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Background: Sarbecoviruses are a subgenus of Coronaviridae that mostly infect bats with known potential 

to infect humans (SARS-CoV and SARS-CoV-2). Populations in Southeast Asia, where these viruses are 

most likely to emerge, have been undersurveyed to date. 

Methods: We surveyed communities engaged in extractive industries and bat guano harvesting from rural 

areas in Myanmar. Participants were screened for exposure to sarbecoviruses, and their interactions with 

wildlife were evaluated to determine the factors associated with exposure to sarbecoviruses. 

Results: Of 693 people screened between July 2017 and February 2020, 12.1% were seropositive for sar- 

becoviruses. Individuals were significantly more likely to have been exposed to sarbecoviruses if their 

main livelihood involved working in extractive industries (logging, hunting, or harvesting of forest prod- 

ucts; odds ratio [OR] = 2.71, P = 0.019) or had been hunting/slaughtering bats (OR = 6.09, P = 0.020). 

Exposure to a range of bat and pangolin sarbecoviruses was identified. 

Conclusion: Exposure to diverse sarbecoviruses among high-risk human communities provides epidemio- 

logic and immunologic evidence that zoonotic spillover is occurring. These findings inform risk mitigation 

effort s needed to decrease disease transmission at the bat-human interface, as well as future surveillance 

efforts warranted to monitor isolated populations for viruses with pandemic potential. 

© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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The COVID-19 pandemic, which has profoundly altered the 

ealth, livelihoods, and economies of the world, highlights the ur- 

ent need for a broad surveillance for zoonotic spillover, especially 
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or pathogens with pandemic potential in at-risk communities. The 

arliest known cases of COVID-19 from December 2019 were ge- 

graphically centered on the Huanan Seafood Market in Wuhan, 

hina [1–3] . Live SARS-CoV-2-susceptible mammals were sold at 

he market in late 2019 and SARS-CoV-2-positive environmental 

amples were spatially associated with vendors selling live mam- 

als, suggesting zoonotic emergence at the market [3] . SARS-CoV- 

, the virus causing COVID-19, is a betacoronavirus in the Sarbe- 

ovirus subgenus [4] , which is composed of SARS-CoV-1, SARS-CoV- 

, numerous bat viruses, and a small number of pangolin viruses 

5 , 6] . The genome of SARS-CoV-2 has a 96.2% similarity to that 
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f a bat SARS-related coronavirus (SARSr-CoV; RaTG13) collected 

rom an insectivorous Chinese horseshoe bat ( Rhinolophus affinis ) 

n Yunnan province, more than 10 0 0 miles away from Wuhan, 

long the border with Myanmar [1] . Rhinolophus spp. bats in Asia, 

urope, and Africa are considered the natural reservoirs of sar- 

ecoviruses [7 , 8] ; however, the concentrated numbers of SARSr- 

oVs found in South and Southeast Asia make this a region of 

igh significance for surveillance in wildlife. Genetically similar 

ARSr-CoVs have been found in other species of Rhinolophid bats 

n South and Southeast Asia, including Rhinolophus pusillus and 

hinolophus malayanus in China [9] ; Rhinolophus cornutus in Japan 

10] ; Rhinolophus shameli in Cambodia [11] ; Rhinolophus acumina- 

us in Thailand [12] ; and Rhinolophus malaanus, Rhinolophus pusil- 

us , and Rhinolophus marchalli in Laos [13] . 

Given the diversity of closely related sarbecoviruses in bats 

ithin the Rhinopholus genus in Asia, SARS-CoV-2 could have 

risen from a single bat species or resulted from a recombination 

f SARSr-CoVs among animals in shared habitats. However, the epi- 

emiologic circumstances surrounding the emergence(s) of SARS- 

oV-2 and the ecology of potential pre-emergent viruses within 

he Sarbecovirus genus remain largely unknown. Investigations into 

arbecovirus infections in humans with activities that place them 

n high contact with bats, such as extractive industries, guano har- 

esting, and hunting, have been insufficient to date [14] . Given the 

ncreasing interconnectedness of rural populations, more effort is 

eeded to identify and characterize the currently unrecognized sar- 

ecoviruses that circulate in wildlife and their potential to spill 

ver to people to better understand the origin of SARS-CoV-2 and 

o evaluate the potential for the next novel CoV to emerge from 

ildlife. 

CoV richness is strongly correlated with bat richness, suggest- 

ng that most CoVs will be found in regions where bat diver- 

ity is highest. Based on the distribution and diversity of Rhinolo- 

hus bats, Southeast Asia, including Myanmar, Cambodia, Laos, and 

hailand, along with Southeastern China, are considered hotspots 

or sarbecoviruses of potential zoonotic concern [15] . This is sup- 

orted by the number of CoVs, which have been discovered in 

hina [16] , Thailand [17] , Cambodia, Lao People’s Democratic Re- 

ublic [18] , and Myanmar [19] . The risk for zoonotic viral disease 

resence and emergence in humans also increases in geographic 

reas with higher mammal diversity, where previously pristine 

orests have been recently deforested [20] . This makes the areas 

f Southeast Asia, which support large, intact natural habitats and 

ave ongoing ecosystem fragmentation, at high risk for disease 

mergence [21] . 

Myanmar has taken a proactive approach to diseases emerg- 

ng from wildlife, partnering with the international community to 

onduct “upstream” surveillance of viral pathogens in both wildlife 

nd high-risk communities for wildlife contact. In response to the 

OVID-19 pandemic, several ongoing human surveillance programs 

ere used to evaluate the exposure to sarbecoviruses before the 

rst recognized cases of SARS-CoV-2 in the country and to bet- 

er understand the types of human behaviors, geographic regions, 

nd potential species implicated in the spillover of sarbecoviruses 

rom wildlife to humans in this important ecological region for CoV 

mergence. 

ethods 

tudy population and procedures 

Human subjects were enrolled in this research through three 

urveillance studies between July 2017 and February 2020 (be- 

ore the first reported case of SARS-CoV-2 in Myanmar) ( Figure 1 ). 

ritten informed consent was obtained from all participants in ac- 

ordance with the University of California, Davis and Department 
58 
f Medical Research, Myanmar approved protocols. As part of a 

nited States-Myanmar partnership funded by the National Insti- 

utes of Health Fogarty International Center (NIH) to investigate 

he epidemiology of zoonotic viruses in key biodiversity areas of 

yanmar, healthy people (N = 86) were enrolled from five ele- 

hant logging camps in the Yenwe Forest Reserve. Myanmar still 

ses the traditional method of elephant logging for timber harvest 

nd as a result, has a large network of communities where log- 

ers live together in temporary villages on the forest edges with 

heir families and, occasionally, migrant laborers. Cases of acute 

ebrile illness (N = 144) were enrolled from the closest local hos- 

itals to the elephant camps. As part of the United States Agency 

or International Development Emerging Pandemic Threats PRE- 

ICT project, healthy people were enrolled in the study from two 

egions believed to have high levels of contact with bats, villages 

rom the Hpa-an region (N = 169) and rural Northern Yangon vil- 

ages (N = 198). As part of the dengue surveillance program con- 

ucted by the Department of Medical Research, cases of dengue 

emorrhagic fever (N = 98) enrolled at Yangon Children’s Hospi- 

al were included in the study as an urban non-bat-exposed con- 

rol group. For the confirmation of assay performance as a valida- 

ion step, samples from reverse transcription-polymerase chain re- 

ction (RT-PCR)-confirmed cases of COVID-19 (n = 28) during the 

rst COVID-19 wave in Yangon, Myanmar were collected serially at 

-day intervals for 4 weeks after the confirmation of infection sta- 

us were used. For the NIH and PREDICT studies, a serum sample 

as collected from all study participants, and a behavioral ques- 

ionnaire was administered to assess contact with wild animals. Ef- 

orts were taken to minimize recall bias by framing all questions in 

wo separate time frames, both “in their lifetime” and “within the 

ast year”. The questions were also repeated in different formats 

hroughout the survey asking about wildlife exposure, both within 

he context of hunting (which could have legal consequences) and 

utside the context of hunting. Children enrolled from the city of 

angon were not administered a questionnaire because they were 

nrolled as part of an acute dengue surveillance program from an 

rban area of the study. Given the urban nature of this commu- 

ity in Central Yangon, they were considered to not be engaged in 

igh-risk activities involving bats or extractive industries. Bats are 

ot known to be widely distributed within the central metropoli- 

an area of Yangon, and extractive industries are also not located 

here. 

iagnostic assays 

ARS-CoV-2 surrogate virus neutralization assays 

All specimens were tested using a commercially available SARS- 

oV-2 surrogate virus neutralization (sVNT) assay that detects 

he total immunodominant neutralizing antibodies (NAbs) target- 

ng the viral spike protein receptor-binding domain (RBD) in an 

sotype- and species-independent manner (cPass SARS-CoV-2 Neu- 

ralization Antibody Detection Kit, Genscript, Inc). The assay is 

ased on antibody-mediated blockage of the interaction between 

he human angiotensin-converting enzyme 2 (ACE2) receptor pro- 

ein and the receptor-binding domain. This assay was validated 

ith two cohorts of patients with COVID-19 in two different coun- 

ries, achieved 99.9% specificity and 95-100% sensitivity [22] for 

ARS-CoV-2, and has been shown to not cross-react to other cir- 

ulating human CoVs, including SARS-CoV. This assay has not 

een validated for specificity against phylogenetically related sar- 

ecoviruses not yet known to infect humans; therefore, positive 

Pass results were interpreted as a sample having seropositivity to 

 virus strain within the Sarbecovirus subgenus. The samples were 

ested in duplicate according to the manufacturer’s instructions at 

he Department of Medical Research in Myanmar. The cut-off value 

or the cPass SARS-CoV-2 Neutralizing Antibody Detection Kit is 
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Figure 1. Locations of human communities within Myanmar. 
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0% signal inhibition. The percent signal inhibition for the detec- 

ion of NAbs was calculated as: 

 Signal Inhibition = 

(
1 − OD v al ueof Sampl e 

OD v alue of Negati v e Control 

)
x 100% 

ultiplex sVNT assay 

A subset of sVNT cPass positive specimens (all positive 

pecimens collected through the NIH surveillance project) was 

ested for multiple sarbecoviruses using a bead-based mul- 

iplex system. The assay measures RBD, targeting NAbs. The 

ssay determines the extent to which NAbs block the inter- 

ction between AviTag-biotinylated RBD proteins coated on 

uminex microspheres and human ACE2 (calculated as % inhi- 

ition). The RBDs included in this study were from (A) clade 2 

arbecoviruses: SARS-CoV-2 Ancestral (NC_045512), SARS-CoV- 

 variants of concern (VOCs) (VOCs Alpha (EPI_ISL_2245907), 

eta (EPI_ISL_2372356), Lambda (EPI_ISL_3320902), Gamma 

EPI_ISL_8939421), Delta (EPI_ISL_5020183), Delta Plus 

EPI_ISL_12386865), Mu (EPI_ISL_2897550), Omicron BA.1 

EPI_ISL_7456451), Omicron BA.2 (EPI_ISL_13019463), bat CoV 

ANAL-52 (MZ9370 0 0), Bat CoV BANAL-236 (MZ9370 03), pan- 

olin CoV GD-1 (EPI_ISL_410721), bat CoV RaTG13 (MN996532), 

nd pangolin CoV GX-P5L (EPI_ISL_410540) and (B) Clade-1 sarbe- 

oviruses: SARS-CoV-1 (AY278488) and bat CoV WIV-1 (KF367457), 

at CoV Rs2018B (MK211376), bat CoV LYRa11 (KF569996), and 

at CoV RsSHC014 (KC881005). Biotinylated RBD proteins were 

roduced as described previously [23] . Multiplex sVNTs were es- 
59 
ablished as previously described [24] . Briefly, AviTag-biotinylated 

BD proteins were coated on MagPlex-Avidin microspheres (Lu- 

inex) at 5 μg per 1 million beads. RBD-coated beads (600 per 

ntigen) were preincubated with a testing serum final dilution of 

:20, 1:80, 1:320, 1:1280) for 15 minutes at 37 °C with agitation, 

ollowed by an addition of 50 μl of phycoerythrin-conjugated 

uman ACE2 (2 mg/ml; Genscript) and incubated for an additional 

5 minutes at 37 °C, with agitation. After two washes with 1% 

ovine serum albumin in phosphate buffered saline, the final 

eadings were acquired using the MAGPIX system (Luminex), 

ollowing the manufacturer’s instruction. The cut-off values were 

et at 30% inhibitation, as described previously for cPass sVNTs. 

ARS-CoV-2 plaque reduction neutralization assays 

Human sera were thawed at 37 °C and 30 μl was heated in 

 water bath for 30 minutes at 56 °C to inactivate the comple- 

ent proteins. The serum was diluted four-fold with virus dilu- 

nt consisting of phosphate buffered saline and 1% fetal bovine 

erum. Then, samples were serially two-fold diluted 11 times for 

 dynamic range of 1:4 to 1:4096. An equal volume of virus dilu- 

nt containing 80 plaque-forming units of SARS-CoV-2 was added 

o each antibody dilution and a no-antibody control consisting of 

irus diluent only, resulting in a final dynamic range of 1:8-1:8192 

ith one no-antibody control. The virus strain used was SARS- 

oV-2/human/USA/CA-CZB-59 × 002/2020 (GenBank #MT394528), 

hich was isolated from a patient in 2020 in Northern Califor- 

ia and passaged once in Vero E6 cells (provided by Dr. Christo- 

her Miller, University of California, Davis). To generate stocks for 
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M

he plaque reduction neutralization assay (PRNT), SARS-CoV-2 was 

assaged one additional time in Vero E6 cells to achieve a titer of 

.2 × 10 7 plaque-forming units/ml. Single-use virus aliquots were 

tored at -80 °C. The antibody-virus dilution series were incubated 

or 1 hour at 37 °C, after which they were applied to confluent 

ero CCL-81 cells in single replicate and incubated for 1 hour at 

% CO 2 and 37 °C in a humidified incubator. The cell monolayers 

ere overlaid with 0.5% agarose dissolved in Dulbecco minimal es- 

ential medium with 5% fetal bovine serum and 1 × antibiotic- 

ntimycotic (Fisher Scientific, Waltham, MA, USA) and incubated 

or 3 days at 5% CO 2 and 37 °C in a humidified incubator. Cells were

xed for > 30 minutes with 4% formaldehyde, then agarose plugs 

ere removed. Cells were stained with 0.05% crystal violet in 20% 

thanol for 10 minutes, then rinsed three times with water. The 

lates were inverted to dry completely, and the number of plaques 

n each well was counted. The neutralization titer is defined as the 

eciprocal of the dilution for which fewer than 20% of plaques were 

etected versus the no-antibody control ( > 80% neutralization). 

onventional RT-PCR assays 

All specimens collected as part of the NIH and PREDICT projects 

ere tested for CoVs using two separate conventional RT-PCR as- 

ays. RNA was extracted using Direct-zol RNA kits (Zymo Research, 

nc.), according to the manufacturer’s instructions. RNA was re- 

erse transcribed into cDNA using SuperScript III (Invitrogen), ac- 

ording to the manufacturer’s instructions. Two broadly reactive 

onsensus polymerase chain reaction assays targeting partial and 

onoverlapping regions of the CoV ORF1b (containing the RNA- 

ependent RNA polymerase) were used [25 , 26] . Bands of the ex- 

ected size were excised from 1% agarose, cloned into a Strat- 

Clone polymerase chain reaction cloning vector, sequenced us- 

ng Sanger sequencing and compared with available nucleotide se- 

uences in GenBank to confirm the identity. 

tatistical analyses 

To evaluate associations between human demographic and an- 

mal contact risk factors, all covariates were first evaluated for 

orrelation to assess potential confounding. Pearson’s chi-square 

ests were used to determine associations between seropositivity 

or sarbecoviruses and high-risk human-animal contact behaviors, 

uch as hunting and slaughtering animals, bat guano harvesting, 

nd other contact with wildlife or livelihoods. Statistical tests were 

onsidered significant at the level of P -value < 0.05. Mixed-effects 

ultivariable logistic regression models were used to assess the 

ssociation between high-risk wild animal contact behaviors and 

ccupational risk factors that were significant in the bivariate anal- 

sis. Township was evaluated as a random variable to account for 

otential unmeasured risk factors varying by geographic location. 

ariables were included if they significantly improved the model 

t based on the likelihood ratio test ( P < 0.1) compared with a 

odel without that variable. Variables were retained in the model 

f they improved the fit while minimizing the Akaike information 

riterion. All statistical analyses were performed using STATA/MP 

6.1 (StataCorp, College Station, TX, USA). 

esults 

We identified previous exposure to sarbecoviruses among study 

articipants but did not detect any active infections wherein all 

articipants tested negative for CoVs by consensus RT-PCR or were 

 confirmed active dengue virus case within the city before the 

ocumented emergence of SARS-CoV-2. Among study participants, 

2.1% (84/693) were seropositive for sarbecoviruses using the sVNT 

Pass assay ( Table 1 ). Seroexposure was detected among all rural 

ommunities and there were no individuals from the urban Cen- 

ral Yangon communities that were seropositive for sarbecoviruses 
60 
 Figure 1 ). PRNTs for SARS-CoV-2 performed on seropositive indi- 

iduals were all negative. A small fraction of study participants was 

ollected during early 2020 before the documented first cases of 

ARS-CoV-2 in the country. Persons aged older than 20 years were 

ignificantly more likely to be seropositive for sarbecoviruses by 

VNT (odds ratio [OR] = 2.9, P = 0.009) than those aged younger 

han 20 years, indicating a higher potential for exposure over time. 

In the multivariable analysis, individuals who reported that 

heir main livelihood involved extractive industries, including log- 

ing, hunting, or harvesting of forest products, were significantly 

ore likely to have been exposed to sarbecoviruses as indicated 

y seropositivity on the sVNT cPass assay (OR = 2.71, P = 0.019; 

able 2 ) compared with those involved in other occupations. When 

valuating the specific animal taxa exposure and associated hu- 

an behaviors, only activities involving bats remained significant 

n the mixed-effects multivariable logistic regression. Individuals 

ho reported hunting or slaughtering bats in their lifetime were 

ignificantly more likely to have been exposed to sarbecoviruses as 

ndicated by seropositivity on the sVNT cPass assay (OR = 6.09, 

 = 0.020; Table 2 ) than individuals not reporting these activi- 

ies. The final mixed-effects multivariable model included hunt- 

ng/slaughtering bats, extractive industry occupation, and age as 

xed effects and township as a random effect (Hosmer-Lemeshow 

est for logit model without a random effect X 2 = 0.4; P = 0.530). 

ncluding township as a random effect significantly improved the 

odel fit (likelihood ratio test vs logistic model: X 
2 = 13.72; P 

 0.001). 

People who were enrolled in the study through the NIH surveil- 

ance project in the elephant logging camps and associated clinic 

atchment areas were also significantly more likely to be ex- 

osed to sarbecoviruses (OR = 3.31, P < 0.001) than those enrolled 

hrough other surveillance programs in different regions of the 

ountry. A subset of specimens (n = 70) from this study popu- 

ation was tested using a multiplex sVNT system to further in- 

estigate the diversity of sarbecovirus exposures occurring in this 

opulation. Preliminary evidence of exposure to a range of sarbe- 

oviruses not yet known to infect humans were detected ( Figure 2 ), 

ncluding 32.8% (23/70) to RaTG13, 1.4% (1/70) to BANAL52, 2.9% 

2/70) to LYRa11, 1.4% (1/70) to Rs2018B, 2.9% (2/70) to RsSHC014, 

nd 1.4% (1/70) to WIV bat sarbecoviruses, 10% (7/70) to GxP5L, 

nd 1.4% (1/70) to GD1 pangolin viruses. Low levels of exposure 

o SARS-CoV-2 VOCs were also detected, including 1.4% (1/70) to 

elta, 4.3% (3/70) to Lambda, 2.9% (2/70) to Gamma, 2.9% (2/70) 

o Omicron BA.1, and 1.4% (1/70) to Mmicron BA.2 at the 30% in- 

ibition cut-off. When evaluating the distributions of percent in- 

ibition values by virus across all individuals tested, only RaTG13 

ad an interquartile range extending above the designated cut-off

alue of 30%. All individuals were significantly more likely to have 

ntibodies against sarbecoviruses not yet known to infect humans 

han sarbecoviruses now known to circulate in humans ( i.e ., SARS- 

oV and SARS-CoV-2 VOCs) ( P < 0.0 0 0) and the detection of pre-

mergent sarbecoviruses was not significantly correlated with the 

etection of sarbecoviruses already documented to have emerged 

R 2 = 0.099, P = 0.420). People living or working in extractive in- 

ustry logging camps were significantly more likely to have an- 

ibodies against bat CoV RaTG13 (OR = 2.76, P = 0.050) than 

hose reporting other occupations. One individual within the sub- 

et of specimens who was evaluated using the multiplex sVNT sys- 

em self-reported as being a pangolin hunter. This individual was 

eropositive for the pangolin sarbecovirus GxP5L. 

iscussion 

Our findings demonstrate exposure to diverse sarbecoviruses 

ot yet known to infect humans in people exposed to wildlife in 

yanmar. The exposure patterns that positively correlated with 
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Table 1 

Exposure to sarbecoviruses by demographic characteristics among Myanmar communities observed from 2017-2020. ∗

Characteristic No. positive No. negative 

Period prevalence 

(95% confidence interval) P -value 

Age 

< 20 years 7 139 4.79 (1.95-9.62) P = 0.002 

> 20 years 67 457 12.79 (10.04-15.95) ∗

Sex 

Male 37 317 10.45 (7.47-14.11) P < 0.000 

Female 37 279 11.7 (8.37-15.78) ∗

Unknown a 10 13 43.48 (23.19-65.50) ∗

Township 

Bago 25 96 20.66 (13.84-28.97) P < 0.000 

Hpa-An 10 159 5.92 (2.87-10.61) ∗

Kyauktaga 14 72 16.27 (9.20-25.80) ∗

Central Yangon 0 96 0.00 (0.00-3.77) ∗

North Yangon 26 173 12.6 (8.34-18.07) ∗

Overall 84 609 12.12 (9.78-14.78) ∗

∗ Human subjects were enrolled before the first reported case of SARS-CoV-2 in Myanmar. 

Table 2 

Distribution of seropositivity to sarbecoviruses among persons exposed and unexposed to wild animals through livelihood and occupational activities in Myanmar. 

Risk factor Exposed no. persons 

seropositive/no. tested (%) 

Unexposed no. persons 

seropositive/no. tested (%) 

Bivariate Multivariable adjusted a 

OR b P -value OR P -value 

Wildlife hunted or slaughtered 

Bat 3/8 (37.5) c 71/619 (11.5) 4.63 0.039 6.09 0.020 

Rodent 6/27 (22.2) 68/504 (13.5) 1.83 0.208 NC NC 

Primate 3/20 (15.0) 71/607 (11.7) 1.33 0.653 NC NC 

Carnivore 1/16 (6.3) 73/611 (11.9) 0.49 0.495 NC NC 

Pangolin 1/14 (7.1) 73/613 (14.2) 0.57 0.490 NC NC 

Ungulate 10/38 (26.3) 64/589 (10.9) 2.93 0.006 NS NS 

All wildlife 16/69 (23.2) 58/558 (10.4) 2.60 0.003 NS NS 

Wildlife or excrement from wildlife in house 

Bat 0/1 (0.0) 1/553 (0.18) 1.0 NA NC NC 

Rodent 25/178 (14.0) 49/353 (13.9) 1.01 0.959 NC NC 

Primate 0/15 (0.0) 74/516 (14.3) 1.0 N/A NC NC 

Carnivore 0/0 (0.0) 74/531 (13.9) 1.0 N/A NC NC 

Pangolin 0/1 (0.0) 74/626 (11.8) 1.0 N/A NC NC 

Ungulate 1/17 (5.9) 73/610 (12.0) 0.46 0.454 NC NC 

All wildlife 26/199 (13.1) 48/428 (11.2) 1.19 0.504 NC NC 

Occupation 

Extractive industry 15/45 (33.3) 69/648 (10.6) 4.12 0.000 2.71 0.019 

Crop production 20/135 (14.8) 54/535 (10.1) 1.59 0.120 NC NC 

Animal production 17/160 (10.6) 57/494 (11.5) 0.82 0.495 NC NC 

Zoo/animal healthcare 6/38 (15.8) 68/632 (10.8) 1.56 0.340 NC NC 

Wild animal trade/market 0/8 (0.0) 74/662 (11.2) 1.0 N/A NC NC 

Dependent 8/134 (6.0) 66/536 (12.3) 0.45 0.041 NS NS 

Migrant laborer 4/32 (12.5) 70/638 (11.0) 1.16 0.788 NC NC 

a Final mixed-effects multivariable model included “Bats hunted or slaughtered”, “Extractive Industry Occupation”, and “Age” as fixed effects and “Township” as a random 

effect. 
b OR, odds ratio; NC, not calculated; NS, not significant on multivariable analyses. 
c Differences in n values were a result of questions being voluntary and people were allowed to skip a question if they felt uncomfortable answering it. 
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eropositivity included extractive industries and bat contact, in- 

icating a likely zoonotic transmission through animal contact as 

pposed to human-to-human transmission. The remote nature of 

hese zoonotic exposure events or the absence of human-to-human 

ransmission could explain why many of these viruses ( i.e ., Gx- 

5L, RsSHCo14, BANAL-52, B21065, LYRa11, WIV-1, GD-1, RaTG13, 

s2018B) are not yet recognized by the global community as hav- 

ng naturally infected humans. Our findings underpin the critical 

mportance of continued surveillance at the rural wildlife-human 

nterface in Southeast Asia, where some of the highest levels of 

nown mammalian diversity exist and where future emergence of 

oonotic diseases is likely. 

The high relative sarbecovirus seropositivity rate in people en- 

aged in extractive industries highlights the importance of vigi- 

ance and access to infectious disease diagnostics in these com- 

unities. Our findings are consistent with other studies, which 

ave noted a high risk for infection with zoonotic diseases among 

eople engaged in extractive industries worldwide [27] , including 
61 
yanmar [28] . The extractive forest industries bring people into 

ontact with wildlife through bushmeat hunting and proximity to 

he forest, bringing new opportunities for exposure to zoonotic 

iruses [29] . Given their remote nature, people in these indus- 

ries often live and work in underserved regions with weak pub- 

ic health and disease prevention infrastructure. Extractive indus- 

ries, particularly logging, can further contribute to zoonotic dis- 

ase emergence by altering wildlife habitats and forcing move- 

ent of animal populations to more human-dominated areas. Con- 

equently, extractive industry workers and their surrounding com- 

unities are especially at risk for emerging infectious diseases. 

Direct contact with bats through hunting or slaughtering was 

 significant risk factor for exposure to sarbecoviruses in our 

tudy populations. These findings are consistent with known sar- 

ecoviruses being largely of bat origin. Similar studies conducted 

n neighboring China have found serological evidence of likely hu- 

an infection by bat SARSr-CoVs or potentially related viruses 

n humans living near caves with a known high diversity of bat 



T.S. Evans, C.W. Tan, O. Aung et al. International Journal of Infectious Diseases 131 (2023) 57–64 

Figure 2. Exposure to human angiotensin-converting enzyme 2-binding sarbecoviruses not yet known to infect humans among Myanmar extractive industry workers. 
∗Greater than 30% inhibition of receptor-binding domain binding to human angiotensin-converting enzyme 2 is considered positive. 

S

n

l

s

h

s

h

c

m

d

s

t

n

r

l

g

m

p

i

a

c

A

e

2

i

s

i

n

i

a

i

i

s

A

R

t

o

c

m

b

t

v

s

i

g

t

s

i

f

i

D

F

t

H

l

U

d

A

ARSr-CoVs [14] . Modeling effort s have also predicted a high rich- 

ess of SARSr-CoV bat host species, as well as bat-human over- 

ap in eastern Myanmar, increasing spillover risk [30] . Mammalian 

pecies in decline due to the loss of habitat quality or exploitation 

ave shared more zoonotic viruses with people [31] . Thus, under- 

tanding the ecosystem changes that drive bat redistribution after 

abitat loss and the occupations that bring people and bats into 

lose contact are important for informing public health mitigation 

easures. 

We detected an sVNT antibody reactive to SARS-CoV-2 that 

id not neutralize SARS-CoV-2 in PRNT assays, indicating that the 

tudy participants were likely exposed to other virus strains within 

he Sarbecovirus genus and not SARS-CoV-2. The most likely expla- 

ation is that our findings represent cross-reactivity with closely 

elated known or yet to be discovered sarbecoviruses, further high- 

ighting the need for human and wildlife surveillance in this re- 

ion. We note that the individuals in our study communities were 

ore likely to have antibodies against sarbecoviruses not yet re- 

orted in humans than to sarbecoviruses now known to circulate 

n humans ( i.e ., SARS-CoV-2 and SARS-CoV). We know very little 

bout the clinical course of SARS-CoV-2 among isolated human 

ommunities with high levels of previous sarbecovirus exposure. 

n alternate hypothesis is that prior to a zoonotic transmission 

vent from a market in the urban population of Wuhan, SARS-CoV- 

 emerged in rural populations with pre-existing pan-sarbecovirus 

mmunity; therefore, the cases were mild or asymptomatic, and 

tuttering chains of transmission were not detected through exist- 

ng public health surveillance. This is, however, less likely given the 

umber of documented cases of SARS-CoV-2 in these regions dur- 

ng subsequent stages of the pandemic during 2021-2022. 

Antibodies against RaTG13 were the most identified antibodies 

mong all sarbecovirus exposures identified in this study. RaTG13 

s the closest known relative to SARS-CoV-2, previously identified 

n bats. Structural and molecular analysis of the RBD of RaTG13 
62 
hows binding affinity to the human receptor ACE2, as well as 

CE2 orthologs in 24 other species, providing proof of concept that 

aTG13 has the potential to infect humans [32] . Our data suggest 

hat RaTG13 is the sarbecovirus that is most frequently spilling 

ver to people in our study regions. Because RaTG13 was first dis- 

overed in a cave in Yunnan, China, along the border with Myan- 

ar, this is not unexpected. 

Exposure to sarbecoviruses from a diverse animal origin among 

iologically plausible high-risk communities, such as forest ex- 

ractive industry workers and people in contact with bats, pro- 

ides both epidemiologic and immunologic evidence that zoonotic 

pillover is occurring in these communities, providing further ev- 

dence for the natural origins of SARS-CoV-2 and potential emer- 

ence pathways for SARSr-CoVs. Given the worldwide impact of 

he SARS-CoV-2 pandemic, a better understanding of the transmis- 

ion mechanisms and specific high-risk behaviors, as well as the 

mpact that pre-existing immunity to sarbecoviruses may have on 

uture SARS-CoV-2 variant exposure in these isolated populations 

s urgently needed. 
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