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Abstract

Bats are important natural reservoir hosts of a diverse range of viruses that can be transmit-

ted to humans and have been suggested to play an important role in the Zika virus (ZIKV)

transmission cycle. However, the exact role of these animals as reservoirs for flaviviruses is

still controversial. To further expand our understanding of the role of bats in the ZIKV trans-

mission cycle in Latin America, we carried out an experimental infection in wild-caught Arti-

beus lituratus bats and sampled several free-living neotropical bats across three countries

of the region. Experimental ZIKV infection was performed in wild-caught adult bats (4

females and 5 males). The most relevant findings were hemorrhages in the bladder, stom-

ach and patagium. Significant histological findings included inflammatory infiltrate consisting

of a predominance of neutrophils and lymphocytes, in addition to degeneration in the repro-

ductive tract of males and females. This suggests that bat reproduction might be at some

level affected by ZIKV. Leukopenia was also observed in some inoculated animals.
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Hemorrhages, genital alterations, and leukopenia are suggested to be caused by ZIKV;

however, since these were wild-caught bats, we cannot exclude other agents. Detection of

ZIKV by qPCR was observed at low concentrations in only two urine samples in two inocu-

lated animals. All other animals and tissues tested were negative. Finally, no virus-neutraliz-

ing antibodies were found in any animal. To determine ZIKV infection in nature, the blood of

a total of 2056 bats was sampled for ZIKV detection by qPCR. Most of the sampled individu-

als belonged to the genus Pteronotus sp. (23%), followed by the species Carollia sp. (17%),

Anoura sp. (14%), and Molossus sp. (13.7%). No sample of any tested species was positive

for ZIKV by qPCR. These results together suggest that bats are not efficient amplifiers or

reservoirs of ZIKV and may not have an important role in ZIKV transmission dynamics.

Author summary

In previous works in 2008–2009, we found the presence of antibodies against flaviviruses,

and viral RNA was detected in Neotropical chiropterans in Mexico, which led us to sup-

port the hypothesis that these animals could be reservoirs of flaviviruses. As controversial

opinions have been exposed and based on a previous (2019) experimental ZIKV infection

experiment conducted at Colorado State University using adult Artibeus males from a

captive colony, in this work, we also experimentally infected adult Artibeus males comple-

mentarily adding females and using wild-caught animals instead of laboratory bats. We

also monitored a diverse range of natural bat populations in Latin America for the pres-

ence of viral RNA against ZIKV in blood. A plaque reduction seroneutralization test was

used for the detection of antibodies against ZIKV. Similar to the previous work, we found

histopathological alterations in male testicles but also in the ovaries and oviducts of

females, as well as gliosis and multifocal necrosis in pyramidal neurons and Purkinge cells

of inoculated animals. Only two urine samples from inoculated animals showed viral

RNA. Additionally, leukopenia and lymphoid follicular splenic hyperplasia were evi-

denced. In contrast to what was reported, no neutralizing antibodies against ZIKV were

detected in any sample. Viral RNA within the blood was not present in any of the 2056 bat

samples collected in French Guiana, Peru and Costa Rica and proceeding from 34 bat gen-

era. These results together suggest that bats are not efficient amplifiers or reservoirs of

ZIKV and might not have an important role in ZIKV transmission dynamics.

Introduction

Zika virus (ZIKV) belongs to the genus Flavivirus of the Flaviviridae family [1]. ZIKV was first

isolated in Africa in 1954 [1,2]. The virus circulates between an urban transmission cycle

involving arthropod vectors and humans and a sylvatic cycle involving arthropod vectors and

nonhuman primates [2,3]. In addition, ZIKV alternative transmission routes in humans

include sexual, blood transfusion and perinatal routes [4–7]. ZIKV was first reported in the

Americas in 2015, and since then, it has spread throughout the continent, causing more than

850,000 human cases [8]. During an outbreak, serological surveys performed in Brazil detected

a high 60% population exposure [8]. This high population exposure suggested the end of the

outbreak due to high herd immunity. However, if ZIKV adapts to new vertebrate wildlife hosts
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in the Americas, as yellow fever virus (YFV) has [9], ZIKV might establish a sylvatic cycle until

there is a large enough naïve population to cause another outbreak.

Early during the outbreak, modeling studies suggested nonhuman primates as the most

likely ZIKV hosts [10]. However, serological surveys among wild nonhuman primates in Brazil

found a limited role in ZIKV transmission and urged the study of other wildlife species as pos-

sible ZIKV hosts [11,12]. Considering the richness of vertebrate species in America, the role of

nonprimate animals in the ZIKV cycle remains understudied [13]. Bats are a megadiverse

group of mammals only outnumbered by rodent diversity on the American continent. Molec-

ular and serological detection of flaviviruses suggests exposure to flaviviruses in the wild [14–

19]. For the most studied flavivirus in bats, dengue virus (DENV), a peridomestic study found

only limited exposure of bats, likely due to proximity to humans and consumption of DENV

vectors [20]. Additionally, in vitro studies in which several neotropical bat cell lines were

infected to search for serological and molecular evidence of infection in wild bats by experi-

mentally infecting Artibeus bats with DENV showed that these species are inadequate DENV

hosts and may not play an important role in DENV transmission [21–24]. For ZIKV, experi-

mental infections and field studies performed in the 1950s-1960s documented the probable

susceptibility and disease development in African and American bat species [25–27]. Recently,

an experimental infection in a breeding colony of Artibeus jamaicensis bats detected ZIKV

RNA and seroconversion in some studied animals and raised the possibility that bats may have

a role in Zika virus ecology that may even endanger bat populations [28]. Considering the neo-

tropical bat species richness and limited information of ZIKV hosts to date, we carried out an

experimental infection in wild-caught Artibeus bats and sampled free-living neotropical bats

across several Latin American countries to assess their role in the ZIKV transmission cycle in

the Americas.

Materials and methods

Ethics statement

Capture and animal handling were performed according to Mexican environmental standards

(permit SEMARNAT Mexico No SGPA/DGVS/08986/18).

This study and its associated protocols were designed based on national ethical legislative

rules and approved by the Institutional Committee of Care and Use of Animals of the Univer-

sity of Costa Rica (CICUA-042-17), Committee of Biodiversity of the University of Costa Rica

(VI-2994-2017), National System of Conservation Areas (SINAC): Tempisque Conservation

Area (Oficio-ACT-PIM-070-17), and La Amistad-Caribe Conservation Area (M-PC-SI-

NAC-PNI-ACLAC-047-2018).

Authorization for bat capture in French Guiana was provided by the Ministry of Ecology,

Environment, and Sustainable Development during 2015–2020 (approval no. C692660703)

from the Departmental Direction of Population Protection (DDPP, Rhône, France). All meth-

ods (capture and animal handling) were approved by the Muséum National d’Histoire Natur-

elle, Société Française pour l’Étude et la Protection des Mammifères, and the Direction de

l’Environnement, de l’Aménagement et du Logement (DEAL), Guyane. Bat sampling in Peru

was authorized by the Research Ethics Committee of the Institute of Tropical Medicine "Daniel

Alcides Carrion" (Constancia de aprobación CIEI-2017-16). The survey did not involve

endangered or protected species.

Capture of bats for infection experiments

Eleven great fruit-eating bats (Artibeus lituratus) were captured in Oaxtepec, Morelos, Mexico

(18˚54023@N 98˚58013@W) in May 2018. Animals were measured, weighed, aged, sexed, tagged,
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and identified as Artibeus lituratus species using a dichotomous key by field specialists. Cap-

ture and animal handling were performed according to Mexican environmental standards

(permit SEMARNAT Mexico No SGPA/DGVS/08986/18). The captured bats were individu-

ally placed in cotton bags, hydrated using an electrolyte solution and transported to the animal

facility in Mexico City, where they were housed in groups of 4 and 3 individuals in 45 x 45 x 80

cm cages. Bats were quarantined for 1 month before the experiment.

The first human cases of ZIKV in Morelos, Mexico were reported in December 2015, reach-

ing over 267 confirmed cases between 2015 and 2017; subsequently, human cases progressively

decreased in the area (PAHO) [29]. To ensure that the animals were not acutely infected by

ZIKV, urine, blood and plasma samples were taken four times during the quarantine period

and tested with ZIKV-specific qRT–PCR according to a previously described methodology

[30]. Plasma samples taken in the quarantine period were submitted to a virus neutralization

test by plaque reduction neutralization test as described below [31]. Nine bats were selected for

the experimental infection, and two were selected as controls. Animals were kept in captivity

with food and water ad libitum, according to the Guidelines of the American Society of Mam-

malogists for the Use of Wild Mammals in Research [32].

Experimental infection

Virus stock. A ZIKV isolate from a human patient in Yucatan, Mexico (ZIKV/Mer.

IPN01) in 2017 was used. Briefly, C6/36 cells previously grown with 12 ml of Eagle’s minimal

essential medium (DMEM) with 10% fetal bovine serum (FBS) were inoculated with ZIKV at

a multiplicity of infection (MOI) of 0.1 and incubated in DMEM without FBS at 27˚C for 1

hour, after which new medium with FBS was added. The infected cells were kept until a cyto-

pathic effect was observed in>80% of the cells. Next, the cell supernatant was collected, centri-

fuged, and stored in aliquots at −70˚C. The viral stock titers were determined in BHK-21 cells

using standard plaque assays in carboxymethylcellulose (CMC).

Experimental infection. Nine bats were injected subcutaneously with 2×105 plaque-form-

ing units (PFUs) of Zika virus and two control bats with FBS in the scapular area on day 0 (Fig

1A). On day -1, blood samples were taken for ZIKV serology and for complete blood cell

count as described below. To observe ZIKV pathogenesis over time, bats were divided into 4

groups by sex: group 1 consisted of female MO04 and male MO06 euthanized 3 days postinoc-

ulation (d.p.i.), group 2 consisted of male MO01 and female MO08 euthanized 7 d.p.i., group 3

consisted of males MO05 and MO02 and female MO09 euthanized 14 d.p.i., and group 4 con-

sisted of male MO07 and female MO10 euthanized 21 d.p.i. Euthanasia of the control group of

female MO11 and male MO12 was performed 21 d.p.i. (Fig 1A).

Bats were observed daily, and body temperature and weight were recorded. Behavioral

changes or signs suggestive of diseases such as lethargy, nasal or oral discharge, urine color,

and pasty and/or diarrheic feces consistency were recorded. Oral swabs and urine (placing

each animal in individual containers for 30 minutes) were collected daily (Fig 1A). On the day

of euthanasia, the bats were anesthetized using 30 μl of a mixture of 1:1 of 100 mg/mL keta-

mine–100 mg/mL xylazine and euthanized by cardiac exsanguination. Next, blood samples

were divided for molecular and serological ZIKV evaluation, and whole blood was used for

complete blood count (CBC). The analysis of the blood to obtain the CBC was carried out in

the VETSCAN HM5 Hematology Analyzer-Zoetis previously calibrated for Phyllostomidae

bat leucocytes using the referenced previous reports (33–36). The samples for which no result

was obtained in any parameter after repeating the test were analyzed manually. The differential

count of leukocytes was carried out based on blood films stained with Giemsa stain for the

visualization of the cellular morphological characteristics in the smear. Different organs, such
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as the brain, tongue, salivary glands, heart, lung, liver, spleen, gut, kidney, bladder, uterus,

ovary, and testicles, were collected on the day of euthanasia from each group. Each sampled

organ was divided into two parts. A part of each organ was stored at −80˚C until processed for

ZIKV RNA detection by qRT–PCR. The remaining part of each organ was fixed in 10% buff-

ered formalin and routinely processed for histopathological evaluation.

Fig 1. Experimental design and timeline. Bats were inoculated (SC) with 2 X 105 PFUs of ZIKV Mer.IPN01. Groups, sampling, and time of sacrifice A. Histopathological

and gross findings B.- No changes observed.+ Mild.++ Moderate.*Urine samples positive for ZIKV RNA by qRT–PCR. Only two urine samples tested positive for ZIKV

by RT–qPCR, ranging from 3.19 X 102 3.61 X 102 copies/mL, urine sample from bat MO08 on day 3 p.i. and urine samples from bat MO05 on day 9 p.i. All other samples

(urine, swabs, and tissues) tested negative.# control group.

https://doi.org/10.1371/journal.pntd.0010439.g001
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Laboratory analyses

Histological studies. The formalin and paraformaldehyde-fixed tissues were processed

using standard methodology: paraffin embedded, 5-μm thick tissues were sectioned and

stained with Hematoxylin and Eosin (H&E). Slides were analyzed by two veterinary patholo-

gists who observed the slides without any contact with each other and using a blinded

approach as part of routine pathological work.

Plaque reduction neutralization test. A plaque reduction neutralization test (PRNT)

using ZIKV strain H/PF/2013 was performed. Briefly, sera were diluted 1:10, 1:40, 1:100 and

1:350 in serum-free DMEM. Subsequently, a mixture of 35 μL of each serum dilution plus

35 μL of ZIKV containing forty plaque-forming units was incubated for 1 hour at 37˚C with

5% CO2. After this time, 50 μL of the serum dilution and ZIKV mixture plus 250 μL of cell cul-

ture media was added to previously seeded Vero cells and incubated for 1 hour at 37˚C with

5% CO2. After the incubation, the cell media was changed, and the cells were incubated for 4

days and fixed with 6% paraformaldehyde. Plaques were visualized using a violet crystal solu-

tion. A positive result was measured when a serum dilution reached < 50% of the number of

plaques counted in the controls [31].

Real-Time RT–PCR. RNA extraction for the experimental infection and sampling was

carried out using the MagNA Pure 96 DNA and Viral NA Small Volume Kit in the MagNA

pure 96 system (Roche, Germany). The presence of ZIKV was detected using ZIKV-specific

real-time PCR primers (Bonn- NS1 and Bonn-E), as described previously [30].

Fieldwork

A sampling of bats in different countries of Latin America. All sampling and capture

were performed with the proper wildlife permits and ethics clearances of the host countries.

Samples were gathered before and after the ZIKV epidemics in the Americas between 2010

and 2019 in Peru, Costa Rica, and French Guiana. The complete data, including sites, species

and years where and when bat samples were obtained, are included in Fig 2 and Tables 1 and

S3. According to the reports of the Pan American Health Organization (PAHO) [29], Zika

cases among humans were presented as follows: Peru.- In epidemiological week (EW) 17 of

2016, Peru notified the PAHO [29] of the detection of the first case of autochthonous vector-

borne transmission of Zika to EW 37 of 2016, and low numbers of Zika cases were reported.

From EW 38 onward, the number of cases began to increase, reaching more than 800 cases

registered in EW 14 of 2017. Since then, cases have progressively declined. Costa Rica.- In EW

4 of 2016, the detection of the first autochthonous vector-borne transmission of Zika was

reported in Costa Rica. Since the emergence of Zika, weekly numbers of suspected and con-

firmed cases increased steadily up to EW 36 of 2016, after which a downward trend was

observed. During 2017, transmission continued, and a new increase in the incidence of Zika

cases was observed between EW 19 and 33 of 2017. Since then, cases have progressively

declined. French Guiana.- In EW 51 of 2015, French Guiana notified the PAHO [29] of the

detection of the first case of autochthonous vector-borne transmission of Zika, reaching

between 100 and 600 suspected cases each EW from January to August 2016, which subse-

quently fell to less than 50 cases in 2017. Considering these dates, the samples taken before the

Zika pandemic were 368 and corresponded entirely to samples taken in French Guiana; the

samples taken at the beginning or during the pandemic were a total of 1688 and were taken in

the three sampled countries (Peru, Costa Rica and French Guiana) (Table 1). Bats were cap-

tured using mist nets in neotropical forests, degraded forests, urban sites, and caves, and no

specific bat species were targeted. After capture, the bats were kept individually in cotton bags

until examination. Trained specialists identified the species using the morphological keys for
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the species. Blood samples for ZIKV detection by qPCR were taken by a trained veterinarian

or biologist either from the brachial vein in case the animal was being marked and released,

which was the case for bats in Peru and French Guiana, or intracardiac puncture after intra-

muscular application of euthanasia for bats in Costa Rica (corresponding permits in ethical

statements). The blood sample was immediately centrifuged, and the serum was stored at 4˚C

until it arrived at the laboratory, where it was stored at -80˚C until molecular analyses were

performed.

Results

Experimental infection

Clinical signs of ZIKV disease in bats. None of the captured bats were ZIKV positive

through qPCR before the experiment. For the nine adult Artibeus lituratus bats and the two

controls, no clinical signs suggestive of disease were recorded during the quarantine period.

The inoculated bats showed a mean temperature (geometric mean: 35.6˚C; standard deviation

(SD) 0.75; 95% confidence interval (CI)) similar to that of the noninfected control bats (geo-

metric mean: 35.7˚C; SD 0.6; 95% CI). Two inoculated bats showed extreme temperatures

(male MO07 on day 3 p.i., 38.5˚C and male MO02 on day 6 p.i., 38.3˚C) (S1 Fig and S1

Table); this temperature was not at odds with the mean temperature for Phyllostomidae bats,

which ranges between 34.5 and 39.5˚C [33,34]. Other studies also showed no temperature

Fig 2. Sites and years where and when bat samples were obtained. Note.- The size of the dots is proportional to the

number of years sampled.

https://doi.org/10.1371/journal.pntd.0010439.g002
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Table 1. List of bats sampled in French Guiana, Peru, and Costa Rica from 2010 to 2017 for the detection of ZIKV in blood by RT–PCR and antibodies by seroneu-

tralization test.

Species Guiana Peru Costa Rica Total by species

2010 2011 2012 2015 2016 2017 2017 2018 2017 2018 2019

Anoura caudifer 1 9 22 32

A. geoffroyi 48 29 74 40 50 13 254

Artibeus sp. 1 1 2

A. jamaicensis 12 9 21

A. lituratus 3 1 2 6

A. obscurus 2 8 8 18

A. phaeotis 3 3

A. planirostris 21 35 2 58

Carollia sp. 5 5

C. brevicauda 1 1

C. castanea 6 6

C. perspicillata 3 6 14 6 97 119 37 42 7 4 335

Chiroderma sp. 1 1

C. trinitatum 1 1

Cynomops planirostris 4 4

Dermanura cinerea 9 16 25

D. gnoma 1 1

Desmodus rotundus 1 1 5 13 2 18 40

Eumops auripendulus 2 2

Eptesicus chiriquinus 1 1 2

Glossophaga commissarisi 1 1

G. soricina 4 2 11 17

Linchonycteris obscura 1 1

Lionycteris spurrelli 1 1

Lonchophylla thomasi 1 1

Lonchorhina inusitata 3 3 6

Lophostoma brasiliense 1 1

L. silvicola 2 2

Mimon crenulatum 1 1

Molossus sp 1 1

M. barnesi 1 1

M. molossus 56 35 88 88 1 268

M. paranus 2 2

M. rufus 9 1 10

Micronycteris microtis 1 1

Myotis nigricans 65 111 1 5 182

Noctilio albiventris 2 3 1 6

N. leporinus 1 25 26

Phylloderma stenops 2 1 3

Phyllostomus discolor 1 1 2

P. latifolius 5 1 2 1 9

P. elongatus 1 2 3

P. hastatus 20 16 30 5 4 75

Platyrrhinus albericoi 4 4

P. brachycephalus 3 8 11

(Continued)
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alterations when bats were experimentally infected with other viruses, such as coronavirus

[35,36] and Marburg virus [37].

Complete blood count. The red blood cell count showed that several individuals from the

different groups, sampled at different times (from day 0 to day 21) throughout the experiment,

had some hemoglobin deficiencies, i.e., all individuals showed moderately low levels of MHC

(12–14 pg) (Table 2). In addition, clear normochromic microcytic anemia was found in

MO02 on day 14 pi, and MO09 presented marginal erythrocytosis on day 14 p.i. The most rel-

evant results in the white blood cell count compared to the values given for Artibeus bats

(4.7 ± 2.4 X 109/mL) (32–34) showed leukocytosis with lymphocytosis and monocytosis in

individuals MO06 and MO08, in addition to lymphocytosis in MO09 and leukocytosis with

lymphocytosis in MO11 (Tables 2 and S2). The animals MOO4 and MO06 sacrificed on day 3

and animals MO01 and MO08 sacrificed on day 7 showed clear leukopenia with neutropenia.

Individuals MO02 and MO09 sacrificed on day 14 pi presented neutropenia with lymphocyto-

sis, whereas MO09 showed a decrease in neutrophils with respect to day 0. MO05, MO07,

MO10 and MO11 only presented lymphocytosis.

Gross findings. During the necropsy, the main macroscopic lesions were observed in

three bats; MO06 presented few petechial hemorrhages in the patagium 3 days p.i. (Fig 3),

MO01 and MO08 presented mild to moderate petechial hemorrhages in the patagium and

stomach mucosa, and MO08 presented moderate petechial hemorrhages in the bladder

mucosa that caused hematuria at 7 d.p.i. No further apparent pathological changes were

observed in the necropsy; the macroscopic lesions found in infected bats suggested a possible

Table 1. (Continued)

Species Guiana Peru Costa Rica Total by species

2010 2011 2012 2015 2016 2017 2017 2018 2017 2018 2019

P. fusciventris 9 9

P. helleri 1 1 2

P. incarum 3 1 4

P. infuscus 14 7 21

Pteronotus sp. 61 79 33 119 85 81 458

P. gymnonotus 11 11

P. parnellii 1 1

Peropteryx macrotis 7 7

Rhinophylla pumilio 1 1

Rhogeessa io 1 1

Rhynchonycteris naso 1 2 3

Saccopteryx leptura 1 1

Sturnira lilium 6 20 5 1 32

S. tildae 17 8 25

Tonatia saurophila 1 3 4

Trachops cirrhosus 2 1 6 2 1 12

Uroderma bilobatum 2 4 6

U. convexum 5 5

Vampyressa tyone 1 1

Total 122 117 129 201 403 453 235 307 26 37 26 2056

Total samples before Zika pandemic: 368

Total samples after Zika pandemic: 1688

https://doi.org/10.1371/journal.pntd.0010439.t001
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cause of ZIKV infection; however, since these were bats captured in the wild, we could not

exclude the presence of other agents, such as filariasis [38] or DENV infection, that cause

bleeding in the skin and mucous membranes during experimental infections in Artibeus bats

[23]. In summary, because these lesions can occur in various physiopathogeneses, more data

are needed to consider their characteristic findings in ZIKV infections.

Histopathology. The males infected in the four groups demonstrated histological changes

within the epididymis and testicle described as follows. The epididymal epithelium was

markedly vacuolated, with loss of stereocilia (Fig 4A and 4B). Mild interstitial lymphocyte

infiltrates and mild to moderate germ cell degeneration were observed in the epididymis. Epi-

didymal ducts were filled by degenerate to apoptotic spermatids. In the testicle, the seminifer-

ous tubules had early stages of testicular degeneration, with marked vacuolization of the

Sertoli cells, with evidence of apoptotic spermatids (Fig 4C and 4D) in addition to mild con-

gestion and few to moderate neutrophils and macrophages infiltrating the interstitium.

Similarly, all infected females presented mild to moderate lymphocytic infiltrates within the

ovary and uterus throughout all the days after inoculation. The oviduct presented a minimal

neutrophilic infiltrate within the lamina propria and degeneration of secretory and epithelial

cells that progressively increased until day 21 without showing regression or lymphocytic exo-

cytosis. The uterine lumen was filled by a moderate amount of a granular eosinophilic protein-

aceous secretion intermixed with a mild neutrophilic exudate (Fig 4E and 4F).

The most representative lesions observed in the brain of bat MO08 sacrificed 7 days after

infection were present in the hippocampus, which showed areas with moderate multifocal

necrosis in pyramidal neurons, in addition to moderate multifocal gliosis areas. Multifocal

necrosis of the Purkinje cells was present within the cerebellum (Fig 5A and 5B). However, it

Table 2. Complete blood count.

Parameters Reference values Post-infection days

0 3 7 14 21

MO06 MO08 MO09 MO04 MO06 MO01 MO08 MO05 MO02 MO09 MO07 MO10 MO11#

RBC 1012/L 10.0–13.0 11.79 11.79 12.36 IS IS IS IS 11.54 9.53a 11.43 11.76 12.33 13.09

HGB g/L 155–195 156 154a 174 IS IS IS IS 153a 132a 139a 148a 155 159

HCT L/L 0.50–0.65 0.525 0.599 0.598 IS IS IS IS 0.485a 0.397a 0.535 0.518 0.567 0.591

MCV fL 46.5–53.5 44.5a 50.8 48.4 IS IS IS IS 42.0a 41.7a 46.8 44.0a 46.0a 45.1a

MHC pg 14.3–16.3 13.2a 13.1a 14.1a IS IS IS IS 13.3a 13.9a 12.2a 12.6a 12.6a 12.1a

MCHC g/L 290–322 297.1 257.1a 291 IS IS IS IS 315.5 332.5 259.8a 285.7a 273.4a 269a

WBC 109/L 2.3–7.1 7.62b 8.26b 6.88 0.7*a 0.3*a 0.5*a 0.9*a 3.64 5.78 2.58 5.43 6.50 8.13b

Neutrophils 1599.35–5420.81 3536 3643 3347 287a 114a 265a 144a 1762 1422a 289a 1695 2873 4057

Lymphocytes 95.05–1570.01 3239b 3866b 3227b 350 162 230 702 1594b 4312b 2118b 3394b 3471b 3845b

Monocytes 20.91–528.47 846b 752b 269 35 24 5a 54 284 46 173 386 156 228

Neutrophils % 32.5–74.1 46.4 44.1 48.8 42.0* 38.0* 53.0* 16.0*a 48.4 24.6a 11.2a 30.4a 44.2 49.9

Lymphocytes % 2.0–33.6 42.5b 46.8b 46.9b 50.0*b 54.0*b 46.0*b 78.0*b 43.8b 74.6b 82.1b 62.5b 53.4b 47.3b

Monocytes % 0.4–11.1 11.1 9.1 4.3 5.0* 8.0* 1.0* 6.0* 7.8 0.8 6.7 7.1 2.4 2.8

* Determination by blood smear assessment.

IS, insufficient sample.
a values below the reference.
b values above the reference.
# control group.

MO, bat number.

https://doi.org/10.1371/journal.pntd.0010439.t002
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should also be considered that these findings could be due to other pathogens or parasites

since these animals were wild caught.

The bats MO06, MO01 and MO08 presented moderate dermal hemorrhages in the pata-

gium. The dermis was moderately infiltrated by neutrophils and lymphocytes (Fig 6). Dermal

capillaries were markedly distended and congested with neutrophilic leukostasis. Finally, the

Fig 3. Petechiae on the right wing of bat MO06 observed 3 days p.i.

https://doi.org/10.1371/journal.pntd.0010439.g003
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spleens of MO01 and MO08, which were sacrificed 7 days pi (Group 2), showed moderate

lymphoid depletion and follicular lymphoid hyperplasia (Fig 7). This observation was consis-

tent with the WBC of these individuals who presented leukopenia due to neutropenia, and

additionally, the total number of lymphocytes decreased drastically compared to the individu-

als sampled on day 0, including MO08, which was sampled on day 0 and day 7 (Tables 2 and

S2). This finding is compatible with what has been reported during multiple viral infections

that generate hypo-proliferation or lympholysis.

Limited detection of viral RNA in urine. Consistent with Malmlov et al. 2019 [28], who

detected ZIKV RNA in low copy numbers (1x102-1x103 copies/ml) in the brain and urine of

Fig 4. Photomicrographs of sections of the epididymis. A. Control epididymal ducts. H&E stain; bar = 50 μm. B.

Epididymal duct epithelial degeneration, vacuolization, and loss of stereocilia. The lumen is filled by abundant

degenerate to apoptotic spermatids. H&E stain; bar = 50 μm. Photomicrographs of sections of the testicles. C. Control

testicular parenchyma. D. Early stage of testicular degeneration, vacuolated Sertoli cells with disorganized exfoliated or

absent germ cells. H&E stain; bar = 50 μm. Photomicrographs of sections of the oviduct. E. The lamina propria is

infiltrated by scant neutrophils. F. The degenerated epithelium has lymphocytic exocytosis, and the oviduct lumen is

filled by granular eosinophilic proteinaceous secretion intermixed with neutrophils. H&E stain; bar = 50 μm.

https://doi.org/10.1371/journal.pntd.0010439.g004
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three individual bats, we detected ZIKV in only two urine samples of male individuals (20%

detection rate, CI: 4.5–52.0%) in urine from bat MO08 at 3 d.p.i. and MO05 at 9 d.p.i., ranging

from 3.19 x102- 3.61 x102 copies/ml (Table 1). ZIKV RNA could not be detected in any other

tissue or oral swab.

Seroneutralization test. On the experimental infection, no serum had a neutralizing

effect on the ZIKV strain H/PF/2013, in contrast with the findings of Malmlov et al. 2019 [28],

who reported modest seroconversion by an enzyme-linked immunosorbent assay (ELISA) test

(3200 vs. >12000 in convalescent human sera) in three bats on day 28 pi. Putative reasons for

the contrasting findings in our bats include the higher specificity of PRNT versus ELISA. On

the other hand no Ab against ZIKV was detected in 2056 individual blood serum samples

from bats of 34 genera collected in 3 Latin American countries (Peru, French Guiana, and

Costa Rica) before (368 samples) and during (1688 samples) ZIKV pandemics (2010–2019)

(Table 1). These results are consistent with the negative detection of ZIKV antibodies by

PRNT in 7 African bat species [39]. However, these results are in contrast with the frequent

detection of ZIKV antibodies in free-ranging bats in early African studies [25,27]. A major

weakness of these early studies is the possible lack of differentiation among flaviviruses due to

the testing method: the hemagglutination inhibition test (HIT).

Latin American-wide bat sampling

No ZIKV was detected in free-living bats in different countries of Latin America. A

total of 2056 bats were sampled (blood for ZIKV detection by qRT–PCR) belonging to differ-

ent neotropical species and countries (Peru, French Guiana, and Costa Rica). In French Gui-

ana, samples were collected after and during ZIKV pandemics in the Americas over the years

Fig 5. Photomicrographs of sections of the cerebellum. A. Control: molecular, Purkinje cell, and granular layer. H&E stain; bar = 50 μm. Purkinje cells (inset). H&E

stain; bar = 50 μm. B. infected: Photomicrographs of sections of the cerebellum. Necrosis of the Purkinje cell layer. H&E stain; bar = 100 μm. Necrotic cells are shrunken,

with angulated cellular margins, hypereosinophilic cytoplasm, and pyknotic nuclei (inset). H&E stain; bar = 50 μm.

https://doi.org/10.1371/journal.pntd.0010439.g005
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2010, 2011, 2012, 2015, 2016, and 2017; in Costa Rica during ZIKV pandemics over 2017,

2018, and 2019; and in Peru, samples were collected during ZIKV pandemics only over 2017

and 2018 (Fig 2 and Table 1). Sampling included 6 bat families and 34 genera, of which 22

were family Phyllostomidae (Anoura, Artibeus, Carollia, Chiroderma, Dermanura, Desmodus,
Glossophaga, Linchonycteris, Lionycteris, Lonchophylla, Lonchorhina, Lophostoma, Mimon,

Micronycteris, Phylloderma, Phyllostomus, Platyrrhinus, Rhinophylla, Sturnira, Tonatia, Tra-
chops, and Uroderma); 3 were family Molossidae (Cynomops, Eumops and Molossus); 3 were

Vespertilionidae (Eptesicus, Myotis and Rhogeessa); 3 were family Emballonuridae (Peropteryx,

Fig 6. Photomicrographs of sections of the patagium. H&E stain; bar = 200 μm. The dermis has hemorrhages and

has a mild interstitial neutrophilic infiltrate (inset). H&E stain; bar = 50 μm.

https://doi.org/10.1371/journal.pntd.0010439.g006
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Rhynchonycteris, and Saccopteryx); one was family Noctilionidae (Noctilio), and one was family

Mormoopidae (Pteronotus); within these families, 60 species were identified (Table 1). The

largest number of sampled individuals belonged to the genus Pteronotus sp. (n = 470, 23%),

followed by the species Carollia sp. (n = 347, 17%); Anoura sp. (n = 286, 14%), and Molossus
sp. (n = 282 13.7%) (Table 1). No blood sample was positive for ZIKV by qPCR. This lack of

detection is consistent with a serosurvey of Brazilian and African bats that also reported a lack

of detection [39,40]. However, a sampling bias cannot be excluded due to the diversity of bat

species in Latin America. Urine samples were not analyzed, and it must be considered that

some studies in humans show that ZIKV RNA can be detected at higher levels and for a longer

time after the onset of infection in the urine compared to blood and other fluids [30,41,42].

Discussion

In this study, neither viral RNA nor Ab of ZIKV was detected in 2056 individual blood serum

samples from bats of 34 genera collected in 3 Latin American countries (Peru, French Guiana,

and Costa Rica) before (368 samples) and during (1688 samples) ZIKV pandemics (2010–

2019) (Table 1). Moreover, scarce viral RNA and no seroconversion were found in ZIKV-

infected Artibeus bats. However, some pathological changes were observed in the

Fig 7. Photomicrographs of sections of the spleen. The white pulp has marked lymphoid follicular hyperplasia. H&E

stain; bar = 100 μm. Lymphoid follicles have prominent germinal centers. H&E stain; bar = 50 μm.

https://doi.org/10.1371/journal.pntd.0010439.g007
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experimentally infected animals (Fig 1). Taken together, these results allow us to assume that

neotropical bats from different genera might not have an important role in ZIKV transmission

dynamics.

Our findings from 9 captured Artibeus lituratus bats from both sexes confirmed and

expanded upon Malmlov et al.’s [28] experimental infection findings. Only two out of 180

(1%) urine samples taken from ZIKV-inoculated animals showed low ZIKV copy numbers by

qPCR. All other urine samples, swabs and tissues from inoculated animals were negative.

These results, together with the lack of seroconversion found, suggest that Artibeus bats are

not efficient amplifiers or reservoirs of ZIKV. The same seems to be true for DENV as well,

since Cabrera et al. in 2014 reported that experimental inoculation of Artibeus jamaicensis Bats

with DENV serotypes 1 or 4 showed no evidence of sustained replication, and our group in

2013 reported limited replication of DENV 2 in these same animals [22,23]. In Malmlov’s

work [28], only 3 positive samples by PCR were reported, two of which were urine samples

and the third was nervous tissue, while in the present work, only two samples were positive,

and both were urine samples. In addition, some studies in humans show that ZIKV RNA can

be detected at higher levels and for a longer time after the onset of infection in urine compared

to blood and other samples [41,42]; thus, urine may be used as a preferred sample for further

studies aiming to detect ZIKV in wild bats.

The histopathological findings were consistent with experimental infections in male Arti-
beus bats [28]. In addition, the results were reminiscent of experimental murine ZIKV infec-

tions, which reported severe infection with inflammatory infiltration and degeneration of

reproductive tissues and cells, but in these cases, infections were performed by the genital

route in mice infected during the diestrus-like phase [43] or by the parenteral route in trans-

genic or treated mice lacking components of the innate antiviral response [44,45].

The genital alterations observed suggest that bat reproduction might be affected to some

extent by ZIKV.

Further studies analyzing whether the degeneration observed leads to infertility or alter-

ations during pregnancy will be needed to assess whether ZIKV could cause a disruption in

bat reproductive health. Nevertheless, in the Americas, Zika has been closely associated with

Aedes genus mosquitoes [2], especially Ae. aegypti, which are highly anthropophilic. Experi-

mentally, Artibeus bats were bitten by Aedes aegypti mosquitoes in an attempt to infect these

mammals with DENV (22), suggesting that Aedes mosquitoes could feed on bats. However, it

is not known how often this happens. DENV and ZIKV have been isolated from mosquitoes

other than Aedes aegypti that could be part of the sylvatic cycle of those flaviviruses [2]. How-

ever, it is not known whether these mosquito species frequently feed on bats or are consumed

by bats [46]. In addition, it should be considered that the competence of these vectors depends

on the level and duration of viremia in a given host, as was shown by Fernandes et al. (2020)

for Aedes aegypti and rhesus macaques [47].

Between days 3 and 7 after infection, clear leukopenia was observed in infected animals

with subsequent recovery after day 9 pi (Table 2). Generally, in mammals, as the first line of

defense against infectious processes, the immune reaction includes leukocytosis in association

with fever, and during viral infections, leukopenia and subsequent lymphocytosis can also

occur, as occurred in our research. However, in some lipopolysaccharide (LPS)-stimulated

insectivores, no leukocytosis or fever was observed [48]. Another feature of leukocyte kinetics

reported in Vespertilionidae bats in Karelia is the clear leukopenia generated during hiberna-

tion in bats [49]. These authors concluded that the differences in the proportion of lympho-

cytes may be related to the biological, ecological, and physiological peculiarities of the bats

studied, which shows the need for further studies to determine a correlation between bat infec-

tion with ZIKV and leukocyte kinetics of Artibeus.
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Finding some clinical alterations with scarce viral RNA detection could be somewhat con-

tradictory, and one explanation could be the hypersensitivity phenomena produced by certain

viral proteins. In 2015, Modhiran et al. reported an analogy between the cellular biology of

bacterial lipopolysaccharides (LPS) and that of DENV nonstructural protein 1 (NS1) [50]. LPS

and DENV NS1 interact with Toll-like receptor 4 (TLR 4) on the surface of monocytes, macro-

phages, and endothelial cells, inducing the release of a range of cytokines and chemokines.

These same cytokines circulate in the blood of patients with hemorrhagic Dengue syndrome,

producing hemorrhages and tissue destruction [51]. However, we do not know if this could be

extrapolated to ZIKV; therefore, more research in this regard is necessary to better understand

the immune system of bats against viral diseases. It would be interesting to prove this hypothe-

sis by the inoculation of inactivated ZIKV or its components in our animal model. On the

other hand, a recent report in Brazil, confirmed the presence of ZIKV MR766 (African line-

age), in free-living neotropical non-human primates (Alouatta guariba)[52]. So far, ZIKV

MR766, has only been isolated in non-human primates. Therefore, the ecology of different lin-

eages of ZIKV in neotropical wildlife is yet to be clarified.

Finally it is necessary to point out that in this work, the sampled individuals of certain spe-

cies of wild bats were scarce (only 1 or 2 sampled individuals). This was due to several factors

such as the density of their populations, the accessibility of their habitat, their behavior, etc.

The relative significance of these negative results for these species is obvious. In this case, only

positive results would be significant.
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19. Sotomayor-Bonilla J, Chaves A, Rico-Chávez O, Rostal MK, Ojeda-Flores R, Salas-Rojas M, et al. Den-

gue virus in bats from southeastern Mexico. Am J Trop Med Hyg. 2014; 91(1):129–31. Epub 20140421.

https://doi.org/10.4269/ajtmh.13-0524 PMID: 24752688; PubMed Central PMCID: PMC4080551.

20. Vicente-Santos A, Moreira-Soto A, Soto-Garita C, Chaverri LG, Chaves A, Drexler JF, et al. Neotropical

bats that co-habit with humans function as dead-end hosts for dengue virus. PLoS Negl Trop Dis. 2017;

11(5):e0005537. Epub 20170518. https://doi.org/10.1371/journal.pntd.0005537 PMID: 28545090;

PubMed Central PMCID: PMC5451070.

21. Moreira-Soto A, Soto-Garita C, Corrales-Aguilar E. Neotropical primary bat cell lines show restricted

dengue virus replication. Comp Immunol Microbiol Infect Dis. 2017; 50:101–5. Epub 20161226. https://

doi.org/10.1016/j.cimid.2016.12.004 PMID: 28131369.
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Ceballos N, et al. Litomosoides sp. (Filarioidea: Onchocercidae) Infection in Frugivorous Bats (Artibeus

spp.): Pathological Features, Molecular Evidence, and Prevalence. Trop Med Infect Dis. 2019; 4(2).

Epub 20190510. https://doi.org/10.3390/tropicalmed4020077 PMID: 31083297; PubMed Central

PMCID: PMC6631640.

39. Kading RC, Kityo RM, Mossel EC, Borland EM, Nakayiki T, Nalikka B, et al. Neutralizing antibodies

against flaviviruses, Babanki virus, and Rift Valley fever virus in Ugandan bats. Infect Ecol Epidemiol.

2018; 8(1):1439215. Epub 20180221. https://doi.org/10.1080/20008686.2018.1439215 PMID:

29511459; PubMed Central PMCID: PMC5827769.

40. Bittar C, Machado RRG, Comelis MT, Bueno LM, Morielle-Versute E, Beguelini MR, et al. Lack of sero-

logical and molecular evidence of arbovirus infections in bats from Brazil. PLoS One. 2018; 13(11):

e0207010. Epub 20181107. https://doi.org/10.1371/journal.pone.0207010 PMID: 30403749; PubMed

Central PMCID: PMC6221338.

41. Duarte G, Moron AF, Timerman A, Fernandes CE, Mariani Neto C, Almeida Filho GL, et al. Zika Virus

Infection in Pregnant Women and Microcephaly. Rev Bras Ginecol Obstet. 2017; 39(5):235–48. Epub

20170602. https://doi.org/10.1055/s-0037-1603450 PMID: 28575919.

42. Lamb LE, Bartolone SN, Kutluay SB, Robledo D, Porras A, Plata M, et al. Advantage of urine based

molecular diagnosis of Zika virus. Int Urol Nephrol. 2016; 48(12):1961–6. Epub 20160827. https://doi.

org/10.1007/s11255-016-1406-9 PMID: 27567913.

43. Tang WW, Young MP, Mamidi A, Regla-Nava JA, Kim K, Shresta S. A Mouse Model of Zika Virus Sex-

ual Transmission and Vaginal Viral Replication. Cell Rep. 2016; 17(12):3091–8. https://doi.org/10.1016/

j.celrep.2016.11.070 PMID: 28009279; PubMed Central PMCID: PMC5193244.

PLOS NEGLECTED TROPICAL DISEASES Experimental infection and search of ZIKV in wild bats shows limited viral replication

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010439 July 24, 2023 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/5895899
https://doi.org/10.1080/00034983.1968.11686580
https://doi.org/10.1080/00034983.1968.11686580
http://www.ncbi.nlm.nih.gov/pubmed/4389082
https://doi.org/10.1371/journal.pntd.0007071
https://doi.org/10.1371/journal.pntd.0007071
http://www.ncbi.nlm.nih.gov/pubmed/30716104
https://www3.paho.org/hq/index.php?option=com_content&view=article&id=11603:countries-and-territories-with-autochthonous-transmission-of-zika-virus-in-the-americas-reported-in-2015-2017&Itemid=41696&lang=en
https://www3.paho.org/hq/index.php?option=com_content&view=article&id=11603:countries-and-territories-with-autochthonous-transmission-of-zika-virus-in-the-americas-reported-in-2015-2017&Itemid=41696&lang=en
https://www3.paho.org/hq/index.php?option=com_content&view=article&id=11603:countries-and-territories-with-autochthonous-transmission-of-zika-virus-in-the-americas-reported-in-2015-2017&Itemid=41696&lang=en
https://doi.org/10.2471/BLT.16.175950
https://doi.org/10.2471/BLT.16.175950
http://www.ncbi.nlm.nih.gov/pubmed/27994281
https://doi.org/10.1099/0022-1317-70-1-37
http://www.ncbi.nlm.nih.gov/pubmed/2543738
https://doi.org/10.1111/tbed.13949
http://www.ncbi.nlm.nih.gov/pubmed/33295095
https://doi.org/10.3201/eid1608.100208
https://doi.org/10.3201/eid1608.100208
http://www.ncbi.nlm.nih.gov/pubmed/20678314
https://doi.org/10.3390/v11030214
http://www.ncbi.nlm.nih.gov/pubmed/30832364
https://doi.org/10.3390/tropicalmed4020077
http://www.ncbi.nlm.nih.gov/pubmed/31083297
https://doi.org/10.1080/20008686.2018.1439215
http://www.ncbi.nlm.nih.gov/pubmed/29511459
https://doi.org/10.1371/journal.pone.0207010
http://www.ncbi.nlm.nih.gov/pubmed/30403749
https://doi.org/10.1055/s-0037-1603450
http://www.ncbi.nlm.nih.gov/pubmed/28575919
https://doi.org/10.1007/s11255-016-1406-9
https://doi.org/10.1007/s11255-016-1406-9
http://www.ncbi.nlm.nih.gov/pubmed/27567913
https://doi.org/10.1016/j.celrep.2016.11.070
https://doi.org/10.1016/j.celrep.2016.11.070
http://www.ncbi.nlm.nih.gov/pubmed/28009279
https://doi.org/10.1371/journal.pntd.0010439


44. Govero J, Esakky P, Scheaffer SM, Fernandez E, Drury A, Platt DJ, et al. Zika virus infection damages

the testes in mice. Nature. 2016; 540(7633):438–42. Epub 20161031. https://doi.org/10.1038/

nature20556 PMID: 27798603; PubMed Central PMCID: PMC5432198.

45. Lazear HM, Govero J, Smith AM, Platt DJ, Fernandez E, Miner JJ, et al. A Mouse Model of Zika Virus

Pathogenesis. Cell Host Microbe. 2016; 19(5):720–30. Epub 20160405. https://doi.org/10.1016/j.chom.

2016.03.010 PMID: 27066744; PubMed Central PMCID: PMC4866885.

46. Barrio-Nuevo KM, Cunha MS, Luchs A, Fernandes A, Rocco IM, Mucci LF, et al. Detection of Zika and

dengue viruses in wild-caught mosquitoes collected during field surveillance in an environmental protec-

tion area in São Paulo, Brazil. PLoS One. 2020; 15(10):e0227239. Epub 20201016. https://doi.org/10.

1371/journal.pone.0227239 PMID: 33064724; PubMed Central PMCID: PMC7567345.

47. Fernandes RS, David MR, De Abreu FVS, Ferreira-de-Brito A, Gardinali NR, Lima SMB, et al. Low

Aedes aegypti Vector Competence for Zika Virus from Viremic Rhesus Macaques. Viruses. 2020; 12

(12). Epub 20201124. https://doi.org/10.3390/v12121345 PMID: 33255150; PubMed Central PMCID:

PMC7759330.

48. Stockmaier S, Dechmann DK, Page RA, O’Mara MT. No fever and leucocytosis in response to a lipo-

polysaccharide challenge in an insectivorous bat. Biol Lett. 2015; 11(9):20150576. https://doi.org/10.

1098/rsbl.2015.0576 PMID: 26333664; PubMed Central PMCID: PMC4614434.

49. Uzenbaeva LB, Belkin VV, Ilyukha VA, Kizhina AG, Yakimova AE. [SPECIFICITY OF CONTENT AND

MORPHOLOGY OF PERIPHERAL BLOOD CELLS IN THREE BAT SPECIES OF KARELIA DURING

HIBERNATION]. Zh Evol Biokhim Fiziol. 2015; 51(4):299–304. PubMed PMID: PMID: 26547955.

50. Modhiran N, Watterson D, Muller DA, Panetta AK, Sester DP, Liu L, et al. Dengue virus NS1 protein

activates cells via Toll-like receptor 4 and disrupts endothelial cell monolayer integrity. Sci Transl Med.

2015; 7(304):304ra142. https://doi.org/10.1126/scitranslmed.aaa3863 PMID: 26355031.

51. Halstead SB. Vaccine-Associated Enhanced Viral Disease: Implications for Viral Vaccine Development.

BioDrugs. 2021; 35(5):505–15. Epub 20210909. https://doi.org/10.1007/s40259-021-00495-6 PMID:

34499320; PubMed Central PMCID: PMC8427162.

52. de Almeida PR, Ehlers LP, Demoliner M, Eisen AKA, Girardi V, De Lorenzo C, et al. Detection of a

novel African-lineage-like Zika virus naturally infecting free-living neotropical primates in Southern Bra-

zil. bioRxiv. 2019:828871. https://doi.org/10.1101/828871

PLOS NEGLECTED TROPICAL DISEASES Experimental infection and search of ZIKV in wild bats shows limited viral replication

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010439 July 24, 2023 21 / 21

https://doi.org/10.1038/nature20556
https://doi.org/10.1038/nature20556
http://www.ncbi.nlm.nih.gov/pubmed/27798603
https://doi.org/10.1016/j.chom.2016.03.010
https://doi.org/10.1016/j.chom.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27066744
https://doi.org/10.1371/journal.pone.0227239
https://doi.org/10.1371/journal.pone.0227239
http://www.ncbi.nlm.nih.gov/pubmed/33064724
https://doi.org/10.3390/v12121345
http://www.ncbi.nlm.nih.gov/pubmed/33255150
https://doi.org/10.1098/rsbl.2015.0576
https://doi.org/10.1098/rsbl.2015.0576
http://www.ncbi.nlm.nih.gov/pubmed/26333664
http://www.ncbi.nlm.nih.gov/pubmed/26547955
https://doi.org/10.1126/scitranslmed.aaa3863
http://www.ncbi.nlm.nih.gov/pubmed/26355031
https://doi.org/10.1007/s40259-021-00495-6
http://www.ncbi.nlm.nih.gov/pubmed/34499320
https://doi.org/10.1101/828871
https://doi.org/10.1371/journal.pntd.0010439

