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Abstract

Through collaborative efforts, One Health partners have responded to outbreaks of COVID-19 

among animals, including those in human care at zoos. Zoos have been faced with numerous 

challenges, including the susceptibility of many mammalian species, and therefore the need to 

heighten biosecurity measures rapidly. Robust One Health collaborations already exist in Arizona 

to address endemic and emerging zoonoses, but these have rarely included zoos. The pandemic 
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shed light on this, and Arizona sub-sequently expanded its SARS-CoV-2 surveillance efforts to 

include zoo animals. Testing and epidemiologic support was provided to expedite the detection 

of and response to zoonotic SARS-CoV-2 infection in zoo animals, as well as to understand 

possible transmission events. Resulting from this program, SARS-CoV-2 was detected from a 

rectal swab collected from an 8-yr-old squirrel monkey (Saimiri sciureus) from a zoo in Southern 

Arizona. The animal had rapidly become ill with nonrespiratory symptoms and died in July 

2022. Genomic sequencing from the swab revealed mutations consistent with the Omicron (BA.2) 

lineage. An epidemiologic investigation identified an animal caretaker in close proximity to the 

affected squirrel monkey who tested positive for COVID-19 the same day the squirrel monkey 

died. Critical One Health partners provided support to the zoo through engagement of local, state, 

and federal agencies. Necropsy and pathologic evaluation showed significant necrotizing colitis; 

the overall clinical and histopathological findings did not implicate SARS-CoV-2 infection alone 

as a causal or contributing factor in the squirrel monkey’s illness and death. This report documents 

the first identification of SARS-CoV-2 in a squirrel monkey and highlights a successful and timely 

One Health investigation conducted through multisectoral collaboration.

INTRODUCTION

The necessity of a One Health approach to surveillance, investigation, response, and 

prevention of emerging zoonotic diseases is well recognized.3,7,19,26 Many United 

States (US) agencies define One Health as “a collaborative, multisectoral, and trans-

disciplinary approach with the goal of achieving optimal health outcomes recognizing 

the interconnection between people, animals, plants, and their shared environment.”7 On 

a global scale, the COVID-19 pandemic has greatly impacted animal populations and 

subsequent management,8,11,24 thereby providing an opportunity to operationalize One 

Health collaborations.17 Early coordination and communication between local, state, and 

federal animal and public health partners are critical to address zoonotic SARS-CoV-2 

events, where transmission occurs between people and animals, including animals in human 

care in zoos, sanctuaries, and aquariums.2,10,11,15,17,24,28,31,32

In the US, zoo animals with respiratory symptoms or suspected SARS-CoV-2 infection 

are tested following the onset of clinical signs or known exposure to a person with 

COVID-19.2,8,10,15,29,31,34 The majority of SARS-CoV-2–positive zoo animals experienced 

mild, self-limiting illness and have recovered, although a small proportion have died. 

More information is needed to understand the role of SARS-CoV-2 infection in fatal 

outcomes.2,10,15,22,28,31,33,34 As of 09 January 2024, 42% (n = 171) of all individual 

confirmed positive animal cases have occurred in zoo animals, primarily tigers, lions, 

snow leopards, otters, and gorillas.33 In addition to heightening measures to mitigate viral 

spread, many US zoos have initiated One Health investigations with local, state, and federal 

governmental partners, as well as with academic and nonprofit entities. These partnerships 

have been essential for investigation and response to SARS-CoV-2 outbreaks in zoos.28

Beginning in 2021, the Arizona Department of Health Services (ADHS) and the 

Translational Genomics Research Institute (TGen) launched several One Health studies 

to understand better the impacts of SARS-CoV-2 on animals in the state, including 
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companion animals, zoo animals, and free-ranging wildlife.37 In partnership with local 

wildlife agencies, zoos, wildlife rehabilitation centers, and state and federal governments, 

the program provides testing and epidemiologic support to expedite detection of and 

response to zoonotic SARS-CoV-2 infection in animals.

Reid Park Zoo COVID policies and partnership with ADHS/TGen

At the beginning of the pandemic (April 2020), the Reid Park Zoo implemented 

enhanced COVID-19 policies for all animal care and other essential staff. This included 

recommending vaccination, requiring staff working with susceptible animal species to wear 

KN95 masks, requiring all staff to wear gloves and masks during food preparation and 

feeding, and testing all staff experiencing any signs of illness before coming to work. Staff 

testing positive for SARS-CoV-2 were required to follow CDC guidelines, including staying 

home until testing negative. Public admission during the height of the pandemic (2020–

2021) was limited; animal encounters were paused, and the public was kept at a greater 

distance from a number of animal enclosures. Although the zoo has lifted many of these 

policies since the public health emergency declaration ended, enhanced biosecurity practices 

and PPE use are still in place. In the spring of 2022, the zoo also began vaccinating known 

SARS-CoV-2 susceptible species with the experimental COVID-19 vaccine manufactured 

by Zoetis (Zoetis LLC, Kalamazoo, MI 49007, USA) made available to zoos for use in 

animals.29,38

On 06 April 2022, the zoo was enrolled into the One Health and SARS-CoV-2 surveillance 

program.37 ADHS and TGen conducted a site visit at the zoo, delivered sample collection 

supplies, and reviewed zoo biosecurity and COVID-19 policies. Swab (nasal and rectal) and 

blood samples were collected by zoo veterinary staff during routine examinations or animal 

training. Viral and serologic testing was performed on submitted samples. TGen and ADHS 

maintained regular communications with the zoo staff and were available to assist with any 

epidemiologic investigations as needed. The following narrative details the identification and 

One Health investigation of SARS-CoV-2 in a deceased squirrel monkey (Saimiri sciureus) 

at the zoo.

CASE REPORT

Case presentation

An 8-yr-old female squirrel monkey (Saimiri sciureus) was observed on 19 June 2022 

to be obtunded, experiencing severe weakness, diarrhea, tenesmus, and head tremors, 

without signs of respiratory illness. Video monitoring from the prior evening showed 

that she appeared lethargic and reclusive. This monkey was clinically healthy prior 

to the sudden onset of illness, though she previously suffered from chronic ulcerative 

gastrointestinal disease. Results of initial examination, bloodwork, and radiographs were 

consistent with severe sepsis, including severe hypoglycemia, neutropenia, and hypothermia. 

Signs worsened despite medical intervention, and after several hours in the veterinary 

intensive care unit, the squirrel monkey died.
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Initial histopathological and viral findings

Necropsy and initial histopathology were conducted 2 days after death on 21 Juneat 

Midwestern University’s Veterinary Diagnostic Pathology Center. Significant gross and 

microscopic findings were limited to the colon, in which there was widespread mucosal 

ulceration and necrosis with hemorrhage, fibrin, and karyorrhectic debris. The submucosa 

was thickened by edema and mixed inflammation with prominent neutrophila, which 

occasionally extended transmurally. Multi-focal vascular necrosis with fibrin thrombi and 

necrosis of mucosal associated lymphoid tissue was also seen. Gram stain identified mixed 

bacteria, including gram-positive bacilli adhered to the necrotic mucosa. Fecal culture 

identified numerous Clostridium perfringens and Clostridium hiranonsi. Identification of 

C. perfringens toxin genes further classified this isolate as type A, with alpha and beta-2 

toxin genes detected. No organisms were isolated from aerobic and anaerobic lung tissue 

cultures.

As participants of Arizona’s One Health and SARS-CoV-2 surveillance program, the zoo’s 

veterinary team notified ADHS and TGen of the squirrel monkey’s death on 23 June. 

A rectal swab collected antemortem tested positive for SARS-CoV-2 by rRT-PCR (Ct 

values of 32 for both N2 and S4 targets) on 27 June. Confirmatory testing at the National 

Veterinary Services Laboratories (NVSL) on 29 June was also positive on N1 and N2 

targets, with Ct values of 32.8 and 39.0, respectively. The confirmed case was reported 

to the World Organisation for Animal Health on 08 July 2022.36 Genomic sequencing14 

(EPI_ISL_17322932) identified mutations consistent with the Omicron (BA.2) variant. 

Unfortunately, a blood sample was not collected for viral neutralizing antibody testing 

bcause of the prognosis and deteriorating condition of the animal. Details of the SARS-

CoV-2 viral, serologic, and genomic testing can be found in the supplemental material.4,14,21

Additional testing and histopathologic analysis

Based on initial investigation findings, formalin-fixed paraffin-embedded (FFPE) tissues 

were submitted to the Center for Disease Control and Prevention’s Infectious Disease 

Pathology Branch (CDC IDPB) for histopathologic review and further testing.4 

Immunohistochemistry (IHC)16 for Clostridium spp. showed positive immunolabeling of 

surface bacilli in the necrohemorrhagic colonic tissue (Fig. 1). The liver was evaluated 

for clostridial bacteremia via IHC and deemed negative. However, absence of bacteremia 

does not exclude the possibility of toxemia. Lung tissues showed mild congestion and 

hemorrhage, with no evidence of pneumonia. No other tissues (trachea, kidney, urinary 

bladder, liver, gallbladder, stomach, adrenals, pancreas, and reproductive tract) yielded 

remarkable histopathologic findings. Fresh lung tissue tested negative for SARS-CoV-2 by 

conventional RT-PCR at Midwestern University Veterinary Diagnostic Pathology Center. 

Conventional RT-PCR was performed on RNA extracts from the FFPE trachea, lung, and 

colon, and was also negative for SARS-CoV-2.

EPIDEMIOLOGIC INVESTIGATION

Reid Park Zoo staff consulted with TGen and ADHS regarding an epidemiologic 

investigation to inform public health measures. The investigation included contacting all 
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staff in close proximity to the squirrel monkey and reviewing all recent reports of staff 

illness. Engagement of critical One Health partners occurred 28–30 June. Figure 2 depicts 

the timeline of key events and actions carried out by the One Health partner agencies 

involved in this investigation.

One of the animal caretakers reported development of mild respiratory symptoms, including 

sneezing, coughing, and sinus drainage, beginning around 04 June. Multiple at-home 

COVID-19 antigen tests were negative in subsequent days. Upon returning to work on 08 

June (11 days before the squirrel monkey’s death), the animal caretaker continued to follow 

infection-prevention measures outlined in zoo policy, including wearing a KN95 mask and 

gloves and using a foot bath prior to entering the squirrel monkey enclosure. The animal 

caretaker visited urgent care on 16 June for continued intermittent mild symptoms and again 

tested negative by a COVID-19 antigen test. The caretaker returned to work on 17 June (2 

days prior to the squirrel monkey’s death). On the morning of 19 June, the same day of the 

animal’s death, the animal caretaker yielded a positive result for COVID-19 concurrent with 

another positive, symptomatic adult in the household. Samples from the caretaker and family 

member were discarded and not available for genomic sequencing.

Two asymptomatic adult squirrel monkeys housed in the same enclosure tested negative for 

SARS-CoV-2 by rRT-PCR on serial fecal samples. The three squirrel monkeys were not 

included in the first round of Zoetisvaccinations29,38 because of routine health monitoring 

concerns (e.g., preexisting health conditions in one female, and a suspected pregnancy in 

the other female). Serum samples collected 3 mon later (October 2022) from the other two 

squirrel monkeys tested negative for SARS-CoV-2 neutralizing antibodies; these monkeys 

have since been immunized. There were no other animals housed in the squirrel monkey 

enclosure. Other nearby exhibits were greater than 6 ft away and tended to by different 

caretakers.

Viral and serologic testing as part of the One Health and SARS-CoV-2 surveillance program 

was conducted on samples from 55 other animals at the Reid Park Zoo, including African 

lions, ring-tailed lemurs, spotted necked otters, macaques, and goats. All samples were 

negative for SARS-CoV-2.

DISCUSSION

Over the past decade, numerous successful multi-institutional One Health collaborations 

have been formed in Arizona to understand the circulation of endemic diseases better, 

to respond to zoonotic disease outbreaks, and to conduct surveillance of emerging 

pathogens.5,18,23,37 Despite robust implementation of the One Health approach in Arizona, 

collaborations have previously overlooked the routine inclusion of zoos and wildlife 

facilities. Zoonotic transmission of SARS-CoV-2 presents novel concerns and challenges 

in zoo settings.2,10,15,28,34 In the beginning of the pandemic, zoos faced challenges in 

implementing effective biosecurity practices. The emergence of new variants and changing 

guidance further prompted shifts in policy governing general zoo operations.13 Close 

interactions with animal caretakers and the risk imposed by congregate housing continue 

to be implicated as important factors in SARS-CoV-2 outbreaks at zoos.2,8,10,15,28,31,34 
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Taken together, these issues highlight the need to include these partners in surveillance, 

preparedness, and response.

In this case study, necropsy and pathologic evaluation revealed necrotizing colitis and, 

together with fecal culture results, suggested toxemia due to Clostridium perfringens type 

A as the driver of the fatal outcome in the squirrel monkey.30 Pathologic findings did 

not implicate SARS-CoV-2 as a causal or contributing factor in the animal’s illness and 

death, although its burden on the immune system may have limited the squirrel monkey’s 

ability to respond to the clostridium infection. Using the algorithm established through 

rigorous clinical, epidemiologic, and pathologic investigation by Carpenter et al.6 to assess 

the role of SARS-CoV-2 in an animal’s death, infection was deemed incidental to the 

death of the squirrel monkey. Additionally, given the rapid decline, it is plausible that 

SARS-CoV-2 infection never established itself systemically in the squirrel monkey. Lastly, 

although samples for sequencing from the animal caretaker were unavailable, the most 

plausible hypothesis is that the squirrel monkey was exposed to SARS-CoV-2, likely by 

a caretaker. This is supported by three lines of evidence: (1) other animals at the zoo, 

including nonhuman primates and the two cohabitating squirrel monkeys were negative for 

SARS-CoV-2, suggesting other animals were not the source of exposure; (2) public contact 

with the squirrel monkey was limited, suggesting a caretaker source; and (3) the animal 

was found to be infected with the Omicron variant, which was the predominant lineage 

circulating in the human population during the same timeframe and geographic location. The 

Omicron variant has also been identified in other animals in human care, including a gorilla 

and a tiger.33,35

Little is known about natural infections of SARS-CoV-2 in nonhuman primates housed in 

zoos. Most infections in zoo settings to date have been documented in gorillas, with few 

reported natural infections in monkeys.28,33 Squirrel monkeys (Saimiri spp.) are commonly 

found in zoological collections throughout the US,1 and studies have shown that squirrel 

monkeys appear to have the least severe pathological changes when infected with SARS-

CoV-2, in comparison to other nonhuman primates.9 This may in part be because of 

genetic differences in cellular receptors mediating the entry of SARS-CoV-2 in New World 

monkeys.20 Given these experimental data, limited evidence of SARS-CoV-2 in neotropical 

nonhuman primates,27 and the now reported infection in this particular species, further 

studies to understand the range of susceptible host and transmission factors are warranted. 

Moreover, it is also essential to consider the potential conservation impact SARS-CoV-2 

and other pathogens transmitted from or between humans to animals can have on primate 

hosts.12

Overall, the establishment of an active One Health surveillance program for SARS-CoV-2 

in Arizona enabled the rapid detection and investigation of SARS-CoV-2 in a novel 

species and prompt response to prevent spread to other people or animals. Establishing 

trusted partnerships between the zoo, ADHS, and TGen prior to this incident (April 2022) 

facilitated smooth and effective public health action. By continuing to foster relationships 

with multisectoral partners, additional collaborations to address critical One Health issues 

will be formed, enabling the expansion of zoonotic disease surveillance opportunities across 

the human–animal–environment interface.17,25,26,32
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

This work was funded by a Council for State and Territorial Epidemiologists (CSTE) and Centers for Disease 
Control and Prevention (CDC) Cooperative Agreement (1NU38OT000297-03-00). The authors thank the CDC 
One Health Office (Grace Goryoka, Natalie Wendling, and Amanda Liew), CDC Infectious Diseases Pathology 
Branch (Lindsey Estetter [SARS-CoV-2 RT-PCR on FFPE tissues], Pamela Fair and Amy Morris [clostridial IHC]), 
USDA-APHIS Veterinary Services Office of Interagency Coordination and Center for Epidemiology and Animal 
Health (Jane A. Rooney), and the National Veterinary Services Laboratories (Mia Torchetti) for their partnership, 
guidance, assistance, and technical expertise in this investigation. The authors appreciate the efforts of the TGen 
North laboratory team, mainly Carsen Mastrangelo, Heather Centner, and Krystal Sheridan, and extend additional 
gratitude to Sophia Carvalho for her kind review of the manuscript.

LITERATURE CITED

1. Abee CR. Squirrel monkey (Saimiri spp.) research and resources. ILAR J. 2000;41(1):2–9. 
[PubMed: 11421220] 

2. Bartlett SL, Diel DG, Wang L, Zec S, Laverack M, Martins M, Caserta LC, Killian ML, Terio 
K, Olmstead C, Delaney MA, Stokol T, Ivančić M, Jenkins-Moore M, Ingerman K, Teegan T, 
McCann C, Thomas P, McAloose D, Sykes JM, Calle PP. SARS-CoV-2 infection and longitudinal 
fecal screening in Malayan Tigers (Panthera tigris jacksoni), Amur Tigers (Panthera tigris altaica), 
and African Lions (Panthera leo krugeri) at the Bronx Zoo, New York, USA. J Zoo Wildl Med. 
2021;51(4): 733–744. [PubMed: 33480553] 

3. Behravesh BC. Introduction. One Health: over a decade of progress on the road to sustainability. 
Rev Sci Tech. 2019;38(1):21–50. [PubMed: 31564742] 

4. Bhatnagar J, Gary J, Reagan-Steiner S, Estetter LB, Tong S, Tao Y, Denison AM, Lee E, DeLeon-
Carnes M, Li Y, Uehara A, Paden CR, Leitgeb B, Uyeki TM, Martines RB, Ritter JM, Paddock CD, 
Shieh WJ, Zaki SR. Evidence of severe acute respiratory syndrome coronavirus 2 replication and 
tropism in the lungs, airways, and vascular endothelium of patients with fatal coronavirus disease 
2019: an autopsy case series. J Infect Dis. 2021;223(5):752–764. [PubMed: 33502471] 

5. Birdsell DN, Yaglom H, Rodriguez E, Engelthaler DM, Maurer M, Gaither M, Vinocur J, Weiss 
J, Terriquez J, Komatsu K, Ormsby ME, Gebhardt M, Solomon C, Nienstadt L, Williamson CHD, 
Sahl JW, Keim PS, Wagner DM. Phylogenetic analysis of Francisella tularensis Group A.II isolates 
from 5 patients with tularemia, Arizona, USA, 2015–2017. Emerging Infect Dis. 2019;25(5):944–
946.

6. Carpenter A, Ghai RR, Gary J, Ritter JM, Carvallo FR, Diel DG, Martins M, Murphy J, Schroeder 
B, Brightbill K, Tewari D, Boger L, Gabel J, Cobb R, Hennebelle J, Stanton JB, McCullough 
K, Mosley YC, Naikare HK, Radcliffe R, Parr B, Balsamo G, Robbins B, Smith D, Slavinski S, 
Williams C, Meckes D, Jones D, Frazier T, Steury K, Rooney J, Torchetti M, Wendling N, Currie 
D, Behravesh CB, Wallace RM. Determining the role of natural SARS-CoV-2 infection in the death 
of domestic pets: 10 cases (2020–2021). J Am Vet Med Assoc. 2021;259(9):1032–1039. [PubMed: 
34647475] 

7. Centers for Disease Control and Prevention [Internet]. 2021. Importance of One Health for 
COVID-19 and future pandemics. https://www.cdc.gov/media/releases/2021/s1103-one-health.html

8. Centers for Disease Control and Prevention [Internet]. 2022. Information about COVID-19, pets, 
and other animals. https://www.cdc.gov/healthypets/covid-19/index.html

9. Clancy CS, Shaia C, Munster V, de Wit E, Hawman D, Okumura A, Feldmann H, Saturday G, Scott 
D. Histologic pulmonary lesions of SARS-CoV-2 in 4 nonhuman primate species: an institutional 
comparative review. Vet Pathol. 2022;59(4):673–680. [PubMed: 34963391] 

10. Daly N. Hippos, hyenas, and other animals are contracting COVID-19. National 
Geographic [Internet], 2021. https://www.nationalgeographic.com/animals/article/more-animal-
species-are-getting-covid-19-for-the-first-time

Yaglom et al. Page 7

J Zoo Wildl Med. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/media/releases/2021/s1103-one-health.html
https://www.cdc.gov/healthypets/covid-19/index.html
https://www.nationalgeographic.com/animals/article/more-animal-species-are-getting-covid-19-for-the-first-time
https://www.nationalgeographic.com/animals/article/more-animal-species-are-getting-covid-19-for-the-first-time


11. 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. Assessing the risks of SARS-CoV-2 in wildlife. 
One Health Outlook. 2021;3:7. [PubMed: 33834160] 

12. Dunay E, Apakupakul K, Leard S, Palmer JL, Deem SL. Pathogen transmission from humans to 
Great Apes is a growing threat to primate conservation. Ecohealth. 2018;15(1):148–162. [PubMed: 
29362964] 

13. Fine L, Barnes C, Niedbalski A, Deem SL. Staff perceptions of COVID-19 impacts on wildlife 
conservation at a zoological institution. Zoo Biol. 2022;41(3): 234–243. [PubMed: 34978713] 

14. Folkerts ML, Lemmer D, Pfeiffer A, Vasquez D, French C, Jones A, Nguyen M, Larsen B, Porter 
WT, Sheridan K, Bowers JR, Engelthaler DM. Methods for sequencing the pandemic: benefits of 
rapid or high-throughput processing. F1000Research. 2021;10: ISCB Communication J-48.

15. Giraldo-Ramirez S, Rendon-Marin S, Jaimes JA, Martinez-Gutierrez M, Ruiz-Saenz J. 
SARSCoV-2 clinical outcome in domestic and wild cats: a systematic review. Animals (Basel). 
2021;11(7):2056. [PubMed: 34359182] 

16. Guarner J, Bartlett J, Reagan S, Fischer M, Finn S, O’Briain DS, Black M, Hood J, Zaki 
SR. Immunohistochemical evidence of Clostridium sp, Staphylococcus aureus, and group A 
Streptococcus in severe soft tissue infections related to injection drug use. Hum Pathol. 
2006;37(11):1482–1488. [PubMed: 16949918] 

17. Islam A, Ferdous J, Islam S, Sayeed MA, Rahman MK, Saha O, Hassan MM, Shirin T. 
Transmission dynamics and susceptibility patterns of SARS-CoV-2 in domestic, farmed and wild 
animals: Sustainable One Health surveillance for conservation and public health to prevent future 
epidemics and pandemics. Transboundary Emerging Dis. 2022;69(5):2523–2543.

18. Iverson SA, Levy C, Yaglom HD, Venkat HL, Artus A, Galloway R, Guagliardo SAJ, Reynolds 
L, Kretschmer MJ, LaFerla Jenni ME, Woodward P, Reindel AA, Tarrant S, Sylvester T, Klein R, 
Mundschenk P, Sunenshine R, Schafer IJ. Clinical, diagnostic, and epidemiological features of a 
community-wide outbreak of canine leptospirosis in a low-prevalence region (Maricopa County, 
Arizona). J Am Vet Med Assoc. 2021;258(6):616–629. [PubMed: 33683958] 

19. Kelly TR, Machalaba C, Karesh WB, Crook PZ, Gilardi K, Nziza J, Uhart MM, Robles EA, 
Saylors K, Joly DO, Monagin C, Mangombo PM, Kingebeni PM, Kazwala R, Wolking D, 
Smith W; PREDICT Consortium; Mazet JAK. Implementing One Health approaches to confront 
emerging and re-emerging zoonotic disease threats: lessons from PREDICT. One Health Outlook. 
2020;2:1. [PubMed: 33824944] 

20. Liu Y, Hu G, Wang Y, Ren W, Zhao X, Ji F, Zhu Y, Feng F, Gong M, Ju X, Zhu Y, Cai X, 
Lan J, Guo J, Xie M, Dong L, Zhu Z, Na J, Wu J, Lan X, Xie Y, Wang X, Yuan Z, Zhang R, 
Ding Q. Functional and genetic analysis of viral receptor ACE2 orthologs reveals a broad potential 
host range of SARS-CoV-2. Proc Natl Acad Sci U S A. 2021; 118(12): e2025373118. [PubMed: 
33658332] 

21. Lu X, Wang L, Sakthivel SK, Whitaker B, Murray J, Kamili S, Lynch B, Malapati L, Burke 
SA, Harcourt J, Tamin A, Thornburg NJ, Villaneuva JM, Lindstrom S. US CDC real-time 
reverse transcription PCR panel for detection of severe acute respiratory syndrome coronavirus 
2. Emerging Infect Dis. 2020;26(8):1654–1665.

22. McAloose D, Laverack M, Wang L, Killian ML, Caserta LC, Yuan F, Mitchell PK, Queen K, 
Mauldin MR, Cronk BD, Bartlett SL, Sykes JM, Zec S, Stokol T, Ingerman K, Delaney MA, 
Fredrickson R, Ivančić M, Jenkins-Moore M, Mozingo K, Franzen K, Bergeson NH, Goodman 
L, Wang H, Fang Y, Olmstead C, McCann C, Thomas P, Goodrich E, Elvinger F, Smith DC, 
Tong S, Slavinski S, Calle PP, Terio K, Torchetti MK, Diel DG. From people to Panthera: 
natural SARS-CoV-2 infection in tigers and lions at the Bronx Zoo. mBio. 2020;11(5):e02220–20. 
[PubMed: 33051368] 

23. Monroy-Nieto J, Bowers JR, Montfort P, Adame G, Taverna CG, Yaglom H, Sykes JE, Brady 
S, Mochon AB, Meyer W, Komatsu K, Engelthaler DM. Phylogenomic placement of American 
Southwest–associated clinical and veterinary isolates expands evidence for distinct Cryptococcus 
gattii VGVI. Microorganisms. 2022;10(8):1681. [PubMed: 36014098] 

24. Murphy HL, Ly H. Understanding the prevalence of SARS-CoV-2 (COVID-19) exposure in 
companion, captive, wild, and farmed animals. Virulence. 2021;12(1):2777–2786. [PubMed: 
34696707] 

Yaglom et al. Page 8

J Zoo Wildl Med. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Robinette C, Saffran L, Ruple A, Deem SL. Zoos and public health: a partnership on the One 
Health frontier. One Health. 2016;3:1–4. [PubMed: 28616495] 

26. Ryu S, Kim BI, Lim JS, Tan CS, Chun BC. One Health perspectives on emerging public health 
threats. J Prev Med Public Health. 2017;50(6):411–414. [PubMed: 29207450] 

27. Sacchetto L, Chaves BA, Costa ER, de Menezes Medeiros AS, Gordo M, Araújo DB, Oliveira 
DBL, da Silva APB, Negri AF, Durigon EL, Hanley KA, Vasilakis N, de Lacerda MVG, Nogueira 
ML. Lack of evidence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spillover 
in free-living neotropical non-human primates, Brazil. Viruses. 2021;13(10):1933. [PubMed: 
34696363] 

28. Sharun K, Dhama K, Pawde AM, Gortázar C, Tiwari R, Bonilla-Aldana DK, Rodriguez-Morales 
AJ, de la Fuente J, Michalak I, Attia YA. SARS-CoV-2 in animals: potential for unknown reservoir 
hosts and public health implications. Vet Q. 2021;41(1):181–201. [PubMed: 33892621] 

29. Sharun K, Tiwari R, Saied AA, Dhama K. SARS-CoV-2 vaccine for domestic and captive 
animals: an effort to counter COVID-19 pandemic at the human–animal interface. Vaccine. 
2021;39(49):7119–7122. [PubMed: 34782159] 

30. Sheikh AAE, Sheikh AB, Shah I, Khair AH, Javed N, Shekhar R. COVID-19 and fulminant 
Clostridium difficile colitis co-infection. Eur J Case Rep Intern Med. 2021;8(8):002771. [PubMed: 
34527627] 

31. Siegrist AA, Richardson KL, Ghai RR, Pope B, Yeadon J, Culp B, Behravesh CB, Liu L, 
Brown JA, Boyer LV. Probable transmission of SARS-CoV-2 from African lion to zoo employees, 
Indiana, USA, 2021. Emerging Infect Dis. 2023;29(6):1102–1108.

32. Sulzner K, Fiorello C, Ridgley F, Garelle D, Deem SL. Conservation medicine and One Health 
in zoos: scope, obstacles, and unrecognized potential. Zoo Biol. 2021;40(1):44–51. [PubMed: 
32961001] 

33. United States Department of Agriculture [Internet]. 2023. Cases of SARS-CoV-2 in animals 
in the United States. https://www.aphis.usda.gov/aphis/ourfocus/onehealth/one-health-sarscov2-in-
animals

34. Wang L, Gyimesi ZS, Killian ML, Torchetti M, Olmstead C, Fredrickson R, Terio KA. 
Detection of SARS-CoV-2 clade B.1.2 in three snow leopards. Transboundary Emerging Dis. 
2022;69(5):e3346–e3351.

35. Wang L, Mitchell PK, Calle PP, Bartlett SL, McAloose D, Killian ML, Yuan F, Fang Y, Goodman 
LB, Fredrickson R, Elvinger F, Terio K, Franzen K, Stuber T, Diel DG, Torchetti MK. Complete 
genome sequence of SARS-CoV-2 in a tiger from a U.S. zoological collection. Microbiol Resour 
Announc. 2020; 9(22):e00468–20. [PubMed: 32467283] 

36. World Organisation for Animal Health [Internet]. 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

37. Yaglom HD, Hecht G, Goedderz A, Jasso-Selles D, Ely JL, Ruberto I, Bowers JR, Engelthaler 
DM, Venkat H. Genomic investigation of a household SARS-CoV-2 disease cluster in Arizona 
involving a cat, dog, and pet owner. One Health. 2021;13:100333. [PubMed: 34604494] 

38. Zoetis [Internet]. 2021. Zoetis’ emerging infectious disease 
capabilities support COVID-19 solutions for Great Apes and 
minks. https://www.zoetis.com/news-and-insights/featured-stories/zoetis-emerging-infectious-
disease-capabilities-support-covid-19-solutions-for-great-apes-and-minks

Yaglom et al. Page 9

J Zoo Wildl Med. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.aphis.usda.gov/aphis/ourfocus/onehealth/one-health-sarscov2-in-animals
https://www.aphis.usda.gov/aphis/ourfocus/onehealth/one-health-sarscov2-in-animals
https://wahis.woah.org/#/in-review/3449?reportId=156083&fromPage=event-dashboard-url
https://wahis.woah.org/#/in-review/3449?reportId=156083&fromPage=event-dashboard-url
https://www.zoetis.com/news-and-insights/featured-stories/zoetis-emerging-infectious-disease-capabilities-support-covid-19-solutions-for-great-apes-and-minks
https://www.zoetis.com/news-and-insights/featured-stories/zoetis-emerging-infectious-disease-capabilities-support-covid-19-solutions-for-great-apes-and-minks


Figure 1. 
Histopathologic findings in formalin-fixed paraffin-embedded (FFPE) colon tissue from 

squirrel monkey submitted to the Centers for Disease Control’s (CDC) Infectious Disease 

Pathology Branch (IDPB). (A) Top: Colon with mucosal necrosis and hemorrhage, 

submucosal edema, and mixed acute inflammation. Hematoxylin–eosin stain, 100×. (B) 

Bottom left: Gram stain showing mixed surface bacteria with prominent gram-positive rods 

(arrows). Gram stain, 4003. (C) Bottom right: Immunohistochemistry (IHC) for Clostridium 
spp. showing red immunolabeling (arrows) along the necrotic colonic mucosal surface. 

Clostridium spp. IHC, 400×. Images courtesy of CDC IDBP.
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Figure 2. 
Timeline highlighting actions and involvement of partner agencies in the One Health 

investigation of SARS-CoV-2 in a squirrel monkey. *Partners included Reid Park Zoo 

veterinary staff and executive leadership, Translational Genomics Research Institute 

(TGen), Arizona Department of Health Services (ADHS), the veterinary pathologist from 

Midwestern University Veterinary Diagnostic Pathology Center, individuals from the 

Centers for Disease Control One Health Office, Centers for Disease Control Infectious 

Disease Pathology Branch (IDBP), National Veterinary Services Laboratories (NVSL), 

and Office of Interagency Coordination within US Department of Agriculture (USDA)–
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Animal and Plant Health Inspection Service Veterinary Services. Reporting to the World 

Organization for Animal Health (WOAH) was facilitated by USDA.
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