this specimen, the first sample to conduct SARS-CoV-2 testing 
(lung tissue sample) was taken. Fecal and nasal swab samples were collected from other 
animals presenting to TUERI-USFQ (Atl.13,14,15) with signs similar to Atl.16 plus diarrhea 
and fever.

Additionally, fecal samples were collected on two different dates (n = 12 on 30–31 
August and n = 6 resampled on 20–21 September), from apparently healthy individuals 
living in the rescue center (see Table S1 for sample details). On 25 August, one of the 
monkeys (Atl.3) showed signs of lethargy and anorexia and was treated on-site. Finally, 
nasal swab samples were taken from Atl.1 and 3. These animals came to the hospital for a 

FIG 1 Chronology of sample collection. Numbers represent positive samples/total samples. Sample details are shown in Table 1. The hospital icon indicates 

hospitalized monkeys, and the tree icon indicates monkeys that are kept in artificial island enclosures. Cage icon indicates monkeys that were confined in cage 

enclosures at the rescue center. Sampling dates indicate when fecal samples were collected from monkeys in the rescue center. Human icons represent dates 

when animal keepers show flu-like symptoms and when their samples were collected for sequencing.
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follow-up of previous hospitalization (non-COVID-19 related). All samples were collected 
for diagnostic purposes by veterinarians using standard protocols from the Hospital 
de Fauna Silvestre TUERI-USFQ, under the Ministerio del Ambiente, Agua y Transición 
Ecológica permit MAATE-ARSFC-2022-2737.

To ensure the preservation of viral genomic material, all samples were placed in 
RNA/DNA Shield (Zymo, USA) immediately after collection. To guarantee the collection 
of fresh fecal samples, animals living on the artificial islands were followed visually until 
defecation occurred. KN95 disposable masks and gloves (a pair per sample) were always 
worn to avoid cross-contamination.

Three of four animal keepers showed flu-like symptoms between 8 and 14 August 
2022. Those people were not involved in the process of collecting the animal samples. 
On 27 August, we collected oropharyngeal swab samples from animal keepers under the 
Bioethics Committee of Universidad San Francisco de Quito (CEISH No. P2020-022IN) and 
by the Ministerio de Salud del Ecuador (MSP-CGDES-2020-0121-O). Swabs were stored 

TABLE 1 RT-qPCR positivity, sampling dates, and SARS-CoV-2 clade and lineage assignment among monkeys and animal keepers

Sample Type Sampling date RT-qPCR Cqb

(N1, N2 genes)
Cq-positive 
controls

Cq-negative 
controls

Clade Lineage

Monkeys
  Atl.1a Swab 17–09-2022 33.29, 31.47 22.48,20.99 NAc Unassigned Unassigned

Feces 1 30–08-2022 36.49, 36.47 22.54,21.26 44.53, NA Unassigned Unassigned
Feces 2 21–09-2022 35.07, 34.81 22.48,20.99 NA NSd NS

  Atl.2 Feces 1 30–08-2022 38.27, 37.26 22.54,21.26 44.53, NA NS NS
  Atl.3 Swab 17–09-2022 35.96, 33.96 22.48,20.99 NA 22B Unassigned

Feces 1 30/8/202 35.25, 33.13 22.54,21.26 44.53, NA 22B B.1.1.529 (OQ630011.1)e

Feces 2 21–09-2022 Negative 22.48,20.99 NA NS NS
  Atl.4 Feces 1 30–08-2022 38, 38.8 22.54,21.26 44.53, NA NS NS
  Atl.5 Feces 1 30–08-2022 38.67, 39.03 22.54,21.26 44.53, NA NS NS

Feces 2 21–09-2022 34.25, 33.16 22.48,20.99 NA NS NS
  Atl.6 Feces 1 30–08-2022 37.51, 38.87 22.54,21.26 44.53, NA NS NS

Feces 2 21–09-2022 35.46, 34.72 22.48,20.99 NA NS NS
  Atl.7 Swab 21/9/2022** 36.63, 35.1 22.48,20.99 NA 22B Unassigned

Feces 1 30–08-2022 34.98, 35.95 22.54,21.26 44.53, NA Unassigned Unassigned
  Atl.8 Feces 1 31–08-2022 38.27, 39.30 22.54,21.26 44.53, NA NS NS
  Atl.9 Feces 1 31–08-2022 35.39, 34.87 22.54,21.26 44.53, NA 22B B.1.1.529 (PP265987)e

  Atl.10 Feces 1 31–08-2022 38.14, 37.65 22.54,21.26 44.53, NA NS NS
Feces 2 6/12/2022** Negative 22.88,22.64 NA NS NS

  Atl.11 Feces 1 31–08-2022 35.05, 34.34 22.54,21.26 44.53, NA 22B B.1.1.529 (OQ630004)e

Feces 2 20–09-2022 35.84, 34.65 22.48,20.99 NA NS NS
  Atl.12 Feces 1 31–08-2022 36.49, 36.79 22.54,21.26 44.53, NA NS NS

Feces 2 21–09-2022 36.74, 35.42 22.48,20.99 NA NS NS
  Atl.13 Swab 25–08-2022 35.79, 32.99 25.77,25.33 NA 22B BA.5.2 (OQ630005)e

Feces *** 30–08-2022 34.96, 33.63 22.54,21.26 44.53, NA 22B Unassigned
  Atl.14 Swab 29–08-2022 32.15, 30.98 25.77,25.33 NA 22B B.1.1.529 (OQ630007)e

Feces *** 20–09-2022 34.79, 34.81 22.48,20.99 NA 22B B.1.1.529 (OQ630006)e

  Atl.15 Swab 24–08-2022 32.99, 33.79 25.77,25.33 NA 22B B.1.1.529 (OQ630008)e

  Atl.16 Tissue 24–08-2022 36.55, 34.76 25.77,25.33 NA 22B B.1.1.529 (2459402485)e

Monkey keepers
  Ecu4266 Swab 27–08-2022 33.37,32.7 23.59,22.47 44.53, NA 22B Unassigned
  Ecu4295 Swab 27–08-2022 34.86,34.44 23.59,22.47 44.53, NA 22B B.1.1.529 (OQ630012)e

  Ecu4297 Swab 27–08-2022 31.47,30.67 23.59,22.47 44.53, NA 22B B.1.1.529 (OQ630012.1)e

aAtl: Ateles fusciceps.
bRT-qPCR Cq: Quantitative Reverse Transcription PCR quantification cycle.
cNA: not applicable.
dNS: no sample.
eGenBanK.
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in RNA/DNA Shield (Zymo, USA) and transported to the Institute of Microbiology at 
Universidad San Francisco de Quito for further processing.

SARS-CoV-2 detection and sequencing

Viral RNA from samples was extracted using the Zymo Quick-RNA Viral Kit (Zymo, USA) 
and Qiagen RNeasy Mini Kit (QIAGEN, Germany) following the manufacturer’s modifica-
tions for feces and tissues. Briefly, 20 µL of proteinase K and 180 µL of PK digestion 
buffer were added to 3–5 mg of stool or tissue and incubated at 55°C overnight. Then, 
the digestion product was processed according to kit inserts. Molecular virus detection 
was performed using the Luna SARS-CoV-2 RT-qPCR Multiplex Assay Kit (New England 
Biolabs-NEB, USA). All samples were tested in duplicate; we used negative and positive 
controls in each run. Ct values higher than 40 were considered negatives.

Whole genome sequencing was performed following the Artic-nCoV-2019 protocol 
v3 (17). For PCR multiplex amplification of the SARS-CoV-2 genome, the NEBNext VarSkip 
Short v2 primers (New England Biolabs-NEB, USA) and the Midnight amplicon panel 
(18) were used. The sequencing library was prepared using the Oxford Nanopore Native 
Barcoding Expansion 96 (EXP-NBD196) with Ligation Sequencing Kit LSK-109 and loaded 
into an R9.4.1 flow cell in a GridION Mk1. The sequencing run was programmed with the 
MinKNOW software v22.08.6, and real-time demultiplexing and adapter trimming were 
activated with the high-accuracy mode for basecalling.

The Fastq reads obtained from the same sample taken on the same date but 
generated with different extraction kits and primer panels were combined. EPI2ME Labs 
wf-artic workflow v0.3.18 (https://github.com/epi2me-labs/wf-arti) was used to produce 
consensus sequences and alignments which were visualized on Tablet v1.21.02.08 (19). 
Nextclade v2.5.0 (20) web servers were used for clade assignment. Alternatively, to 
improve lineage assignment, the nucleotide sequences of the S gene were extracted 
with AliView (21) and Hedgehog v1.6 (22) was used for Pango lineage assignment, only 
sequences with more than 50% of coverage were used. For the sequences that were not 
assigned due to the high number of missing data, the amino acid substitutions were 
reviewed and compared with the defining mutations of the omicron variant.

RESULTS

Four brown-headed spider monkeys (Atl.13, 14, 15, and 16) were admitted to Hospital 
de Fauna Silvestre TUERI-USFQ between 23 and 27 August 2022. The symptoms that 
some of them presented were lethargy, anorexia, diarrhea, and fever. All four animals 
tested positive for SARS-CoV-2 (Fig. 1 and Table 1 show the hospitalization dates and 
positivity). Two out of these individuals died (Atl.15 and 16). To test whether additional 
monkeys were infected, fecal samples were collected from monkeys at the rescue center 
on two different dates (Fig. 1). All fecal samples collected from monkeys on 30–31 August 
(n = 12) tested positive for SARS-CoV-2, and five out of six monkey feces that were 
resampled after 20 days (20–21 September) were positive for SARS-CoV-2. One monkey 
(Atl.7), included during the first fecal sampling, was admitted at the veterinary hospital 
for a follow-up of previous hospitalization (non-COVID-19 related) and tested positive 
on September 21. Another monkey (Atl.3) that showed digestive signs plus lethargy 
and anorexia and was treated on site at the reserve also tested positive for SARS-CoV-2. 
Furthermore, on 6 December, Atl.10 monkey that had tested positive for SARS-CoV-2 on 
August was hospitalized for follow-up (non-COVID-19 related) and tested negative for 
SARS- CoV-2 (see sample details in Table S1).

Table 1 shows the SARS-CoV-2 positivity detected by RT-qPCR, the Cq value of 
RT-qPCR-positive and negative controls, clade assignment by Nextclade, and lineage 
assignment of the S gene sequence using hedgehog.

Despite performing different RNA extraction protocols and sequencing procedures, 
we were unable to recover complete viral genomes from all samples. However, we were 
able to sequence SARS-CoV-2 from 9 of the 16 monkeys (genomes that passed quality 
control were submitted to GenBank; accession numbers are detailed in Table S2), and for 
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some individuals, we successfully sequenced the viral genome from both feces and nasal 
swabs (Table 1). Sample Alt.13 (swab) stands out as the only one to Nextclade’s quality 
control assessments, providing high confidence for its classification as belonging to the 
Omicron clade 22B and pango lineage BA.5.2. In contrast, the remaining samples [Atl.3, 
Atl.7 (swab), Atl.9, Atl.11, Atl.13 (feces and swab), Atl.14 (feces and swab), Atl.15, and 
Atl.16] exhibit numerous segments containing N’s. Nevertheless, Nextclade categorizes 
them as members of the Omicron Clade 22B and hedgehog (S-gene sequence) as Pango 
lineage B.1.1.529. Unfortunately, sequences belonging to Atl.1 and Atl.7 (feces) suffered 
from extensive missing data, leading to unsuccessful classification. However, in the case 
of sample Atl.1, the presence of amino acid substitutions, such as N: R203K and N: 
G204R, along with ORF1a: T3255I, hints at the involvement of SARS-CoV-2 in the broader 
21M Omicron group (B.1.1.529). Similarly, mutations including N:P13L, N:R203K, N:G204R, 
ORF9b:P10S, S:Q954H, and S:N969K in Atl.11 suggest an association with the larger 21M 
Omicron (B.1.1.529) group. There are disparities in amino acid substitutions between the 
swab and fecal samples of the same individual; this is the case for Atl.13 and Atl.14; 
however, this is due to missing data.

Animal keeper’s results are also interesting as three out of four people (Ecu4266, 
Ecu4295, and Ecu 4297), who were actively involved in the deworming of the mon
keys, tested positive for SARS-CoV-2 on 27 August. One of these individuals remained 
asymptomatic, while the other two experienced mild symptoms, primarily a sore throat, 
during the period spanning from 8 August to 14 August (as illustrated in Fig. 1; Table 
1). Viral sequence analysis of samples obtained from these three keepers revealed the 
presence of extensive stretches of N’s. Furthermore, the sequences of samples Ecu4295 
and Ecu4297 were classified within clade 22B (Omicron) and Pango lineage B.1.1.529, as 
elaborated in Table 1.

DISCUSSION

The impact of the SARS-CoV-2 pandemic on wildlife has not been studied in detail, 
possibly because of the difficulty of detecting sick and infected animals in the wild. 
However, the large number of infected people worldwide, even in remote areas, makes it 
highly likely that unrecognized outbreaks have occurred in wildlife. This is especially true 
where people live near nature or domestic animals interact with wildlife. Unfortunately, 
surveillance of SARS-CoV-2 virus in animal species has been insufficient. Still, reports 
of outbreaks or clinical cases have helped us understand the impact of SARS-CoV-2 on 
animal health and the possible implications of an outbreak in the wild for persistence 
and new viral emergence. This is the case in our report, which describes the infection of 
SARS-CoV-2 in brown-headed spider monkeys (Ateles fusciceps) living in a rescue center 
specializing in the conservation of this species. It is interesting to note that most of 
the monkeys at the center are confined in artificial island enclosures with vegetation 
that simulate the monkeys’ natural habitat. In this environment, monkeys have no direct 
contact with humans, but indirect through food that is provided in baskets hoisted to the 
canopy by pulleys.

SARS-CoV-2 RNA was detected in all sampled monkeys (n = 16) at different time 
points. Initially, the manifestation of gastrointestinal symptoms like diarrhea, coupled 
with lethargy, fever, and anorexia in the first monkeys admitted to our care suggested 
that the recent deworming procedure, conducted a few days prior, might have distressed 
them. However, our team of veterinary experts, drawing from previous experiences 
(although unpublished) with another primate exhibiting similar symptoms, recognized 
the potential for SARS-CoV-2 infection. This suspicion was subsequently confirmed 
through SARS-CoV-2 positivity determined by RT-qPCR and validated via whole genome 
sequencing of the virus.

Indeed, sample Atl.13 (swab) passed all quality control assessments and was 
confidently classified into clade 22B (Omicron) and the Pango lineage BA.5.2. Similarly, 
samples obtained from monkeys (Atl.3, 7, 9, 11, 14, 15, and 16) and keepers (Ecu4295 and 
4297) were categorized within clade 22B and lineage B.1.1.529. These samples exhibited 
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lower quality due to extensive stretches of N’s, potentially affecting precise classification. 
Nonetheless, the presence of defining mutations such as M: D3N or N: P13L (https://
covariants.org/variants/22B.Omicron), the heightened circulation of the Omicron variant 
at that time in Ecuador, and the successful classification of sample Atl.13 collectively led 
us to the conclusion that the SARS-CoV-2 clade 22B Omicron was indeed responsible for 
the infection.

Unfortunately, the substantial gaps in the genomic data prevent us from conducting 
phylogenetic analysis to elucidate potential transmission routes. However, it’s essential 
to emphasize that the sequences obtained do confirm the presence of the virus in the 
samples.

Our findings indicate that while deworming was not the direct cause of the clinical 
manifestation, it likely served as the vehicle for infection, given that the baits were 
handled by animal keepers who exhibited flu-like symptoms a week earlier. The scenario 
of viral spread from bait to deer was previously suggested (13), but not proven; however, 
it is well recognized that touching contaminated surfaces can be a source of infection 
(23). Another route of infection could have been through the handling of monkey’s 
food by animal keepers who were infected with SARS-CoV-2, and regrettably, they 
did so without wearing gloves or protective equipment. Additionally, SARS-CoV-2 has 
previously been reported to be shed in feces (24), and this shedding may have played a 
role in facilitating transmission within monkeys in the rescue center.

Unfortunately, we were unable to collect samples from baits, food, saimiri mon
keys (which roam the surrounding area), or other animals in our SARS-CoV-2 analysis. 
Consequently, we cannot rule out these potential sources of infection. Nonetheless, 
direct transmission from humans to A. fusciceps at the site was implausible due to the 
absence of human-monkey contact.

Current reports of SARS-CoV-2 infection in wildlife are limited to the few individuals 
in which the virus has been detected. Signs of COVID-19 in animals have been reported 
to be highly variable (12), making it very difficult to predict how a wildlife population 
will respond to infection. Cases of SARS-CoV-2 infection in captive animals include pumas 
and lions in a zoo in South Africa (25), a snow leopard, a gorilla, an otter, a hyena, a 
fishing cat, a binturong, a coatimundi, and a lynx in the USA (26). There was also an 
outbreak in a gorilla group at the San Diego Zoo Safari Park; the eight gorillas recovered 
well and were further vaccinated (14, 16). In addition, wildlife reports in Brazil include 
deer, wild otters, and a case of a primate of the species Mico melanurus (13, 27, 28). 
Furthermore, non-human primates are well-studied models for the pathology and for 
evaluating vaccine candidates of SARS-CoV-2 (24, 29, 30). It has been shown that the 
immune response to SARS-CoV-2 is different between non-human primate species (30). 
Thus, it could be the reason that some individuals of Ateles fusciceps developed a strong 
response to the virus and others were asymptomatic.

Despite that this outbreak was not on a natural population of A. fusciceps, it affected 
16 individuals. The impact of the infection caused 25% (4/16) hospitalization and 12.5% 
(2/16) mortality. Due to logistics problems and the distance from the rescue center, we 
did not receive enough tissues for histopathology, and the necropsy information was not 
taken. Ateles fusciceps is a critically endangered species, and it is estimated that less than 
280 wildlife individuals remain in Ecuador (31, 32); furthermore, it is one of the 25 most 
endangered primates in the world (33). The information provided in our report on A. 
fusciceps contributes to understanding the impact that an outbreak of SARS-CoV-2 may 
have on this and other similar endangered monkey species. Nevertheless, it should be 
highlighted that the animals that recovered successfully received individualized medical 
care consisting of something that would not happen in the wild.

During the height of the SARS-CoV-2 pandemic, the virus reached the most remote 
areas of our planet at record speeds. The ability of the virus to infect a wide variety of 
animals makes it relevant to wildlife conservation and the One Health approach (34). The 
virus has shown to have a wide range of adaptation between mammal hosts, increasing 
the possibility of spillback events and the development of new variants of SARS-CoV-2 
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(13, 35). This emphasizes the need for regulations to protect wild animals from infected 
humans. As a result of this study, these regulations are being implemented in the rescue 
center and the risks of spillover or spillback are now being taken seriously. The use 
of protective equipment in wildlife hospitals, sanctuaries, or rescue centers should be 
mandatory when handling animals or their food, which will limit the transmission of 
infectious diseases (36). Another important aspect is to have regulations in national parks 
and ecological reserves that prevent human waste from encountering wild animals (37). 
It is important to establish channels of communication for this type of information to 
ensure that it is not distorted or misinterpreted and to avoid primates becoming the 
focus of reprisals (38). In this case, it was SARS-CoV-2; what will come next? In 2023, 
we are currently witnessing the tip of the iceberg of the impact of H5N1 influenza on 
birds and mammals around the world (39). Infectious disease surveillance in wildlife, 
zoos, markets, and even domestic animals should be conducted routinely, and results 
are publicly available. New genomic approaches make this feasible in many locations in 
the world. Only then will governments and world health organizations be able to make 
informed and timely decisions.

ACKNOWLEDGMENTS

The authors thank Ministerio de Ambiente, Agua y Transición Ecológica (MAATE) 
for providing all the support in conducting this research. We are grateful to Erika 
Latorre, Lucía Luje, Alberto Moncayo Calero, Miguel Moncayo, Darwin Espinoza, Cinthya 
Rodriguez, Diego Guzmán, the team from the Tueri Wildlife Hospital, the veterinary team 
from Argos Vet, Paola Cañar, and Noemí Torres. This work would not be possible without 
the logistic support of Bioparc Zoo Doué la Fontaine and the Hacienda Jambelí.

This study was funded by the NIH supplement grant U01AI151788 through A2CARES-
CREID, “RED PARA ELDESARROLLO DE INSTRUMENTOS INNOVADORES APLICADOS A LA 
INVESTIGACIÓN EPIDEMIOLÓGICA EN AMÉRICA DEL SUR” through the Government of 
France and Institut Pasteur Montevideo, RISE-USAID Project Ecuador.

AUTHOR AFFILIATIONS

1Universidad San Francisco de Quito, Instituto de Microbiología, Quito, Ecuador
2Universidad San Francisco de Quito, Hospital de Fauna Silvestre TUERI-USFQ, Quito, 
Ecuador
3Proyecto Washu-Fundación Naturaleza y Arte, Quito, Ecuador
4Universidad San Francisco de Quito, Escuela de Medicina Veterinaria, Quito, Ecuador
5University of California, Berkeley, California, USA
6Universidad San Francisco de Quito, Escuela de Medicina, Quito, Ecuador

AUTHOR ORCIDs

Paul A. Cardenas  http://orcid.org/0000-0001-9626-4489
Veronica Barragan  http://orcid.org/0000-0002-2205-3010

FUNDING

Funder Grant(s) Author(s)

HHS | National Institutes of Health (NIH) U01AI151788 Josefina Coloma

Institut Pasteur de Montevideo (IP Montevideo) Paul A. Cardenas

United States Agency for International Development 
(USAID)

Michelle Grunauer

AUTHOR CONTRIBUTIONS

Mateo Carvajal, Data curation, Formal analysis, Investigation, Methodology, Software, 
Writing – original draft, Writing – review and editing | Carolina Saenz, Investigation, 

Research Article Microbiology Spectrum

April 2024  Volume 12  Issue 4 10.1128/spectrum.02741-23 8

https://doi.org/10.1128/spectrum.02741-23


Methodology, Project administration, Writing – review and editing | Nathalia Fuentes, 
Funding acquisition, Investigation, Methodology, Writing – review and editing | Rommel 
Guevara, Investigation, Methodology, Writing – review and editing | Erika Muñoz, Data 
curation, Investigation, Methodology, Writing – review and editing | Belen Prado-Vivar, 
Data curation, Investigation, Methodology, Writing – review and editing | Eduardo 
Diaz, Investigation, Project administration, Writing – review and editing | Felipe Alfonso-
Cortes, Methodology, Writing – review and editing | Josefina Coloma, Conceptualization, 
Funding acquisition, Investigation, Methodology, Supervision, Writing – review and 
editing | Michelle Grunauer, Funding acquisition, Investigation, Methodology, Project 
administration, Writing – review and editing | Patricio Rojas-Silva, Conceptualization, 
Funding acquisition, Investigation, Methodology, Project administration, Supervision, 
Writing – review and editing | Paul A. Cardenas, Conceptualization, Funding acquisition, 
Investigation, Methodology, Resources, Supervision, Validation, Writing – review and 
editing | Veronica Barragan, Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, Supervision, Validation, 
Visualization, Writing – original draft, Writing – review and editing

DATA AVAILABILITY

SARS-CoV-2 genomes were submitted to GenBank under submissions: 
OQ630004:OQ630013[accn] and PP265987.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Material (Spectrum02741-23-s0001.docx). Tables S1 and Table S2 and 
Figure S1.

REFERENCES

1. Taylor LH, Latham SM, Woolhouse ME. 2001. Risk factors for human 
disease emergence. Philos Trans R Soc Lond B Biol Sci 356:983–989. 
https://doi.org/10.1098/rstb.2001.0888

2. Tajudeen YA, Oladunjoye IO, Bajinka O, Oladipo HJ. 2022. Zoonotic 
spillover in an era of rapid deforestation of tropical areas and unprece
dented wildlife trafficking: into the wild. Challenges 13:41. https://doi.
org/10.3390/challe13020041

3. Hahn BH, Shaw GM, De Cock KM, Sharp PM. 2000. AIDS as a zoonosis: 
scientific and public health implications. Science 287:607–614. https://
doi.org/10.1126/science.287.5453.607

4. Sharp PM, Hahn BH. 2011. Origins of HIV and the AIDS pandemic. Cold 
Spring Harb Perspect Med 1:a006841. https://doi.org/10.1101/
cshperspect.a006841

5. Leroy EM, Epelboin A, Mondonge V, Pourrut X, Gonzalez JP, Muyembe-
Tamfum JJ, FormentyP. 2007. Human Ebola outbreak resulting from 
direct exposure to fruit bats in Luebo, Democratic Republic of Congo, 
2007. Vector Borne Zoonotic Dis 9:723–728. https://doi.org/10.1089/vbz.
2008.0167

6. Judson SD, Fischer R, Judson A, Munster VJ, Kuhn JH. 2016. Ecological 
contexts of index cases and spillover events of different Ebolaviruses. 
PLoS Pathog 12:e1005780. https://doi.org/10.1371/journal.ppat.1005780

7. de Wit E, van Doremalen N, Falzarano D, Munster VJ. 2016. SARS and 
MERS: recent insights into emerging coronaviruses. Nat Rev Microbiol 
14:523–534. https://doi.org/10.1038/nrmicro.2016.81

8. Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF. 2020. The 
proximal origin of SARS-CoV-2. Nat Med 26:450–452. https://doi.org/10.
1038/s41591-020-0820-9

9. Jamison DA, Anand Narayanan S, Trovão NS, Guarnieri JW, Topper MJ, 
Moraes-Vieira PM, Zaksas V, Singh KK, Wurtele ES, Beheshti A. 2022. A 
comprehensive SARS-CoV-2 and COVID-19 review, part 1: intracellular 

overdrive for SARS-CoV-2 infection. Eur J Hum Genet 30:889–898. https:/
/doi.org/10.1038/s41431-022-01108-8

10. Nerpel A, Yang L, Sorger J, Käsbohrer A, Walzer C, Desvars-Larrive A. 
2022. SARS-ANI: a global open access dataset of reported SARS-CoV-2 
events in animals. Sci Data 9:438. https://doi.org/10.1038/s41597-022-
01543-8

11. van Aart AE, Velkers FC, Fischer EAJ, Broens EM, Egberink H, Zhao S, 
Engelsma M, Hakze-van der Honing RW, Harders F, de Rooij MMT, 
Radstake C, Meijer PA, Oude Munnink BB, de Rond J, Sikkema RS, van der 
Spek AN, Spierenburg M, Wolters WJ, Molenaar R-J, Koopmans MPG, van 
der Poel WHM, Stegeman A, Smit LAM. 2022. SARS-CoV-2 infection in 
cats and dogs in infected mink farms. Transbound Emerg Dis 69:3001–
3007. https://doi.org/10.1111/tbed.14173

12. Delahay RJ, de la Fuente J, Smith GC, Sharun K, Snary EL, Flores Girón L, 
Nziza J, Fooks AR, Brookes SM, Lean FZX, Breed AC, Gortazar C. 2021. 
Assessing the risks of SARS-CoV-2 in wildlife. One Health Outlook 3:7. 
https://doi.org/10.1186/s42522-021-00039-6

13. Hale VL, Dennis PM, McBride DS, Nolting JM, Madden C, Huey D, Ehrlich 
M, Grieser J, Winston J, Lombardi D, Gibson S, Saif L, Killian ML, Lantz K, 
Tell RM, Torchetti M, Robbe-Austerman S, Nelson MI, Faith SA, Bowman 
AS. 2022. SARS-CoV-2 infection in free-ranging white-tailed deer. Nature 
602:481–486. https://doi.org/10.1038/s41586-021-04353-x

14. Public Relations-San Diego Zoo. 2021. Animals. San Diego zoo safari park 
gorillas recovering after SARS-CoV-2 diagnosis. Available from: https://
stories.sandiegozoo.org/2021/01/25/gorillasrecovering/

15. WAHIS. 2022. United States of America - SARS-CoV-2 in animals (Inf. 
with) - follow up report 36. https://wahis.woah.org/#/in-review/3449?
reportId=156083&fromPage=event-dashboard-url.

16. Pappas G, Vokou D, Sainis I, Halley JM. 2022. SARS-CoV-2 as a zooanthro
ponotic infection: spillbacks, secondary spillovers, and their importance. 

Research Article Microbiology Spectrum

April 2024  Volume 12  Issue 4 10.1128/spectrum.02741-23 9

https://www.ncbi.nlm.nih.gov/nuccore/OQ630004.1/
https://www.ncbi.nlm.nih.gov/nuccore/OQ630013.1/
https://www.ncbi.nlm.nih.gov/nuccore/PP265987
https://doi.org/10.1128/spectrum.02741-23
https://doi.org/10.1098/rstb.2001.0888
https://doi.org/10.3390/challe13020041
https://doi.org/10.1126/science.287.5453.607
https://doi.org/10.1101/cshperspect.a006841
https://doi.org/10.1089/vbz.2008.0167
https://doi.org/10.1371/journal.ppat.1005780
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41431-022-01108-8
https://doi.org/10.1038/s41597-022-01543-8
https://doi.org/10.1111/tbed.14173
https://doi.org/10.1186/s42522-021-00039-6
https://doi.org/10.1038/s41586-021-04353-x
https://stories.sandiegozoo.org/2021/01/25/gorillasrecovering/
https://wahis.woah.org/#/in-review/3449?reportId=156083&fromPage=event-dashboard-url
https://doi.org/10.1128/spectrum.02741-23


Microorganisms 10:2166. https://doi.org/10.3390/microorgan
isms10112166

17. Quick J, BarnesK. 2020. nCoV-2019 sequencing protocol. ARTIC 
Coronavirus Method Devolopment community. https://www.protocols.
io/view/ncov-2019-sequencing-protocol-bbmuik6w.

18. Freed NE, Vlková M, Faisal MB, Silander OK. 2020. Rapid and inexpensive 
whole-genome sequencing of SARS-CoV-2 using 1200 bp tiled 
amplicons and Oxford Nanopore Rapid Barcoding. Biol Methods Protoc 
5:bpaa014. https://doi.org/10.1093/biomethods/bpaa014

19. Milne I, Stephen G, Bayer M, Cock PJA, Pritchard L, Cardle L, Shaw PD, 
Marshall D. 2013. Using tablet for visual exploration of second-
generation sequencing data. Brief Bioinform 14:193–202. https://doi.
org/10.1093/bib/bbs012

20. Aksamentov I, Roemer C, Hodcroft EB, Neher RA. 2021. Nextclade: clade 
assignment, mutation calling and quality control for viral genomes. J 
Open Source Softw 6:3773. https://doi.org/10.21105/joss.03773

21. Larsson A. 2014. AliView: a fast and lightweight alignment viewer and 
editor for large datasets. Bioinformatics 30:3276–3278. https://doi.org/
10.1093/bioinformatics/btu531

22. O’Toole Á, Pybus OG, Abram ME, Kelly EJ, Rambaut A. 2022. Pango 
lineage designation and assignment using SARS-CoV-2 spike gene 
nucleotide sequences. BMC Genomics 23:121. https://doi.org/10.1186/
s12864-022-08358-2

23. Pitol AK, Julian TR. 2021. Community transmission of SARS-CoV-2 by 
surfaces: risks and risk reduction strategies. Environ Sci Technol Lett 
8:263–269. https://doi.org/10.1021/acs.estlett.0c00966

24. Lu S, Zhao Y, Yu W, Yang Y, Gao J, Wang J, Kuang D, Yang M, Yang J, Ma 
C, et al. 2020. Comparison of nonhuman primates identified the suitable 
model for COVID-19. Signal Transduct Target Ther 5:157. https://doi.org/
10.1038/s41392-020-00269-6

25. Koeppel KN, Mendes A, Strydom A, Rotherham L, Mulumba M, Venter M. 
2022. SARS-CoV-2 reverse zoonoses to pumas and lions, South Africa. 
Viruses 14:120. https://doi.org/10.3390/v14010120

26. Cui S, Liu Y, Zhao J, Peng X, Lu G, Shi W, Pan Y, Zhang D, Yang P, Wang Q. 
2022. An updated review on SARS-CoV-2 infection in animals. Viruses 
14:1527. https://doi.org/10.3390/v14071527

27. Padilla-Blanco M, Aguiló-Gisbert J, Rubio V, Lizana V, Chillida-Martínez E, 
Cardells J, Maiques E, Rubio-Guerri C. 2022. The finding of the severe 
acute respiratory syndrome coronavirus (SARS-CoV-2) in a wild Eurasian 
river otter (Lutra lutra) highlights the need for viral surveillance in wild 
mustelids. Front Vet Sci 9:826991. https://doi.org/10.3389/fvets.2022.
826991

28. Pereira AH, Vasconcelos AL, Silva VL, Nogueira BS, Silva AC, Pacheco RC, 
Souza MA, Colodel EM, Ubiali DG, Biondo AW, Nakazato L, Dutra V. 2022. 
Natural SARS-CoV-2 infection in a free-ranging black-tailed marmoset 
(Mico melanurus) from an urban area in mid-West Brazil. J Comp Pathol 
194:22–27. https://doi.org/10.1016/j.jcpa.2022.03.005

29. Clancy CS, Shaia C, Munster V, de Wit E, Hawman D, Okumura A, 
Feldmann H, Saturday G, Scott D. 2022. Histologic pulmonary lesions of 

SARS-CoV-2 in 4 nonhuman primate species: an institutional compara
tive review. Vet Pathol 59:673–680. https://doi.org/10.1177/-
03009858211067468

30. Singh DK, Singh B, Ganatra SR, Gazi M, Cole J, Thippeshappa R, Alfson KJ, 
Clemmons E, Gonzalez O, Escobedo R, et al. 2021. Responses to acute 
infection with SARS-CoV-2 in the lungs of rhesus macaques, baboons 
and marmosets. Nat Microbiol 6:73–86. https://doi.org/10.1038/s41564-
020-00841-4

31. Moscoso P, Link A, Defler TR, Torre S, Cortes-Ortíz L, Méndez-Carvajal PG, 
Shanee S. 2021. The IUCN red list of threatened species 2021: 
e.T135446A191687087. 2021. Ateles fusciceps (amended version of 2020 
assessment)

32. Tirira D, Brito J, Burneo S, Comisión de Diversidad de la AEM. 2020. 
Mamíferos del Ecuador: lista actualizada de especies / mammals of 
Ecuador: updated checklist species. Versión 2020.1. Quito: Asociación 
Ecuatoriana de Mastozoología

33. Tirira D, Fuentes N, Alfonso-Cortes F, Morelos-Juarez C, Méndez-Carvajal 
P, Gutiérrez-Pineda K, Montilla S, Hernández-Jaramillo A, Mórales-
Jimenez A. 2022. Brown-headed spider monkey Ateles fusciceps 
fuscicpes, p 127–131. In Mittermeier RA, Reuter KE, Rylands AB, 
Jerusalinsky L, Schwitzer C, Strier KB, Ratsimbazafy J, Humle T (ed), 
Primates in peril: the world’s 25 most endangered primates 2022–2023. 
IUCN SSC Primate Specialist Group, International Primatological Society, 
Re:wild, Washington, DC.

34. Tan CCS, Lam SD, Richard D, Owen CJ, Berchtold D, Orengo C, Nair MS, 
Kuchipudi SV, Kapur V, van Dorp L, Balloux F. 2022. Transmission of 
SARS-CoV-2 from humans to animals and potential host adaptation. Nat 
Commun 13:2988. https://doi.org/10.1038/s41467-022-30698-6

35. Pan T, Chen R, He X, Yuan Y, Deng X, Li R, Yan H, Yan S, Liu J, Zhang Y, 
Zhang X, Yu F, Zhou M, Ke C, Ma X, Zhang H. 2021. Infection of wild-type 
mice by SARS-CoV-2 B.1.351 variant indicates a possible novel cross-
species transmission route. Signal Transduct Target Ther 6:420. https://
doi.org/10.1038/s41392-021-00848-1

36. Hobbs EC, Reid TJ. 2021. Animals and SARS‐CoV‐2: species 
susceptibility and viral transmission in experimental and natural 
conditions, and the potential implications for community transmission. 
Transbound Emerg Dis 68:1850–1867. https://doi.org/10.1111/tbed.
13885

37. Usui R, Sheeran LK, Asbury AM, Blackson M. 2021. Impacts of the 
COVID‐19 pandemic on mammals at tourism destinations: a systematic 
review. Mamm Rev 51:492–507. https://doi.org/10.1111/mam.12245

38. Bicca-Marques JC, de Freitas DS. 2010. The role of monkeys, mosquitoes, 
and humans in the occurrence of a yellow fever outbreak in a fragmen
ted landscape in south Brazil: protecting howler monkeys is a matter of 
public health. Trop Conserv Sci 3:78–89. https://doi.org/10.1177/
194008291000300107

39. May SS, Nature NEWS EXPLAINER. 2023. How to stop the bird flu 
outbreak becoming a pandemic. Available from: https://www.nature.
com/articles/d41586-023-00591-3

Research Article Microbiology Spectrum

April 2024  Volume 12  Issue 4 10.1128/spectrum.02741-2310

https://doi.org/10.3390/microorganisms10112166
https://www.protocols.io/view/ncov-2019-sequencing-protocol-bbmuik6w
https://doi.org/10.1093/biomethods/bpaa014
https://doi.org/10.1093/bib/bbs012
https://doi.org/10.21105/joss.03773
https://doi.org/10.1093/bioinformatics/btu531
https://doi.org/10.1186/s12864-022-08358-2
https://doi.org/10.1021/acs.estlett.0c00966
https://doi.org/10.1038/s41392-020-00269-6
https://doi.org/10.3390/v14010120
https://doi.org/10.3390/v14071527
https://doi.org/10.3389/fvets.2022.826991
https://doi.org/10.1016/j.jcpa.2022.03.005
https://doi.org/10.1177/03009858211067468
https://doi.org/10.1038/s41564-020-00841-4
https://doi.org/10.1038/s41467-022-30698-6
https://doi.org/10.1038/s41392-021-00848-1
https://doi.org/10.1111/tbed.13885
https://doi.org/10.1111/mam.12245
https://doi.org/10.1177/194008291000300107
https://www.nature.com/articles/d41586-023-00591-3
https://doi.org/10.1128/spectrum.02741-23

	SARS-CoV-2 infection in brown-headed spider monkeys (Ateles fusciceps) at a wildlife rescue center on the coast of Ecuador—South America
	MATERIALS AND METHODS
	Study site and background
	Sample collection
	SARS-CoV-2 detection and sequencing

	RESULTS
	DISCUSSION




