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ABSTRACT
SARS-CoV-2 was first reported circulating in human populations in December 2019 and has since become a global
pandemic. Recent history involving SARS-like coronavirus outbreaks have demonstrated the significant role of
intermediate hosts in viral maintenance and transmission. Evidence of SARS-CoV-2 natural infection and experimental
infections of a wide variety of animal species has been demonstrated, and in silico and in vitro studies have indicated
that deer are susceptible to SARS-CoV-2 infection. White-tailed deer (WTD) are amongst the most abundant and
geographically widespread wild ruminant species in the US. Recently, WTD fawns were shown to be susceptible to
SARS-CoV-2. In the present study, we investigated the susceptibility and transmission of SARS-CoV-2 in adult WTD. In
addition, we examined the competition of two SARS-CoV-2 isolates, representatives of the ancestral lineage A and
the alpha variant of concern (VOC) B.1.1.7 through co-infection of WTD. Next-generation sequencing was used to
determine the presence and transmission of each strain in the co-infected and contact sentinel animals. Our results
demonstrate that adult WTD are highly susceptible to SARS-CoV-2 infection and can transmit the virus through direct
contact as well as vertically from doe to fetus. Additionally, we determined that the alpha VOC B.1.1.7 isolate of
SARS-CoV-2 outcompetes the ancestral lineage A isolate in WTD, as demonstrated by the genome of the virus shed
from nasal and oral cavities from principal infected and contact animals, and from the genome of virus present in
tissues of principal infected deer, fetuses and contact animals.
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Introduction

The family Coronaviridae is comprised of enveloped,
single-stranded, positive-sense RNA viruses, and
includes four genera Alpha-, Beta-, Gamma-, and
Delta-coronaviruses. Betacoronaviruses have been the
subject of intensive research since the emergence of
severe acute respiratory syndrome coronavirus
(SARS-CoV) in 2002, Middle East respiratory syn-
drome coronavirus (MERS-CoV) in 2012, and most
recently SARS-CoV-2 in 2019. In order to determine
the origins of SARS-CoV-2, surveillance efforts have
mainly focused on bat populations since they were
identified as the reservoir species for SARS-CoV-like

and MERS-CoV-like viruses [1]. Intermediate hosts
such as civet cats (Paguma larvata) for SARS-CoV or
camels (Camelus dromedaries) for MERS-CoV have
also been identified as an important vehicle for virus
spillover into human populations and have shown to
play a significant role in pathogen establishment and
continued animal-to-human transmission [2, 3].

The World Organization for Animal Health (OIE)
has reported the natural infection of SARS-CoV-2
in at least 10 animal species across continents in-
cluding the Americas, Europe, Africa and Asia: dom-
estic cats and dogs, tigers, lions, cougars, snow
leopards, pumas, mink, ferrets, gorillas, and otters
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(https://www.aphis.usda.gov/aphis/dashboards/tableau/
sars-dashboard). In the United States alone as of Sep-
tember 2021, USDA-APHIS has reported 217 inci-
dences of natural SARS-CoV-2 infections amongst 9
different species (www.aphis.usda.gov). Experimental
infection of SARS-CoV-2 in animal models has ident-
ified cats, ferrets, mink, Syrian golden hamsters, non-
human primates, tree shrews, and deer mice as highly
susceptible to SARS-CoV-2 infection [4–12]. Dogs,
cattle, and Egyptian fruit bats have shownmoderate sus-
ceptibility while non-transgenic mice (with the excep-
tion of variants containing the N501Y polymorphism
in their S gene), poultry, and pigs are not readily suscep-
tible to SARS-CoV-2 infection [13–17]. It is important
to determine susceptible host species for SARS-CoV-2
in order to better understand the ecology of this virus
and to identify potential reservoir species which may
be sources of spillover into human populations [18].
Additionally, the emergence and sustained transmission
of SARS-CoV-2 variants of concern (VOC) have impor-
tant implications in virus evolution and pathogenesis
[19]. It is therefore necessary to investigate the trans-
mission efficiency and pathogenesis of SARS-CoV-2
VOCs in susceptible species.

A recent publication by Palmer and coworkers [20]
describes the susceptibility of white-tailed deer (Odo-
coileus virginianus) fawns to the SARS-CoV-2 tiger iso-
late TGR/NY/20 [20]. Recent surveillance studies have
also shown SARS-CoV-2 antibodies in wild white-
tailed deer [21]. The work presented here expands
upon the previous findings by describing SARS-CoV-
2 infection in pregnant adult deer, as well as horizontal
and vertical transmission of the virus. Furthermore, we
investigated the competition of two SARS-CoV-2 iso-
lates in deer, representatives of the ancestral lineage
A (SARS-CoV-2/human/USA/WA1/2020) and the
alpha VOC B.1.1.7 (SARS-CoV-2/human/USA/
CA_CDC_5574/2020), and determined the relative
abundance of each strain after replication and trans-
mission by next generation sequencing. The results
of this study confirm that adult white-tailed deer are
highly susceptible to SARS-CoV-2 infection and shed
virus in sufficient quantities through oral and nasal
cavities to infect naïve contact sentinel deer. Further-
more, our results illustrate the in vivo competition of
two lineages of SARS-CoV-2 through analysis of
excreted virus and the virus presence in tissues col-
lected postmortem. Importantly, this is the first study
which provides evidence for vertical transmission of
SARS-CoV-2 from doe to fetus.

Materials and methods

Cells and virus isolation/titrations

Vero E6 cells (ATCC; Manassas, VA, USA) and Vero
E6 cells stably expressing transmembrane serine

protease 2 (Vero-E6/TMPRSS2) [22], obtained from
Creative Biogene (Shirley, NY) via Kyeong-Ok Chang
at KSU were used for virus propagation and titration.
Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Corning, New York, N.Y, USA),
supplemented with 5% fetal bovine serum (FBS, R&D
Systems, Minneapolis, MN, USA) and antibiotics/anti-
mycotics (ThermoFisher Scientific, Waltham, MA,
USA), andmaintained at 37 °C under a 5% CO2 atmos-
phere. The addition of the selection antibiotic, G418, to
cell culture medium was used to maintain TMPRSS2
expression but was not used during virus cultivation
or assays. The SARS-CoV-2/human/USA/WA1/
2020 lineage A (referred to as lineage A WA1; BEI
item #: NR-52281) and SARS-CoV-2/human/USA/
CA_CDC_5574/2020 lineage B.1.1.7 (alpha VOC
B.1.1.7; NR-54011) strains were acquired from BEI
Resources (Manassas, VA, USA). A passage 2 plaque-
purified stock of lineage A WA1 and a passage 1 of
the alpha VOC B.1.1.7 stock were used for this study.
Virus stocks were sequenced by next generation
sequencing (NGS) using the Illumina MiSeq and the
consensus sequences were found to be homologous to
the original strains obtained from BEI GISAID acces-
sion numbers: EPI_ISL_404895 (WA-CDC-WA1/
2020) and EPI_ISL_751801 (CA_CDC_5574/2020).

To determine infectious virus titres of virus stocks
and study samples, 10-fold serial dilutions were per-
formed on Vero-E6/TMPRSS2 cells. The presence of
cytopathic effects (CPE) after 96 h incubation at 37°
C was used to calculate the 50% tissue culture infective
dose (TCID50)/ml using the Spearman-Kaerber
method [23]. Selected swab and tissue homogenate
samples were tested for viable virus by culture on
Vero E6/TMPRRS2 cells. Virus isolation was per-
formed by culturing 400 µL of filtered (0.2 µm; MidSci,
St. Louis, MO, USA) sample on Vero E6 cells and
monitoring for CPE for up to 5 days post inoculation.
Virus isolation attempts were primarily performed on
samples with ≥106 RNA copy number per mL, as this
was our approximate limit of detection (LOD) for
viable virus using this method.

Susceptibility of cervid cells to SARS-CoV-2

The SARS-CoV-2 USA-WA1/2020 strain was pas-
saged 3 times in Vero-E6 cells to establish a stock
virus for the cervid cell infection experiments. Primary
white-tailed (Odocoileus virginianus), mule deer (Odo-
coileus hemionus) and elk (Cervus canadensis) lung
cells (provided by WCW) were infected at approxi-
mately 0.1 MOI. Infected cell supernatants were col-
lected at 0, 2, 4, 6 or 8 days post infection (DPI) and
stored at −80°C until further analysis. Cell lines were
tested in at least two independent infection exper-
iments. Cell supernatants were titrated on Vero E6
cells to determine TCID50/mL.
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Ethics statement

All animal studies and experiments were approved
and performed under the Kansas State University
(KSU) Institutional Biosafety Committee (IBC, Proto-
col #1460) and the Institutional Animal Care and Use
Committee (IACUC, Protocol #4468) in compliance
with the Animal Welfare Act. All animal and labora-
tory work were performed in biosafety level-3+ and
−3Ag laboratories and facilities in the Biosecurity
Research Institute at KSU in Manhattan, KS, USA.

Virus challenge of animals

Six female white-tailed deer (WTD), approximately 2
years of age, were acquired from a Kansas deer farm
(Muddy Creek Whitetails, KS) and acclimated for
ten days in BSL-3Ag biocontainment with feed and
water ad libitum prior to experimental procedures.
On day of challenge, four principal infected deer
were inoculated with a 1:1 titre ratio of lineage A
WA1 and the alpha VOC B.1.1.7 strains (Supplemen-
tary Figure 1). A 2 ml dose of 1 × 106 TCID50 per ani-
mal was administered through intra-nasal (IN) and
oral (PO) routes simultaneously. The remaining two
non-infected deer were placed up-current of the
room’s directional airflow from the principal infected
deer, separated by an 8-foot tall, solid partition. At 1
day-post-challenge (DPC), the two naïve deer were co-
mingled with the principal infected animals as contact
sentinels for the duration of the study. Two principal
infected deer were euthanized and postmortem examin-
ation performed at 4 DPC. Postmortem examination of
the remaining two principal infected and two sentinels
were performed at 18 DPC (Table 1). Five of the six
deer were pregnant; the number of fetuses per deer are
indicated in Table 1. Four naïve white-tailed deer from
a previous study evaluating a baculovirus-expressed sub-
unit vaccine for the protection from epizootic hemorrha-
gic disease (EHD) caused by an orbivirus, performed in
2017 [24], were used as controls for serology and histo-
pathology (Table 1 and Supplementary Figure 1).

Clinical evaluations and sample collection

Deer were observed daily for clinical signs. Clinical
observations focused on activity level (response to

human observer), neurological signs, respiratory
rate, and presence of gastrointestinal distress. Rectal
temperature, nasal, oropharyngeal, and rectal swabs
were collected from sedated animals at 0, 1, 3, 5, 7,
10, 14 and 18 DPC. Swabs were placed in 2 mL of
viral transport medium (DMEM, Corning; combined
with 1% antibiotic-antimycotic, ThermoFisher), vor-
texed, and aliquoted directly into cryovials and/or
RNA stabilization/lysis Buffer RLT (Qiagen, German-
town, MD, USA). EDTA blood and serum were col-
lected prior to challenge and on days 3, 7, 10, 14,
and 18 DPC. Full postmortem examinations were per-
formed, and gross changes recorded. A comprehen-
sive set of tissues were collected in either 10%
neutral-buffered formalin (Fisher Scientific, Waltham,
MA, USA), or as fresh tissues directly stored at −80°C.
Tissues were collected from the upper respiratory tract
(URT) and lower respiratory tract (LRT), central ner-
vous system (brain and cerebral spinal fluid [CSF]),
gastrointestinal tract (GIT) as well as accessory organs.
The lungs were removed in toto including the trachea,
and the main bronchi were collected at the level of the
bifurcation and at the entry point into the lung lobe.
Lung lobes were evaluated based on gross pathology
and collected and sampled separately. Bronchoalveo-
lar lavage fluid (BALF), nasal wash and urine were
also collected during postmortem examination. Fetal
tissues including lung, liver, spleen, kidney as well as
placenta were also collected. Fresh frozen tissue hom-
ogenates were prepared as described previously [12].
All clinical samples (swabs, nasal washes, BALF,
CSF, urine) and tissue homogenates were stored at
−80°C until further analysis.

RNA extraction and reverse transcription
quantitative PCR (RT-qPCR)

SARS-CoV-2-specific RNA was detected and quan-
tified using a quantitative reverse transcription real
time PCR (RT-qPCR) assay specific for the N2 seg-
ment as previously described [12]. Briefly, nucleic
acid extractions were performed by combining equal
amounts of Lysis Buffer RLT (Qiagen, Germantown,
MD, USA) with supernatant from clinical samples
(swabs, nasal washes, BALF, CSF, urine), tissue hom-
ogenates in DMEM (20% W/V), EDTA blood or body
fluids. Sample lysates were vortexed and 200 μL was

Table 1. Animals and treatment assignments.
Animal ID# Treatment Necropsy No. of fetuses

108 Principal infected 4 DPC 0
905 Principal infected 4 DPC 3
106 Principal infected 18 DPC 3 (mummified)
919 Principal infected 18 DPC 3
49 Sentinel introduced 1 DPC 18 DPC 2
50 Sentinel introduced 1 DPC 18 DPC 1
1755, 1756, 1760, 1763 Vaccinated/sham vaccinated and EHDV challenged deer [23] served as controls 2017 0

DPC = day post challenge.
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used for extraction using a magnetic bead-based
extraction kit (GeneReach USA, Lexington, MA) and
the Taco™ mini nucleic acid extraction system (Gen-
eReach) as previously described [12]. Extraction posi-
tive controls (IDT, IA, USA; 2019-nCoV_N_Positive
Control), diluted 1:100 in RLT lysis buffer, and nega-
tive controls were included throughout this process.

Quantification of SARS-CoV-2 RNA was accom-
plished using an RT-qPCR protocol established by
the CDC for detection of SARS-CoV-2 nucleocapsid
(N)-specific RNA (https://www.fda.gov/media/
134922/download). Our lab has validated this protocol
using the N2 SARS-CoV-2 primer and probe sets
(CDC assays for RT-PCR SARS-CoV-2 coronavirus
detection, IDT [idtdna.com]) in combination with
the qScript XLT One-Step RT-qPCR Tough Mix
(Quanta Biosciences, Beverly, MA, USA), as pre-
viously described [12]. Quantification of RNA copy
number (CN) was based on a reference standard
curve method using a 10-point standard curve of
quantitated viral RNA (USA-WA1/2020; lineage A).
This RT-qPCR assay was also validated for the detec-
tion of the USA/CA_CDC_5545/2020 alpha VOC
B.1.1.7 strain. Each sample was run in duplicate
wells and all 96-well plates contained duplicate wells
of quantitated PCR positive controls (IDT, IA, USA;
2019-nCoV_N_Positive Control, diluted 1:100) and
four non-template control wells. A positive Ct cut-
off of 38 cycles was used when both wells were posi-
tive. The cut-off of 38 cycles is based on our validation
of this assay and is consistent with CDC guidelines
which use the same assay. The standard curve of
SARS-CoV-2 RNA has a limit of detection at 38
Cycles. Samples with one of two wells positive at or
under CT of 38, respectively, were considered sus-
pect-positive. Data are presented as the mean of the
calculated N gene CN per mL of liquid sample or
per mg of 20% tissue homogenate.

Next-generation sequencing

RNA extracted from cell culture supernatant (virus
stocks), clinical swab/tissue homogenates, and clinical
samples were sequenced by next generation sequen-
cing (NGS) using an Illumina NextSeq platform (Illu-
mina Inc.) to determine the genetic composition (%
lineage) of viral RNA in each sample. SARS-CoV-2
viral RNA was amplified using the ARTIC-V3 RT-
PCR protocol [Josh Quick 2020. nCoV-2019 sequen-
cing protocol v2 (GunIt). Protocols.io https://gx.doi.
org/10.17504/protocols.io.bdp7i5rn]. Library prep-
aration of amplified SARS-CoV-2 DNA for sequen-
cing was performed using a Nextera XT library prep
kit (Illumina Inc.) following the manufacturer’s proto-
col. The libraries were sequenced on the Illumina
NextSeq using 150 bp paired end reads with a mid-
output kit. Reads were demultiplexed and parsed

into individual sample files that were imported into
CLC Workbench version 7.5 (Qiagen) for analysis.
Reads were trimmed to remove ambiguous nucleo-
tides at the 5’ terminus and filtered to remove short
and low-quality reads. The consensus sequences of
viral stocks used for challenge material preparation
were found to be homologous to the original strains
obtained from BEI GISAID accession numbers:
EPI_ISL_404895 (WA-CDC-WA1/2020) and
EPI_ISL_751801 (CA_CDC_5574/2020). To deter-
mine an accurate relative percentage of each SARS-
CoV-2 lineage in each sample, BLAST databases
were first generated from individual trimmed and
filtered sample reads. Subsequently, two 40-nucleotide
long sequences were generated for each strain at
locations that include the following gene mutations:
Spike (S) A570D, S D614G, S H1118H, S ΔH69V70,
S N501Y, S P681H, S 982A, S T716I, S ΔY145, Mem-
brane (M) V70, Nucleocapsid protein (N) D3L, N
R203KG204R, N 235F, and non-structural NS3
T223I, NS8 Q27stop, NS8 R52I, NS8 Y73C, NSP3
A890D, NSP3 I1412T, NSP3 T183I, NSP6
ΔS106G107F108, NSP12 P323L, NSP13 A454V and
NSP13 K460R. A word size of 40 was used for the
BLAST analysis in order to exclude reads where the
target mutation fell at the end of a read or reads that
partially covered the target sequence. The two
sequences for each of the locations listed above, corre-
sponding to either lineage A (USA-WA1/2020) or
alpha VOC B.1.1.7 (USA/CA_CDC_5574/2020),
were subjected to BLAST mapping analysis against
individual sample read databases to determine the
relative amount of each strain in the samples. The rela-
tive amount of each strain present was determined by
calculating the per cent of reads that hit each of the
twenty-three target mutations. The percentages for
all mutations were averaged to determine the relative
amount of each strain in the sample. Samples with
incomplete or low coverage across the genome were
excluded from analysis. Average depth of read
coverage ranged from 554 up to 48315 with 9312 as
the median coverage per sample (Supplementary
Figure 2).

Virus neutralizing antibodies

Virus neutralizing antibodies in sera were determined
using microneutralization assay as previously
described [12]. Briefly, heat-inactivated (56°C/
30 min) serum samples were subjected to 2-fold serial
dilutions starting at 1:20 and tested in duplicate. Then,
100 TCID50 of SARS-CoV-2 virus in 100 μL DMEM
culture media was added 1:1 to 100 μL of the sera
dilutions and incubated for 1 h at 37°C. The mixture
was subsequently cultured on Vero-E6/TMPRSS2
cells in 96-well plates. The neutralizing antibody titre
was recorded as the highest serum dilution at which
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at least 50% of wells showed virus neutralization based
on the absence of CPE observed under a microscope at
72 h post infection. Sera collected on -3 DPC were
pooled prior to testing.

Detection of antibodies by indirect ELISA

Indirect ELISAs were used to detect SARS-CoV-2
antibodies in sera specific for the nucleocapsid (N)
and the receptor-binding domain (RBD) recombinant
viral proteins, both produced in-house [12]. Briefly,
wells were coated with 100 ng of the respective protein
in 100 μL per well coating buffer (Carbonate–bicar-
bonate buffer, catalogue number C3041, Sigma-
Aldrich, St. Louis, MO, USA). Following an overnight
incubation at 4°C, plates were washed three times with
phosphate-buffered saline (PBS-Tween 20 [pH = 7.4];
catalogue number 524653, Millipore Sigma), blocked
with 200 μL per well casein blocking buffer (Sigma-
Aldrich, catalogue number B6429) and incubated for
1 h at room temperature (RT). Plates were sub-
sequently washed three times with PBS-Tween-20
(PBS-T). Serum samples were diluted 1:400 in casein
blocking buffer, then 100 μL per well was added to
ELISA plates and incubated for 1 h at RT. Following
three washes with PBS-T, 100 μL of HRP-labelled Rab-
bit Anti-Deer IgG (H + L) secondary antibody (95058-
328, VWR, Batavia, IL, USA) diluted 1:1000 (100 ng/
mL) was added to each well and incubated for 1 h at
RT. Plates were then washed five times with PBS-T
and 100 μL of TMB ELISA Substrate Solution
(Abcam, catalogue number ab171525, Cambridge,
MA, USA) was added to all wells of the plate and incu-
bated for 5 min before the reaction was stopped. The
OD of the ELISA plates was read at 450 nm on an
ELx808 BioTek plate reader (BioTek, Winooski, VT,
USA). The cut-off for a sample being called positive
was determined as follows: Average OD of negative
serum + 3X standard deviation. Everything above
this cut-off was considered positive. An indirect
ELISA was also used to detect Bovine Coronavirus
(BCoV) antibodies in sera with BCoV Spike (S)
recombinant viral protein (LSBio, LS-G64076-20,
Seattle, WA, USA) using the methods described above.

Histopathology

Tissue samples from the respiratory tract, i.e. nasal
cavity, rostral, middle and deep turbinates following
decalcification with Immunocal™ Decalcifier (Sta-
tLab, McKinney, TX, for 4–7 days at room tempera-
ture), trachea, and lungs as well as various other
extrapulmonary tissues such as liver, spleen, kidneys,
heart, pancreas, gastrointestinal tract [stomach, small
intestine including Peyer’s patches and colon], cere-
brum [including olfactory bulb], tonsils and numer-
ous lymph nodes were routinely processed and

embedded in paraffin. Four-micron tissue sections
were stained with hematoxylin and eosin following
standard procedures. Two independent veterinary
pathologists (unbiased to the treatment groups)
examined the slides and morphological descriptions
were provided. Tissues from naïve white-tailed deer
from a previous study [24] were used as negative
controls for histopathological analysis including
immunohistochemistry.

SARS-CoV-2-specific immunohistochemistry
(IHC)

IHC was performed as previously described [12] on
four-micron sections of formalin-fixed paraffin-
embedded tissue mounted on positively charged
Superfrost® Plus slides and subjected to IHC using a
SARS-CoV-2-specific anti-nucleocapsid rabbit poly-
clonal antibody (3A, developed by our laboratory)
with the method previously described [25]. Lung sec-
tions from a SARS-CoV-2-infected hamster were used
as positive assay controls.

Results

Susceptibility of cervid primary lung cells to
SARS-CoV-2

Primary lung cells isolated from white-tailed deer
(Odocoileus virginianus), mule deer (Odocoileus hemi-
onus) and elk (Cervus canadensis) were tested for sus-
ceptibility to SARS-CoV-2 and viral growth kinetics.
SARS-CoV-2 lineage A WA1 strain was found to
replicate in both, white-tailed deer and mule deer
lung cells but not in elk lung cells (Figure 1(A)), and
replication resulted in cell death (Figure 1(B)). Similar
replication kinetics were observed at 2 and 4 DPI for
both the white-tailed deer and mule deer cells. Virus
titres declined by 6 DPC in white-tailed deer lung
cells, while titres in mule deer lung cultures remained
elevated even at 8 DPC. Elk lung cell input virus
rapidly declined by day 2 and virus was not detectable
by 8 DPC. These results suggest that besides white-
tailed deer, mule deer species may be susceptible to
SARS-CoV-2 and could serve as a potential reservoir
species.

SARS-CoV-2-infected adult white-tailed deer
remain subclinical

Four deer were inoculated with an approximate 1:1
titre ratio of the lineage A WA1 and alpha VOC
B.1.1.7 strains (Supplementary Figure 1) with 1 × 106

TCID50 per animal administered through IN and PO
routes simultaneously. Clinical signs were recorded
daily, including respiratory rate, posture, and activity
levels. Rectal temperatures were recorded on days of
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sample collection. No major clinical signs were
observed throughout the course of this study. Ocular
discharge was noted in the principal infected animal
#106 from 5 to 10 DPC and nasal discharge was
noted on 7 DPC in principal infected animal #919.
Rectal temperatures of principal and sentinel deer
remained within normal range (99-105°F), although
there was a slight elevation in body temperature of
principal infected deer from 0 to 3 DPC, and at 1 to
3 DPC in the sentinels (Supplementary Figure 3).
Soft stool was observed in one deer (#905) for the dur-
ation of the study; this was not considered as a result
from SARS-CoV-2 infection as this was also observed
prior to challenge.

SARS-CoV-2 RNA/virus shedding

SARS-CoV-2 RNA shedding was determined by eval-
uating nasal, oral and rectal swabs of principal infected
(Figure 2(A)) and sentinel deer (Figure 2(B)) for the
presence of SARS-CoV-2 specific RNA by RT-qPCR.
Viral RNA was detected in nasal swabs from all prin-
cipal infected animals (n = 4) from 1 to 10 DPC
(Figure 2(A)), and the sentinel contact deer (n = 2)
starting at 3 DPC (2 days post comingling) up to 10
DPC (Figure 2(B)). All deer had SARS-CoV-2 RNA
detected in oral swabs at some time point post

infection/contact, although less frequently and at
lower levels compared to nasal swabs. Viral RNA
from oral swabs was detected from 1 to 7 DPC in at
least one of the principal infected deer. Oral swabs
from at least one sentinel deer were detectable at 3
and 5 DPC (2 to 4 days post comingling), and both
sentinels were positive at 7 DPC. Rectal swabs had
low levels of viral RNA detected at 5 and 7 DPC in
two principal infected animals, and in only one senti-
nel deer at 5 DPC. Infectious virus could be isolated
from nasal swabs of at least one of the principal
infected deer at 1, 3 and 4 DPC, and from one sentinel
at 7 DPC (Table 2). Infectious virus was isolated from
oral swabs from one principal infected animal at 3
DPC and from one sentinel at 5 DPC (Table 2). In
addition, virus was also isolated from a single rectal
swab at 5 DPC from a principal infected deer.

Evaluation of deer during the acute stage of
infection (4 DPC)

To evaluate the acute stage of infection, two of the
principal infected deer (#108 and #905) were huma-
nely euthanized and examined at 4 DPC. SARS-
CoV-2 RNA was detected throughout the upper and
lower respiratory tract tissues of both deer necropsied
at 4 DPC (Figure 2(C)). The highest levels of SARS-

Figure 1. SARS-CoV-2 replication in various cervid lung cells. (A) Primary lung cells were infected with the SARS-CoV-2 USA-WA1/
2020 at 0.1 MOI and cell supernatants collected at 0, 2, 4, 6 or 8 days post infection (DPI). Cell supernatants were titrated on Vero E6
cells to determine virus titres. Mean titres of at least two independent infection experiments per cell line are shown. (B) Cytopathic
effect observed at 6 DPI with SARS-CoV-2 but not in mock infected white-tailed deer primary lung cells at the same time point DPI.
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CoV-2 RNA were detected in the nasal cavity, trachea,
bronchi, and all lung lobe sections. There was a dis-
tinct difference in viral RNA load observed in the res-
piratory tract tissues between the two deer at 4 DPC;
one deer (#905) revealed consistently lower quantities
of SARS-CoV-2 RNA throughout upper and lower
respiratory tissues than the other deer (#108). Nasal
washes and BALF from both animals were also posi-
tive for SARS-CoV-2 RNA at 4 DPC. Infectious
virus was isolated from the nasal wash, BALF, trachea
and bronchi of deer #108, but not from any tissues
tested for deer #905 (Table 2).

Histological evaluations and IHC for the presence of
SARS-CoV-2 antigen in the upper and lower respiratory
tract tissues, tonsils and select lymph nodes collected at 4
DPC were performed (Figure 3(A–L)). In the respiratory
tract, histological changes weremore pronounced in deer
#108 compared to #905, and a mild to moderate multi-
focal lymphohistiocytic and neutrophilic rhinitis (Figure
3(A)), erosive to suppurative tracheitis (Figure 3(C)), and

erosive bronchitis with mixed peribronchiolitis were
noted (Figure 3(D–F)). Specifically, there was marked
attenuation of the respiratory epithelium lining the tra-
chea and a main bronchus, with loss of cilia, individual
cell degeneration and necrosis, neutrophil transmigra-
tion, and accumulation of cellular debris in the lumen
(Figure 3(C,D)). The subjacent edematous lamina pro-
pria was infiltrated by neutrophils, lymphocytes and his-
tiocytes; and respiratory epithelial cells frequently
contained intracytoplasmic viral antigen, also abundant
in the superficial exudate (Figure 3(I,J)). In the remaining
pulmonary parenchyma, bronchioles and blood vessels
were delineated by perivascular and peribronchiolar lym-
phocytes, histiocytes and few neutrophils, but viral anti-
gen was generally not detected (Figure 3(E,K)). Rarely,
sloughed and necrotic epithelial cells and few degenerate
leukocytes lodged within alveolar ducts and containing
intracytoplasmic viral antigen were observed (Figure 3
(F,L)). In deer #905, the inflammatory component was
mild and predominantly lymphocytic with no viral

Figure 2. Viral shedding and viral RNA detected in tissues of SARS-CoV-2-infected white-tailed deer. RT-qPCR was performed on
nasal, oropharyngeal, and rectal swabs collected from principal infected (A) and sentinel deer (B), and various tissues of deer
euthanized at 4 (C) and 18 (D) days post challenge (DPC) to detect the presence of SARS-CoV-2 specific RNA. Mean (n = 2)
viral RNA copy number (CN) per mL (A and B) or per mg (C and D) based on the SARS-CoV-2 nucleocapsid gene are plotted
for individual animals. Asterisks (*) indicate samples with 1 out of 2 RT-qPCR reactions below the limit of detection, which is indi-
cated by the dotted lines.
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antigen detected in the respiratory tract. Along the rostral
turbinates of both animals (#905 and 108), the lamina
propria was infiltrated by lymphocytes, histiocytes and
fewer neutrophils that transmigrated through the lining
nasal epithelium and encircled subjacent nasal glands.
In contrast, the deep turbinates including the olfactory
neuroepithelium, olfactory nerve fascicles and olfactory
bulb were unremarkable (Figure 3(B)). No viral antigen
was detected within the segments of the nasal passages
that were evaluated (Figure 3(G,H)). A mild erosive ton-
silitis with a small focus of intraepithelial SARS-CoV-2
antigen was also noted in deer #108 at 4 DPC (Sup-
plementary Figure 4). No other significant histologic
alterations were found in other tissues examined from
the adult deer. Fetal lungs occasionally contained intrab-
ronchial/intrabronchiolar foci of squamous cells; how-
ever, no viral antigen was detected in fetal lungs or
within the placenta.

Evaluation of deer during the convalescent
stage of infection (18 DPC)

Postmortem examination of the remaining four deer,
consisting of two principal infected animals and two

contact sentinels, was performed on 18 DPC. SARS-
CoV-2 RNA was detected in the upper respiratory
tract tissues (nasal cavity and trachea) of the principal
infected and sentinel deer at 18 DPC (Figure 2(D)).
One of the principal infected animals had viral RNA
in the bronchi. The lung lobes were negative for
viral RNA in all deer except for the right cranial
lung lobe from one of the principal infected deer
(#919) that was considered as suspect. No viral RNA
was detected from nasal wash or BALF collections
from any of the deer at 18 DPC. Infectious virus was
not detected in tissues from sentinel animals (#49,
50) or in the principal infected animals (#106, 919;
Table 2).

Histologic examination at 18 DPC of principal
infected deer #106 and #919 (Figure 4(A–E)) showed
minimal changes in the lungs, with scattered peri-
bronchiolar/perivascular cuffs of lymphocytes and
plasma cells (Figure 4(E)). Principal infected deer
#919 showed evidence of chronic suppurative broncho
- pneumonia restricted to one lung lobe, but the over-
all histological changes suggest a possible underlying
bacterial component (data not shown). Minimal
mononuclear inflammation was noted in the trachea.
Similarly, deer #106 had minimal changes in the tra-
chea with rare mononuclear inflammatory aggregates
within the lamina propria and extending into the lin-
ing respiratory epithelium (Figure 4(C)). No viral anti-
gen was detected by IHC in any of the respiratory
tissues of principal infected deer at 18 DPC (Figure
4(F–J)). The sentinel contact animals (#49 and #50;
Figure 4(K–O)) showed predominantly histological
alterations along the trachea, with mild to moderate
lymphoplasmacytic and erosive tracheitis character-
ized by multifocal segments of epithelial attenuation,
necrosis and loss with occasional areas of epithelial
hyperplasia, intense lymphoplasmacytic and neutro-
philic inflammation along the superficial lamina pro-
pria, and luminal necrotic cell debris (Figure 4(M)).
While the changes in the lungs were mostly character-
ized by minimal peribronchiolar lymphocytic cuffing
(Figure 4(O)), deer #49 had a localized area of suba-
cute to chronic suppurative bronchopneumonia with
evident intralesional bacteria, likely representing a sec-
ondary opportunistic infection. Moderate lympho-
plasmacytic pharyngitis with occasional attenuation
and loss of surface epithelium and lymphoid follicle
formation, and marked tonsillar lymphoid hyperplasia
were also noted (data not shown). No other significant
histologic alterations were identified in principal or
sentinel animals, including their fetuses. Viral antigen
was neither detected in the respiratory tract tissues
(Figure 4(P–T)) nor in placenta nor fetal tissues
derived from sentinel animals. A summary of the his-
tological and immunohistochemical findings in the
respiratory tract of SARS-CoV-2-infected white-tailed
deer can be found in Supplementary Table 2.

Table 2. Virus isolation from swabs and tissues.
Sample type DPC Animal number Virus titre (TCID50/mL)

Nasal Swab 1 #106, 905, 919 NEG
Nasal Swab 1 #108 1.00E+02
Nasal Swab 3 #106 9.98E+02
Nasal Swab 3 #108, 905, 919 NEG
Nasal Swab 4 #108, 905 9.98E+02, NEG
Nasal Swab 5 #106, 919 NEG
Nasal Swab 7 #49 3.15E+02

Oral Swab 1 #905 NEG
Oral Swab 3 #106, 108 5.00E+00, NEG
Oral Swab 4 #108, 905 NEG
Oral Swab 5 #50, 106 5.00E+00, NEG
Oral Swab 7 #49, 50 NEG

Rectal Swab 5 #49, 919 NEG
Rectal Swab 5 #106 3.15+02
Rectal Swab 7 #919 NEG
Nasopharynx 4 #108, 905 NEG
Conchae 4 #108 NEG
Ethnoturbinates 4 #108 NEG
Trachea 4 #108, 905 3.15E+02, NEG
Bronchi 4 #108, 905 3.15E+02, NEG
Lung 4 #108, 905 NEG
Tonsil 4 #108, 905 NEG
Lymph nodesa 4 #108, 905 NEG
Stomach 4 #905 NEG
Spleen 4 #108 NEG
Heart 4 #108 NEG
Brain 4 #108 NEG
CSF 4 #108 NEG

BALF 4 #108, 905 3.15E+03, NEG
Nasal Wash 4 #108, 905 3.15E+02, NEG
Nasopharynx 18 #50, 106, 919 NEG
Conchae 18 #50 NEG
Ethnoturbinates 18 #50 NEG
Tonsil 18 #50, 106, 919 NEG
Lymph nodesa 18 #49, 50, 106 NEG
Large intestine 18 #106 NEG
Bone Marrow 18 #50 NEG

In general, samples with >106 RNA copy number were subjected to virus
isolation.

aMultiple different types of lymph nodes were tested.
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Figure 4. Histological lesions and SARS-CoV-2 antigen distribution in the upper and lower respiratory tract of principal infected
and sentinel white-tailed deer at 18 DPC. Rostral turbinates (A, F, K, P), olfactory neuroepithelium (B, G, L, Q), trachea (C, H, M, R),
bronchus (D, I, N, S) and bronchioles (E, J, O, T). In principal infected deer, few lymphocytes were noted in the lamina propria of the
rostral turbinates (A). The olfactory neuroepithelium was histologically unremarkable (B), and the tracheal and bronchial lamina
propria were occasionally infiltrated by either dispersed or aggregates of mononuclear cells (C, D), which also encircled few
bronchioles and pulmonary vessels (E). In sentinel deer, the lamina propria of rostral turbinates and sporadically subjacent to
the olfactory neuroepithelium were infiltrated by mild numbers of lymphocytes and plasma cells (K, L). There was segmental ero-
sive tracheitis with epithelial attenuation and necrosis, and intense lymphoplasmacytic and neutrophilic inflammation (M, arrows).
Few mononuclear cells were noted delimiting bronchi, bronchioles and pulmonary vessels (N, O). No viral antigen was detected in
respiratory tract tissues of principal infected (F–J) and sentinel (P–T) deer at 18 DPC. H&E and Fast Red, 100× total magnification.

Figure 3. Histological lesions and SARS-CoV-2 antigen distribution in the upper and lower respiratory tract of principal infected
white-tailed deer at 4 DPC. Rostral turbinates (A and G), olfactory neuroepithelium (B and H), trachea (C and I), bronchus (D and J)
and bronchioles (E, F, K and L). At 4 DPC, in the rostral turbinates, neutrophilic rhinitis with epithelial transmigration and mixed
lymphocytic and histiocytic infiltration of the subjacent lamina propria and around nasal glands were observed (A) but no viral
antigen was detected (G). The olfactory neuroepithelium was histologically unremarkable (B) with no viral antigen detected (H). In
the trachea, there was marked attenuation of the respiratory epithelium with loss of cilia, individual cell degeneration and necro-
sis, neutrophil transmigration, and accumulation of cellular debris in the lumen (C). Frequently, respiratory epithelial cells of the
trachea contained intracytoplasmic viral antigen indicated by the red staining (arrows), which was also abundant in the superficial
exudate (I). The bronchial mucosa was characterized by segmental attenuation of the lining respiratory epithelium with loss of
cilia, degeneration/necrosis of individual epithelial cells and neutrophil and lymphocyte transmigration, and a mixed lymphocytic
and histiocytic infiltrate in the edematous lamina propria (D, arrows and inset). The bronchial epithelium lining affected segments
frequently contained viral antigen stained red (J, arrows). In the pulmonary parenchyma, bronchioles and blood vessels were
delimited by perivascular and peribronchiolar lymphocytes, histiocytes and few neutrophils (E, arrows). Viral antigen was generally
not detected (K). In bronchioles, rarely sloughed and necrotic epithelial cells and few degenerate leukocytes lodged within alveo-
lar ducts (F, arrow) contained intracytoplasmic viral antigen indicated by the red staining (L, arrow). H&E and Fast Red, 100× total
magnification.
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Presence of SARS-CoV-2 RNA in non-respiratory
organs and tissues during the acute and
convalescent stage of infection

At 4 DPC, tissues collected from the two principal
infected deer demonstrate a widespread presence of
viral RNA (Figure 2(C)). Both deer had high levels of
viral RNA detected in the tonsil. Lymph nodes from
both animals, which included the cranial mediastinal,
retropharyngeal, submandibular, tracheobronchial,
prescapular, mesenteric, ileocecal, retroperitoneal,
and gastrohepatic, were all positive for SARS-CoV-2
RNA at 4 DPC. Other tissues consisting of spleen,
liver, heart, kidney, bone marrow, stomach, ileocecal
junction, olfactory bulb, and brain were also all positive
for viral RNA in both animals at 4 DPC. Small and
large intestine were collected from the two principal
infected deer at 4 DPC, and these tissues were RT-
qPCR positive in one of the two animals, whereas,
the other one was considered suspect. CSF obtained
from deer #108 was also positive for SARS-CoV-2
RNA at 4 DPC.

At 18 DPC, SARS-CoV-2 RNA was detected at rela-
tively high levels in the tonsil of both principal
infected and one sentinel animal (Figure 2(D)). Sev-
eral lymph nodes were also positive for viral RNA at
18 DPC, although fewer compared to 4 DPC; this
included the mesenteric, ileocecal and retropharyngeal
lymph nodes from principal infected deer, and the tra-
cheobronchial, retropharyngeal and a suspect positive
mesenteric lymph node from the sentinels. At 18 DPC,
SARS-CoV-2 RNA was not detected in the liver, heart,
stomach, brain or olfactory bulb. The spleen, kidney
and large intestine of at least one principal infected
deer, and the small intestine of one sentinel were sus-
pect positive for viral RNA, and one sentinel (#50) had
viral RNA detected in the bone marrow at 18 DPC. No
viral RNA was detected in the CSF or urine from any
deer at 18 DPC. In addition, no infectious virus was
isolated in samples collected from principal infected
and sentinel deer at 18 DPC (Table 2).

SARS-CoV-2-specific markers present in deer
fetuses

Fetal tissues were collected from 5 pregnant deer con-
sisting of 12 fetuses in total – one animal (#108) was
not pregnant (Table 1). The uteri were removed in
toto and left intact until all other tissues had been
cleared from the table, and the necropsy area cleaned;
new, sterile, instruments were used for the fetus dis-
section. The fetuses were approximately 2.5 months
into gestation based on crown to rump measurements.
Full tissue sample sets, consisting of spleen, liver, kid-
ney, lungs, and placenta were collected when possible
(from 6 out of the 12 fetuses). Two of the three fetuses
from deer #905 collected at 4 DPC, had detectable

amounts of SARS-CoV-2 RNA in at least one of the
tissues collected: one fetus was RNA positive in the
lungs, liver, spleen, and placenta while the other
fetus had viral RNA detected only in the spleen (Sup-
plementary Table 1). At 18 DPC, partial tissue sample
sets were collected from the nine fetuses present in the
four remaining pregnant deer (Table 1); they were all
negative for SARS-CoV-2 RNA (Supplementary Table
1). The three fetuses from deer #106 were found mum-
mified, two viable fetuses each were obtained from
deer #919 and #49, whereas, the remaining two fetuses
analyzed at 18 DPC appeared to be non-viable. This
indicates that more than 50% (5/9) of the fetuses col-
lected on 18 DPC were non-viable based on gross and
histological evidence of autolysis or tissue degradation
in the absence of hemorrhage and/or inflammation.
Only the uterus of deer #108 which was not pregnant
was positive for SARS-CoV-2 RNA at 4 DPC. The two
RNA-positive fetuses from doe #905 were negative for
the presence of SARS-CoV-2 antigen by IHC, which is
not surprising given the low levels of RNA present and
the reduced sensitivity of IHC compared to RT-qPCR.

Serology

SARS-CoV-2-specific and neutralizing serum anti-
bodies were evaluated for control, principal infected
and sentinel deer (Figure 5). Some of the control
sera which includes pre-challenge sera (-3 DPC)
were weak positive in the ELISA for the SARS-CoV-
2 nucleocapsid protein N. The principal infected ani-
mals and the sentinels remained weak positive over
the 18-day course of the study (Figure 5(A)); only
one principal infected deer developed substantial N-
specific antibodies at 7, 14 and 18 DPC. Similarly,
some of the control sera were weak positive in the
ELISA for the SARS-CoV-2 RBD antigen. The two
principal infected animals remaining after 4 DPC
were clearly positive at 7 DPC with subsequent
lower OD levels observed at 14 and 18 DPC, whereas,
the sentinel deer remained weak positive or even nega-
tive for RBD-specific antibodies over the 18-day
course of the study (Figure 5(B)). The presence of
virus neutralizing antibodies in the sera was tested in
a classical virus neutralization assay. Some of the con-
trol sera had borderline levels of reactivity in the virus
neutralization assay. However, at 7 DPC, significant
levels of neutralizing antibody titres were observed
in sera of principal infected deer, and similarly in
the sera of sentinel deer at 10 DPC (Figure 5(C)). At
14 and 18 DPC, both the principal infected and senti-
nel deer had similar titres (approximately 1:1280) of
neutralizing antibodies (Figure 5(C)). No significant
differences in neutralizing antibody titres were
observed between the two strains used in this study.
Finally, sera from the principal infected and sentinel
deer were tested for the presence of bovine
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coronavirus S-specific antibodies by an indirect
ELISA. Although the OD value was slightly higher in
some of the principal infected animals, all were at
near negative bovine control sera levels (Figure 5
(D)). No SARS-CoV-2 RNA was detected in any of
the blood collected from animals over the course of
the study.

Competition between SARS-CoV-2 strains in co-
infected white-tailed deer

To evaluate the in vivo competition between the ances-
tral lineage A (SARS-CoV-2/human/USA/WA1/2020)
and the alpha VOC (SARS-CoV-2/human/USA/CA-
5574/2020) strains, cDNA products of SARS-CoV-2
RNA extracted from swabs and tissue homogenates
were sequenced on the Illumina NextSeq platform.
While the intent was to use a 1:1 titre ratio of the
two strains, we were limited in our ability to obtain
an exact 1:1 ratio since our only means to quantify
virus was through virus titrations. Subsequently,
sequencing analysis showed the inoculum used for
infection was 60% alpha VOC B.1.1.7 and 40% lineage

A WA1. Nasal swabs collected at 1 DPC revealed the
proportion of lineage A strain ranged from 0.7-
40.0% and of alpha VOC B.1.17 strain from 60.0-
99.3% in the 4 principal infected deer (Table 3, Sup-
plementary Figure 5). In contrast, one of the oral
swabs from a principal infected deer (#905) at 1
DPC showed 51.0% lineage A WA1 and 49.0% VOC
B.1.1.7, while the other oral swab contained 5.4% line-
age A and 94.6% VOC B.1.1.7. By 3 DPC, the compo-
sition of all nasal and most oral swabs was entirely
alpha VOC B.1.1.7, with the exception of a 4 DPC
oral swab collected from deer #905 that showed 2.9%
lineage A and 97.1% VOC B.1.1.7. Swab and tissue
samples collected from sentinel deer were also domi-
nated by the alpha VOC B.1.1.7 strain. The B.1.1.7
strain was also dominant in tissues collected from
the two primary challenged deer at 4 DPC, with a
maximum lineage A percentage of 20.9% found in
the nasopharynx of deer #905 (Table 3, Supplementary
Figure 5). Virus genome analysis was only possible in a
few tissues collected from principal (nasopharynx and
tonsil) and sentinel (retropharyngeal lymph node)
deer at 18 DPC; the results revealed a >95% presence

Figure 5. Serology of SARS-CoV-2 infected deer. Detection of SARS-CoV-2 nucleocapsid protein (A), and the receptor binding
domain (B) by indirect ELISA tests. The cut-off was determined by averaging the OD of negative serum + 3X the standard deviation
as indicated by the dotted line. All samples with resulting OD values above this cut-off were considered positive. (C) Virus neutraliz-
ing antibodies detected in serum are shown as log2 of the reciprocal of the neutralization serum dilution. The cut-off of 1:40 is
indicated by the dotted line. A–C: Negative controls were pooled deer sera (n = 4) collected from deer enrolled in a previous epi-
zootic hemorrhagic disease virus vaccine study [23] and pre-challenge sera (-3 DPC) from the six deer enrolled in this study. (D) Sera
from principal infected (n = 4) and sentinel deer (n = 2) were tested against the bovine coronavirus (BCoV) spike protein using an
indirect ELISA; both, positive (C+) and negative (C−) bovine control sera were included. The cut-off was determined by averaging
the OD of negative serum + 3X the standard deviation as indicated by the dotted line. A-D: Mean with standard error are shown.

EMERGING MICROBES & INFECTIONS 105



of alpha VOC B.1.1.7 genomic sequences. These
results indicate a competitive advantage of the alpha
VOC B.1.1.7 isolate over the lineage A WA1 isolate.

Discussion

Zoonotic diseases reportedly account for approxi-
mately 60% of emerging infectious disease (EID)
events over the last century [26]. Increased interaction
with wild animal populations is a critical factor associ-
ated with increased occurrence of zoonotic EIDs. In
the last twenty years, three virus species from the
genus Betacoronavirus, family Coronaviridae, have
spilled over from wild animal populations into
humans, resulting in outbreaks of respiratory disease
and global economic losses [27–29]. The emergence,
global dissemination, and rapid evolution of SARS-
CoV-2 has had global impacts on public health and
economic stability. The emergence of variant strains,
in part due to the exceptional spread of the virus has
caused additional waves of SARS-CoV-2 infection
and re-infection, highlighting the need for enhanced
mitigation strategies [3, 19, 30–32]. To design more
comprehensive surveillance efforts, it is necessary to
identify susceptible animal hosts which may contrib-
ute as secondary reservoirs to the continued animal-
animal and animal-human transmission of SARS-
CoV-2 [18, 29]. Maintenance of SARS-CoV-2 in
wild animal populations would create additional chal-
lenges in surveillance and control of this virus. Human
interaction with infected wild animal populations
could provide avenues for un-checked spill-back into
human populations and spontaneous resurgence of
SARS-CoV-2 infections with new animal-adapted
SARS-CoV-2 variants, as already experienced with
mink [3].

White-tailed deer (Odocoileus virginianus) are the
second most abundant, densely populated, and geo-
graphically widespread wild ruminant species in the
United States. Furthermore, commercially farmed
deer is a growing industry in the US. Human inter-
action with white-tailed deer have resulted in the
occurrence of infectious diseases such as brucellosis
or tuberculosis in human populations in the past
[33]. Recently, white-tailed deer fawns were demon-
strated to be susceptible to experimental SARS-CoV-
2 infection [20]. Also, it was recently reported that
sero-surveillance studies conducted in 2021 show
that 40% of wild white-tailed deer tested across the
midwestern US were positive for SARS-CoV-2 neutra-
lizing antibodies [21]. Although it is unclear at the
time of writing if these results are caused by SARS-
CoV-2 exposure or cross-reactivity of a yet uniden-
tified closely related coronavirus infection in deer
[21]. Surprisingly, antibodies were detected in one
sample as early as 2019, and several samples from Jan-
uary to March of 2020 in this serosurvey, but not in

sera collected in years prior to 2019 [21]. In the pre-
sent study, we investigated the susceptibility of
approximately 2-year-old, adult white-tailed deer to
SARS-CoV-2 infection and the potential for direct
transmission to naïve contact sentinel deer. Further-
more, our data is the first to date to provide evidence
of vertical transmission of SARS-CoV-2 from mother
to fetus. In addition, this study examined the compe-
tition of two SARS-CoV-2 isolates, representatives of
the ancestral lineage A (SARS-CoV-2/human/USA/
WA1/2020; lineage A WA1) and the alpha VOC
B.1.1.7 (SARS-CoV-2/human/USA/CA-5574/2020;
VOC B.1.1.7) by co-infection of white-tailed deer.
We also demonstrated in vitro virus replication in pri-
mary lung cells derived from white-tailed deer, mule
deer and elk, which suggests that besides white-tailed
deer, mule deer may also be susceptible to SARS-
CoV-2. Elk primary lung cells were refractory to
SARS-CoV-2 infection with the lineage A WA1 strain.

The recently published study by Palmer and
coworkers [20] showed infection and transmission of
the SARS-CoV-2 tiger isolate TGR/NY/20 at a dose
of 5 × 106.3 TCID50 in 6-week-old fawns, with pro-
longed viral RNA shedding detected in nasal swabs
over the course of the 21-day study. Here, we used a
lower infectious dose (1 × 106 TCID50) in 2-year-old
adult deer. Our data indicate that adult deer shed
SARS-CoV-2 virus and RNA for a lesser period of
time, which could be due to difference in challenge
dose, differences in virus isolates, route of adminis-
tration (IN and PO vs. IN only) or the effects of a
more rapid immune response in adult deer. Both
studies show lower levels of intermittent virus/RNA
shedding detected from oral and rectal swabs through
7 DPC, compared to nasal swabs which were RNA
positive for all animals up to 10 DPC in our study.
Similarly, as described by Palmer and coworkers [20]
in fawns, we observed efficient transmission of virus
to co-housed naïve adult deer, as demonstrated by iso-
lation of SARS-CoV-2 virus from contact sentinels on
days 4- and 6-days post comingling as well as consist-
ent viral RNA detection in swabs and tissues obtained
from sentinel animals. While our results show that
transmission could occur after co-mingling naïve
deer with infected deer, further studies are needed to
address specifically aerosol versus direct versus indir-
ect/environmental routes of transmission.

In the present study, high copy numbers of viral
RNA were detected in many clinical samples and tis-
sues derived from the principal infected and sentinel
deer, however, virus isolation was infrequent. SARS-
CoV-2 RNA can be trafficked through many tissues
in infected individuals, presumably through the lym-
phatic system via monocytes/macrophages and den-
dritic cells. Organs such as lymph nodes might be a
“sink” for viral RNA or virus infected cells, but not
necessarily sites of active SARS-CoV-2 replication.
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Furthermore, infection with the alpha VOC B.1.1.7
has been associated with an abundant production of
the nucleocapsid N protein, creating prominent levels
of N-specific mRNA which could explain why an N-
gene targeting RT-qPCR assay (i.e. the CDC N2 RT-
qPCR assay) might over-estimate virus quantities
[34, 35]. Weak reactivity was observed with some of

the pre-challenged deer sera by our in-house SARS-
CoV-2 N and RBD ELISAs, as well as using an
ELISA specific for the bovine coronavirus S protein.
Using our in-house ELISA test, antibody titres against
the RDB of the spike protein decreased over time. The
RBD ELISA was developed for the detection of the
lineage A WA1 isolate. Since the alpha VOC B.1.1.7

Table 3. SARS-CoV-2 competition in deer co-infected with two strains determined by next generation sequencing.

Sample

4 DPC 18 DPC

#108 #905 #106 #919 #49 #50

%WA1 %B.1.1.7 %WA1 %B.1.1.7 %WA1 %B.1.1.7 %WA1 %B.1.1.7 %WA1 %B.1.1.7 %WA1 %B.1.1.7

Nasal Swab 0 DPC ND ND ND ND ND ND ND ND ND ND ND ND
Nasal Swab 1 DPC 1.7% 98.3% 40.0% 60.0% 0.7% 99.3% 15.8% 84.2% ND ND ND ND
Nasal Swab 3 DPC 0.0% 100.0% 0.0% 100.0% 0.0% 100.0% 0.0% 100.0% LMR LMR NT NT
Nasal Swab 4 DPC 0.0% 100.0% 0.0% 100.0% NT NT NT NT NT NT NT NT
Nasal Swab 5 DPC NT NT NT NT 0.0% 100.0% LMR LMR LMR LMR LMR LMR
Nasal Swab 7 DPC NT NT NT NT LMR LMR LMR LMR 0.0% 100.0% LMR LMR
Nasal Swab 10 DPC NT NT NT NT ND ND NT NT LMR LMR ND ND

Oral Swab 0 DPC ND ND ND ND ND ND ND ND ND ND ND ND
Oral Swab 1 DPC 5.4% 94.6% 51.0% 49.0% LMR LMR ND ND ND ND ND ND
Oral Swab 3 DPC 0.0% 100.0% ND ND 0.0% 100.0% ND ND LMR LMR ND ND
Oral Swab 4 DPC 0.0% 100.0% 2.9% 97.1% NT NT NT NT NT NT NT NT
Oral Swab 5 DPC NT NT NT NT 0.0% 100.0% ND ND ND ND 0.0% 100.0%
Oral Swab 7 DPC NT NT NT NT ND ND NT NT 0.0% 100.0% NT NT
Oral Swab 10 DPC NT NT NT NT ND ND ND ND ND ND ND ND

Rectal Swab 0 DPC ND ND ND ND ND ND ND ND ND ND ND ND
Rectal Swab 1 DPC ND ND ND ND ND ND ND ND ND ND LMR LMR
Rectal Swab 3 DPC ND ND ND ND ND ND ND ND ND ND ND ND
Rectal Swab 4 DPC ND ND ND ND NT NT NT NT NT NT NT NT
Rectal Swab 5 DPC NT NT NT NT NT NT NT NT NT NT ND ND
Rectal Swab 7 DPC NT NT NT NT ND ND NT NT ND ND ND ND
Rectal Swab 10 DPC NT NT NT NT ND ND ND ND ND ND ND ND

Nasal Wash 0.0% 100.0% ND ND ND ND ND ND ND ND ND ND
BALF 0.0% 100.0% 1.3% 98.7% ND ND ND ND ND ND ND ND

Conchae 0.0% 100.0% LMR LMR NT NT NT NT NT NT NT NT
Ethnoturbinates 0.0% 100.0% 0.0% 100.0% NT NT NT NT ND ND NT NT
Nasopharynx 3.9% 96.1% 20.9% 79.1% 4.1% 95.9% 13.8% 86.2% NT NT LMR LMR
Trachea, rostal 0.0% 100.0% 0.0% 100.0% NT NT ND ND NT NT ND ND
Trachea, middle 0.0% 100.0% NT NT NT NT NT NT NT NT ND ND
Trachea, distal 0.0% 100.0% 0.0% 100.0% NT NT ND ND NT NT ND ND
Bronchi 0.0% 100.0% 0.0% 100.0% NT NT ND ND ND ND ND ND
Lung, left cranial A 0.0% 100.0% 0.0% 100.0% ND ND ND ND ND ND ND ND
Lung, left cranial B NT NT NT NT ND ND ND ND ND ND ND ND
Lung, left caudal NT NT NT NT ND ND ND ND ND ND ND ND
Lung, right cranial 0.0% 100.0% 0.0% 100.0% ND ND NT NT ND ND ND ND
Lung, right caudal 0.0% 100.0% 0.0% 100.0% ND ND ND ND ND ND ND ND
Lung, right middle NT NT NT NT ND ND ND ND ND ND ND ND
Accessory 0.0% 100.0% 0.0% 100.0% ND ND ND ND ND ND ND ND
Tonsil 0.0% 100.0% LMR LMR 1.2% 98.8% NT NT ND ND LMR LMR
Prescapular LN NT NT ND ND ND ND ND ND ND ND NT NT
Tracheobronchial LN 0.0% 100.0% LMR LMR ND ND ND ND ND ND NT NT
Cranial mediastinal LN NT NT NT NT ND ND ND ND ND ND ND ND
Mesenteric LN 1.0% 99.0% NT NT NT NT NT NT NT NT ND ND
Ileocecal LN NT NT NT NT NT NT ND ND ND ND ND ND
Retropertioneal LN NT NT 0.9% 99.1% ND ND ND ND ND ND ND ND
Gastrohepatic LN NT NT NT NT ND ND ND ND ND ND ND ND
Submandibular LN NT NT LMR LMR ND ND ND ND ND ND ND ND
Retropharyengeal LN 0.2% 99.8% NT NT NT NT ND ND 0.3% 99.7% LMR LMR
Spleen 0.0% 100.0% LMR LMR ND ND NT NT ND ND ND ND
Liver NT NT NT NT ND ND ND ND ND ND ND ND
Heart 0.0% 100.0% 0.0% 100.0% ND ND ND ND ND ND ND ND
Kidney 3.5% 96.5% 0.0% 100.0% ND ND NT NT ND ND ND ND
Bone Marrow NT NT ND ND ND ND ND ND ND ND NT NT
Stomach ND ND NT NT ND ND ND ND ND ND ND ND
Small Intestine NT NT LMR LMR ND ND ND ND NT NT ND ND
Large Intestine 0.0% 100.0% NT NT NT NT ND ND ND ND ND ND
Ileocecal Junction NT NT NT NT ND ND ND ND ND ND ND ND
Brain 2.9% 97.1% LMR LMR ND ND ND ND ND ND ND ND
Olfactory Bulb NT NT NT NT ND ND ND ND ND ND ND ND

WA1 = USA-WA1/2020 lineage A strain; B.1.1.7 = USA/CA-5574/2020 strain alpha VOC; LN = lymph node; NT = not tested; ND = not detected; LMR = low
mapped reads #106, 108, 905 and 919: principal infected animals; #49 and 50: sentinel animals..
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isolate has several mutations in the RBD region, the
ELISA could have reduced sensitivity against it. This
could explain why antibody titres against the RBD
are higher at the beginning of the study, when the
ancestral lineage A WA1 isolate was present and
decreases later in the infection when the alpha VOC
B.1.1.7. isolate was prevalent. Also, some of the deer
in our study had borderline levels of SARS-CoV-2
neutralizing antibodies present at pre-challenge.
Since these were low levels of antibodies, and all the
deer in this study were highly susceptible to SARS-
CoV-2 infection, we consider it unlikely that the ani-
mals were previously infected with SARS-CoV-2.
Nevertheless, we cannot exclude the possibility that
the deer were exposed to an unknown deer Betacoro-
navirus with some level of antigenic cross reactivity to
SARS-CoV-2, since deer coronaviruses similar to
bovine coronaviruses have been previously described
[36]; further investigation would be required to ascer-
tain whether this is the case.

Tissues which were collected postmortem at 4 DPC
and 18 DPC demonstrate widespread distribution of
SARS-CoV-2 RNA in the upper respiratory and lym-
phoid tissues. To evaluate the acute stage of infection,
two deer – one pregnant, one not pregnant – were
sacrificed at 4 DPC. There was a pronounced differ-
ence of viral RNA load (copy number [CN]/mg) in
respiratory tissues between these two deer, which
may represent different levels of susceptibility between
pregnant (#905; low viral loads) and non-pregnant
(#108; high viral loads) animals.

Histological evaluations in the upper and lower res-
piratory tract tissues collected at 4 DPC revealed
pathological changes described as rhinitis, marked
attenuation of the respiratory epithelium of the tra-
chea, bronchitis, and in some cases bronchiolitis. No
interstitial pneumonia was observed. IHC analyses
for the presence of SARS-CoV-2 antigen in the respir-
atory tract at 4 DPC revealed that viral antigen was not
detected in the nasal passages, but in the trachea, the
bronchi and occasionally in terminal bronchioles. It
is suspected that the detection of antigen in only one
(#108) of two animals at 4 DPC may be due to genetic
differences between the respective deer or a suscepti-
bility characteristic of pregnant (#905) versus non-
pregnant (#108) deer. In contrast, the histologic exam-
ination of principal infected deer euthanized at 18
DPC showed minimal changes in the lungs with no
viral antigen detected along the respiratory tract; in
the case of sentinel animals, no viral antigen was
associated with the histological changes present in
the trachea. These findings are not unexpected since
none of the deer had obvious clinical signs of disease.
This is similar as shown previously in cats experimen-
tally infected with SARS-CoV-2 which displayed mild
to moderate histopathological changes (rhinitis, tra-
cheal and bronchial adenitis) accompanied by viral

RNA and antigen at 4 and 7 DPC. However, by 21
DPC histological changes were unremarkable and no
detectable viral RNA or antigen was observed [12, 37].

Sequence analysis preformed on the Illumina Next-
Seq platform revealed a competitive advantage of the
alpha VOC B.1.1.7 (SARS-CoV-2/human/USA/CA-
5574/2020) isolate over the lineage A WA1 (SARS-
CoV-2/human/USA/WA1/2020) isolate. This data
confirms what others have recently reported in vivo
in ferrets, hamsters, and transgenic hACE2 mice
COVID-19 models [19, 38]. It is suggested that a com-
ponent of this competitive advantage is associated
with an Asp to Gly substitution at amino acid position
614 (D614G), which alters the interaction of the spike
(S) glycoprotein with the hACE2 receptor [39, 40].
The D614G substitution has been shown to enhance
the affinity of S to bind hACE2 when compared to
the parental D614 strain [19]. Moreover, the N501Y
substitution and perhaps even some other S substi-
tutions, might further increase affinity for the ACE2
receptor [41, 42]. Additionally, recent data suggests
that infection with B.1.1.7 antagonizes innate immu-
nity early in infection by upregulating gene segments
which effectively decrease host IFNβ expression and
secretion [34]. The increased expression of key innate
immune antagonists may partially explain why alpha
VOC B.1.1.7 demonstrates higher replication and
transmission efficiency than lineage A [34].

Animal coronaviruses are not commonly associated
with reproductive problems, except avian corona-
viruses [43, 44]. A feline alphacoronavirus which
causes feline infectious peritonitis, can be transmitted
vertically with major consequences on post-partum
kittens resulting in a mortality up to 100% following
birth [45]. In the present study, we identified SARS-
CoV-2 genetic markers in two fetuses of one principal
infected deer euthanized at 4 DPC as evidenced by
viral RNA detected in multiple fetal tissues. Interest-
ingly, we only detected viral RNA in the uterus of
the deer which was not pregnant (#108); this animal
also had higher viral RNA levels detected throughout
tissues compared to the pregnant doe necropsied at
the same time point (4 DPC). We did not detect
viral RNA in fetal tissues derived from nine fetuses
of does necropsied at 18 DPC, and more than 50%
(5/9) of the fetuses collected at this time point were
found to be unviable. However, it is difficult to draw
conclusively the full effects of SARS-CoV-2 infection
in pregnant deer given the small number of animals,
the short duration of this study and the absence of
control pregnant non-infected animals.

It is well known that pregnancy can increase the
risk of illness caused by viral infections like influenza
as well as enhance complications due to other under-
lying medical conditions such as diabetes. The effects
of SARS-CoV-2 infection on pregnant women, the
pregnancy, the fetus, and postpartum are still not
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fully understood. Several retrospective studies have
shown pregnancy to be associated with higher risk of
severe illness caused by COVID-19 as well as increased
admissions to intensive care and neonatal units; also
increased numbers of preterm births (under 37
weeks) have been observed during the course of the pan-
demic [46–50]. Still births and neonatal death appear to
be relatively low for mothers independent whether they
are infected or not with SARS-CoV-2 [47]. Importantly,
in utero SARS-CoV-2 vertical transmission from
mother to fetus, while rare, seems possible [51, 52].

Recent large-scale SARS-CoV-2 surveillance efforts
in animal and humans have found evidence of reverse
zoonosis (human-to-animal) resulting in natural infec-
tions in companion animals, farmed mink, primates
and large cat species in several countries. The source
of infection in these incidences are likely infected pet-
owners and animal care workers on farms and at
zoos. Additionally, SARS-CoV-2 has demonstrated its
ability to rapidly mutate and cross back into human
populations, giving rise to new virus variants [3, 53].
International and government organizations like
WHO and the CDC continue to state that the chance
of transmission of SARS-CoV-2 from animals to
humans remains low. While interactions between
deer and humans may be rather limited, processing of
infected game or dressing carcasses could pose a poten-
tial risk. Furthermore, certain circumstances where
known susceptible animal species frequently interact
with humans should be monitored. These situations
exemplify the critical need to evaluate potential host
species for SARS-CoV-2 which may act as reservoirs
for future, secondary zoonotic events. Furthermore,
this work demonstrates the need for more intensive,
focused surveillance efforts on high-risk animal popu-
lations, as well as farm, wildlife and zoo workers, in
order to identify new animal derived SARS-CoV-2 var-
iants which may evade current mitigation strategies.

Acknowledgements

We thank the staff of KSU Biosecurity Research Institute, the
histology laboratory at the Kansas State Veterinary Diagnostic
Laboratory (KSVDL), members of the Histology and Immu-
nohistochemistry sections at the Louisiana Animal Disease
Diagnostic Laboratory (LADDL), the Comparative Medicine
Group staff at Kansas State University and technical support
from Emily Gilbert-Esparza, Yonghai Li, and Jingwen Peng
of KSU, and Dane Jasperson and Jeana Owens from USDA.
The SARS-CoV-2 strains USA/CA-5574/2020 and USA/
WA1/2020 were obtained through BEI Resources (catalog #
NR-52281 and #54011). We also thank Dr. Kyeong-Ok
Chang for the Vero E6/TMPRSS2 cells used in these studies.

Disclosure statement

Mention of trade names or commercial products in this
publication is solely for the purpose of providing specific

information and does not imply recommendation or
endorsement by the U.S. Department of Agriculture.
USDA is an equal opportunity provider and employer.
The J.A.R laboratory received support from Tonix Phar-
maceuticals, Xing Technologies and Zoetis, outside of
the reported work. J.A.R. is inventor on patents and patent
applications on the use of antivirals and vaccines for the
treatment and prevention of virus infections, owned by
Kansas State University, KS, or the Icahn School of Medi-
cine at Mount Sinai, New York. The A.G.-S. laboratory
has received research support from Pfizer, Senhwa Bio-
sciences, Kenall Manufacturing, Avimex, Johnson & John-
son, Dynavax, 7Hills Pharma, Pharmamar, ImmunityBio,
Accurius, Nanocomposix, Hexamer, N-fold LLC, and
Merck, outside of the reported work. A.G.-S. has consult-
ing agreements for the following companies involving cash
and/or stock: Vivaldi Biosciences, Contrafect, 7Hills
Pharma, Avimex, Vaxalto, Pagoda, Accurius, Esperovax,
Farmak, Applied Biological Laboratories and Pfizer, out-
side of the reported work. A.G.-S. is inventor on patents
and patent applications on the use of antivirals and vac-
cines for the treatment and prevention of virus infections,
owned by the Icahn School of Medicine at Mount Sinai,
New York.

Funding

Funding for this study was partially provided through
grants from the National Bio and Agro-Defense Facility
(NBAF) Transition Fund from the State of Kansas
(JAR), the AMP Core of the Center of Emerging and Zoo-
notic Infectious Diseases (CEZID) from National Institute
of General Medical Sciences (NIGMS) under award num-
ber P20GM130448 (JAR, IM), the NIAID Centers of
Excellence for Influenza Research and Surveillance under
contract number HHSN 272201400006C (JAR), the Uni-
ted States Department of Agriculture (USDA)-NIFA
(A1711 Program) under award number 2020-67015-
33157, the German Federal Ministry of Health (BMG)
COVID-19 Research and development funding to WHO
R&D Blueprint (JAR), the NIAID supported Centers of
Excellence for Influenza Research and Response (CEIRR,
contract number 75N93021C00016 to JAR), and the
USDA Animal Plant Health Inspection Service’s National
Bio- and Agro-defense Facility Scientist Training Program
(KC, CM). This study was also partially supported by the
Louisiana State University, School of Veterinary Medicine
start-up fund under award number PG 002165 (UBRB),
the USDA-Agricultural Research Service (WCW), by the
Center for Research for Influenza Pathogenesis (CRIP), a
NIAID supported Center of Excellence for Influenza
Research and Surveillance (CEIRS, contract #
HHSN272201400008C to AG-S), and the Center for
Research for Influenza Pathogenesis and Transmission
(CRIPT), a NIAID supported Centers of Excellence for
Influenza Research and Response (CEIRR, contract #
75N93019R00028 to AG-S), and by the generous support
of the JPB Foundation, the Open Philanthropy Project
(research grant 2020-215611 [5384]) and anonymous
donors to AG-S.

ORCID

Juergen A. Richt http://orcid.org/0000-0001-7308-5672

EMERGING MICROBES & INFECTIONS 109

http://orcid.org/0000-0001-7308-5672


References

[1] Drexler JF, Corman VM, Drosten C. Ecology, evol-
ution and classification of bat coronaviruses in the
aftermath of SARS. Antiviral Res. 2014;101:45–56.
DOI:10.1016/j.antiviral.2013.10.013. Epub 2013/11/
05. PubMed PMID: 24184128; PubMed Central
PMCID: PMCPMC7113851.

[2] de Wit E, van Doremalen N, Falzarano D, et al. SARS
and MERS: recent insights into emerging corona-
viruses. Nat Rev Microbiol. 2016;14(8):523–534.
DOI:10.1038/nrmicro.2016.81. Epub 2016/06/28.
PubMed PMID: 27344959; PubMed Central PMCID:
PMCPMC7097822.

[3] Munnink BB, Sikkema RS, Nieuwenhuijse DF, et al.
Transmission of SARS-CoV-2 on mink farms between
humans and mink and back to humans. Science. 2020.
DOI:10.1126/science.abe5901. Epub 2020/11/12.
PubMed PMID: 33172935

[4] Shi J, Wen Z, Zhong G, et al. Susceptibility of ferrets,
cats, dogs, and other domesticated animals to SARS-
coronavirus 2. Science. 2020;368(6494):1016–1020.
DOI:10.1126/science.abb7015. Epub 2020/04/10.
PubMed PMID: 32269068; PubMed Central PMCID:
PMCPMC7164390.

[5] Halfmann PJ, Hatta M, Chiba S, et al. Transmission of
SARS-CoV-2 in domestic cats. N Engl J Med. 2020;383
(6):592–594. DOI:10.1056/NEJMc2013400. Epub
2020/05/14. PubMed PMID: 32402157.

[6] Kim YI, Kim SG, Kim SM, et al. Infection and rapid
transmission of SARS-CoV-2 in ferrets. Cell Host
Microbe. 2020;27(5):704–709. DOI:10.1016/j.chom.
2020.03.023. Epub 2020/04/08. PubMed PMID:
32259477; PubMed Central PMCID:
PMCPMC7144857.

[7] Imai M, Iwatsuki-Horimoto K, Hatta M, et al. Syrian
hamsters as a small animal model for SARS-CoV-2
infection and countermeasure development. Proc
Natl Acad Sci U S A. 2020;117(28):16587–16595.
DOI:10.1073/pnas.2009799117. Epub 2020/06/24.
PubMed PMID: 32571934; PubMed Central PMCID:
PMCPMC7368255.

[8] Singh DK, Singh B, Ganatra SR, et al. Responses to
acute infection with SARS-CoV-2 in the lungs of rhesus
macaques, baboons and marmosets. Nat Microbiol.
2021;6(1):73–86. DOI:10.1038/s41564-020-00841-4.
Epub 2020/12/20. PubMed PMID: 33340034; PubMed
Central PMCID: PMCPMC7890948.

[9] Griffin BD, Chan M, Tailor N, et al. SARS-CoV-2
infection and transmission in the North American
deer mouse. Nat Commun. 2021;12(1):3612),
DOI:10.1038/s41467-021-23848-9.

[10] Shuai L, Zhong G, Yuan Q, et al. Replication,
pathogenicity, and transmission of SARS-CoV-2 in
minks. Natl Sci Rev. 2020;8:3), DOI:10.1093/nsr/
nwaa291.

[11] Zhao Y, Wang J, Kuang D, et al. Susceptibility of tree
shrew to SARS-CoV-2 infection. Sci Rep. 2020;10
(1):16007. DOI:10.1038/s41598-020-72563-w. Epub
2020/10/01. PubMed PMID: 32994418; PubMed
Central PMCID: PMCPMC7525503.

[12] Gaudreault NN, Trujillo JD, Carossino M, et al. SARS-
CoV-2 infection, disease and transmission in domestic
cats. Emerg Microbes Infect. 2020;9(1):2322–2332.
DOI:10.1080/22221751.2020.1833687. Epub 2020/10/
09. PubMed PMID: 33028154; PubMed Central
PMCID: PMCPMC7594869.

[13] Bosco-Lauth AM, Hartwig AE, Porter SM, et al.
Experimental infection of domestic dogs and cats with
SARS-CoV-2: pathogenesis, transmission, and response
to reexposure in cats. Proc Natl Acad Sci U S A.
2020;117(42):26382–8. DOI:10.1073/pnas.2013102117.
Epub 2020/10/01. PubMed PMID: 32994343; PubMed
Central PMCID: PMCPMC7585007.

[14] Sit THC, Brackman CJ, Ip SM, et al. Infection of dogs
with SARS-CoV-2. Nature. 2020;586(7831):776–778.
DOI:10.1038/s41586-020-2334-5. Epub 2020/05/15.
PubMed PMID: 32408337; PubMed Central PMCID:
PMCPMC7606701.

[15] Ulrich L, Wernike K, Hoffmann D, et al. Experimental
infection of cattle with SARS-CoV-2. Emerg Infect
Dis. 2020;26(12):2979–2981. DOI:10.3201/eid2612.
203799. Epub 2020/10/10. PubMed PMID: 33034284;
PubMed Central PMCID: PMCPMC7706945.

[16] Schlottau K, Rissmann M, Graaf A, et al. SARS-CoV-2
in fruit bats, ferrets, pigs, and chickens: an experimen-
tal transmission study. Lancet Microbe. 2020;1(5):
e218–ee25. DOI:10.1016/s2666-5247(20)30089-6.
Epub 2020/08/25. PubMed PMID: 32838346;
PubMed Central PMCID: PMCPMC7340389.

[17] Meekins DA, Morozov I, Trujillo JD, et al.
Susceptibility of swine cells and domestic pigs to
SARS-CoV-2. Emerg Microbes Infect. 2020;9
(1):2278–2288. DOI:10.1080/22221751.2020.1831405.
Epub 2020/10/03. PubMed PMID: 33003988;
PubMed Central PMCID: PMCPMC7594707.

[18] McNamara T, Richt JA, Glickman L. A critical needs
assessment for research in companion animals and
livestock following the pandemic of COVID-19 in
humans. Vector Borne Zoonotic Dis. 2020;20
(6):393–405. DOI:10.1089/vbz.2020.2650. Epub 2020/
05/07. PubMed PMID: 32374208; PubMed Central
PMCID: PMCPMC7249469.

[19] Zhou B, Thao TTN, Hoffmann D, et al. SARS-CoV-2
spike D614G change enhances replication and trans-
mission. Nature. 2021;592(7852):122–127. DOI:10.
1038/s41586-021-03361-1. Epub 2021/02/27.
PubMed PMID: 33636719.

[20] Palmer MV, Martins M, Falkenberg S, et al.
Susceptibility of white-tailed deer (Odocoileus virgi-
nianus) to SARS-CoV-2. J Virol. 2021. DOI:10.1128/
JVI.00083-21. Epub 2021/03/12. PubMed PMID:
33692203; PubMed Central PMCID:
PMCPMC8139686

[21] Chandler JC, Bevins SN, Ellis JW, Linder TJ, Tell RM,
Jenkins-Moore M, Root JJ, Lenoch JB, Robbe-
Austerman S, DeLiberto TJ, Gidlewski T, Kim
Torchetti M, Shriner SA. SARS-CoV-2 exposure in
wild white-tailed deer (Odocoileus virginianus). Proc
Natl Acad Sci U S A. 2021 Nov 23;118(47):
e2114828118. DOI:10.1073/pnas.2114828118. PMID:
34732584; PMCID: PMC8617405.

[22] Matsuyama S, Nao N, Shirato K, et al. Enhanced iso-
lation of SARS-CoV-2 by TMPRSS2-expressing cells.
Proc Natl Acad Sci U S A. 2020;117(13):7001–7003.
DOI:10.1073/pnas.2002589117. Epub 2020/03/14.
PubMed PMID: 32165541; PubMed Central PMCID:
PMCPMC7132130.

[23] Hierholzer JC, Killington RA. 2 - Virus isolation and
quantitation A2 – Mahy, Brian WJ. In: Kangro HO,
editor. Virology methods manual. London:
Academic Press; 1996. p. 25–46.

[24] Sunwoo SY, Noronha LE, Morozov I, et al. Evaluation
of a baculovirus-expressed VP2 subunit vaccine for

110 K. COOL ET AL.

https://doi.org/10.1016/j.antiviral.2013.10.013
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.1126/science.abe5901
https://doi.org/10.1126/science.abb7015
https://doi.org/10.1056/NEJMc2013400
https://doi.org/10.1016/j.chom.2020.03.023
https://doi.org/10.1016/j.chom.2020.03.023
https://doi.org/10.1073/pnas.2009799117
https://doi.org/10.1038/s41564-020-00841-4
https://doi.org/10.1038/s41467-021-23848-9
https://doi.org/10.1093/nsr/nwaa291
https://doi.org/10.1093/nsr/nwaa291
https://doi.org/10.1038/s41598-020-72563-w
https://doi.org/10.1080/22221751.2020.1833687
https://doi.org/10.1073/pnas.2013102117
https://doi.org/10.1038/s41586-020-2334-5
https://doi.org/10.3201/eid2612.203799
https://doi.org/10.3201/eid2612.203799
https://doi.org/10.1016/s2666-5247(20)30089-6
https://doi.org/10.1080/22221751.2020.1831405
https://doi.org/10.1089/vbz.2020.2650
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1128/JVI.00083-21
https://doi.org/10.1128/JVI.00083-21
https://doi.org/10.1073/pnas.2114828118
https://doi.org/10.1073/pnas.2002589117


the protection of white-tailed deer (Odocoileus virgi-
nianus) from epizootic hemorrhagic disease.
Vaccines. 2020;8:1bh.

[25] Carossino M, Ip HS, Richt JA, et al. Detection of
SARS-CoV-2 by RNAscope(®) in situ hybridization
and immunohistochemistry techniques. Arch Virol.
2020;165(10):2373–2377. DOI:10.1007/s00705-020-
04737-w. Epub 2020/08/08. PubMed PMID:
32761270; PubMed Central PMCID:
PMCPMC7406679 or product names is for descriptive
purposes only and does not imply endorsement by the
U.S. Government.

[26] Jones KE, Patel NG, Levy MA, et al. Global trends in
emerging infectious diseases. Nature. 2008;451
(7181):990–993. DOI:10.1038/nature06536. Epub
2008/02/22. PubMed PMID: 18288193; PubMed
Central PMCID: PMCPMC5960580.

[27] Graham RL, Baric RS. Recombination, reservoirs, and
the modular spike: mechanisms of coronavirus cross-
species transmission. J Virol. 2010;84(7):3134–3146.
DOI:10.1128/jvi.01394-09. Epub 2009/11/13.
PubMed PMID: 19906932; PubMed Central PMCID:
PMCPMC2838128.

[28] Shang Y, Li H, Zhang R. Effects of pandemic outbreak
on economies: evidence from business history context.
Front Public Health. 2021;9:146. DOI:10.3389/fpubh.
2021.632043.

[29] Prince T, Smith SL, Radford AD, et al. SARS-CoV-2
infections in animals: reservoirs for reverse zoonosis
and models for study. Viruses. 2021;13:3. DOI:10.
3390/v13030494. Epub 2021/04/04. PubMed PMID:
33802857; PubMed Central PMCID:
PMCPMC8002747.

[30] Tillett RL, Sevinsky JR, Hartley PD, et al. Genomic evi-
dence for reinfection with SARS-CoV-2: a case study.
Lancet Infect Dis. 2020. DOI:10.1016/S1473-3099
(20)30764-7. Epub 2020/10/16. PubMed PMID:
33058797; PubMedCentral PMCID:PMCPMC7550103

[31] Goldman JD, Wang K, Roltgen K, et al. Reinfection
with SARS-CoV-2 and failure of humoral immunity:
a case report. medRxiv. 2020. DOI:10.1101/2020.09.
22.20192443. Epub 2020/10/01. PubMed PMID:
32995830; PubMed Central PMCID:
PMCPMC7523175

[32] Harrington D, Kele B, Pereira S, et al. Confirmed rein-
fection with SARS-CoV-2 variant VOC-202012/01.
Clin Infect Dis. 2021. DOI:10.1093/cid/ciab014.
Epub 2021/01/10. PubMed PMID: 33421056;
PubMed Central PMCID: PMCPMC7929017

[33] Palmer MV, Cox RJ, Waters WR, et al. Using white-
tailed deer (Odocoileus virginianus) in infectious dis-
ease research. J Am Assoc Lab Anim Sci. 2017;56
(4):350–360. Epub 2017/07/21. PubMed PMID:
28724483; PubMed Central PMCID:
PMCPMC5517323.

[34] Thorne LG, Bouhaddou M, Reuschl AK, et al.
Evolution of enhanced innate immune evasion by
the SARS-CoV-2 B.1.1.7 UK variant. bioRxiv. 2021.
DOI:10.1101/2021.06.06.446826. Epub 2021/06/16.
PubMed PMID: 34127972; PubMed Central PMCID:
PMCPMC8202424

[35] Parker MD, Lindsey BB, Shah DR, et al. Altered sub-
genomic RNA expression in SARS-CoV-2 B.1.1.7
infections. bioRxiv. 2021. DOI:10.1101/2021.03.02.
433156

[36] AlekseevKP,VlasovaAN, JungK, et al. Bovine-like cor-
onaviruses isolated from four species of captive wild

ruminants are homologous to bovine coronaviruses,
based on complete genomic sequences. J Virol.
2008;82(24):12422–12431. DOI:10.1128/jvi.01586-08.
Epub 2008/10/10. PubMed PMID: 18842722; PubMed
Central PMCID: PMCPMC2593316.

[37] Gaudreault NN, Carossino M, Morozov I, et al.
Experimental re-infected cats do not transmit SARS-
CoV-2. Emerg Microbes Infect. 2021;10(1):638–650.
DOI:10.1080/22221751.2021.1902753.

[38] Hou YJ, Chiba S, Halfmann P, et al. SARS-CoV-2
D614G variant exhibits efficient replication ex vivo
and transmission in vivo. Science. 2020;370
(6523):1464–1468. DOI:10.1126/science.abe8499.
Epub 2020/11/14. PubMed PMID: 33184236;
PubMed Central PMCID: PMCPMC7775736.

[39] Yurkovetskiy L, Wang X, Pascal KE, et al. SARS-CoV-2
spike protein variant D614G increases infectivity and
retains sensitivity to antibodies that target the receptor
binding domain. bioRxiv. 2020. DOI:10.1101/2020.07.
04.187757. Epub 2020/07/09. PubMed PMID:
32637944; PubMed Central PMCID: PMCPMC7337374

[40] Yurkovetskiy L, Wang X, Pascal KE, et al. Structural
and functional analysis of the D614G SARS-CoV-2
spike protein variant. Cell. 2020;183(3):739–751.
DOI:10.1016/j.cell.2020.09.032. Epub 2020/09/30.
PubMed PMID: 32991842; PubMed Central PMCID:
PMCPMC7492024.

[41] Harvey WT, Carabelli AM, Jackson B, et al. SARS-
CoV-2 variants, spike mutations and immune escape.
Nat Rev Microbiol. 2021;19(7):409–424. DOI:10.1038/
s41579-021-00573-0.

[42] Liu Y, Liu J, Plante KS, et al. The N501Y spike substi-
tution enhances SARS-CoV-2 transmission. bioRxiv.
2021. DOI:10.1101/2021.03.08.434499. Epub 2021/
03/25. PubMed PMID: 33758836; PubMed Central
PMCID: PMCPMC7986995 reverse genetic system
and reporter SARS-CoV-2. Other authors declare no
competing interests

[43] Clark MA. Bovine coronavirus. Br Vet J. 1993;149
(1):51–70. DOI:10.1016/S0007-1935(05)80210-6.
Epub 1993/01/01. PubMed PMID: 8382546; PubMed
Central PMCID: PMCPMC7130254.

[44] Vlasova AN, Saif LJ. Bovine coronavirus and the
associated diseases. Front Vet Sci. 2021;8:643220.
DOI:10.3389/fvets.2021.643220. Epub 2021/04/20.
PubMed PMID: 33869323; PubMed Central PMCID:
PMCPMC8044316.

[45] Verstegen J, Dhaliwal G, Verstegen-Onclin K. Canine
and feline pregnancy loss due to viral and non-infec-
tious causes: a review. Theriogenology. 2008;70
(3):304–319. DOI:10.1016/j.theriogenology.2008.05.
035. Epub 2008/06/13. PubMed PMID: 18547635;
PubMed Central PMCID: PMCPMC7103120.

[46] Zambrano LI, Fuentes-Barahona IC, Bejarano-Torres
DA, et al. A pregnant woman with COVID-19 in
Central America. Travel Med Infect Dis.
2020;36:101639. DOI:10.1016/j.tmaid.2020.101639.
Epub 2020/03/31. PubMed PMID: 32222420;
PubMed Central PMCID: PMCPMC7271224.

[47] Allotey J, Stallings E, Bonet M, et al. Clinical manifes-
tations, risk factors, and maternal and perinatal out-
comes of coronavirus disease 2019 in pregnancy:
living systematic review and meta-analysis. Br Med J.
2020;370:m3320. DOI:10.1136/bmj.m3320.

[48] Galang RR, Newton SM, Woodworth KR, et al. Risk
factors for illness severity among pregnant women
with confirmed severe acute respiratory syndrome

EMERGING MICROBES & INFECTIONS 111

https://doi.org/10.1007/s00705-020-04737-w
https://doi.org/10.1007/s00705-020-04737-w
https://doi.org/10.1038/nature06536
https://doi.org/10.1128/jvi.01394-09
https://doi.org/10.3389/fpubh.2021.632043
https://doi.org/10.3389/fpubh.2021.632043
https://doi.org/10.3390/v13030494
https://doi.org/10.3390/v13030494
https://doi.org/10.1016/S1473-3099(20)30764-7
https://doi.org/10.1016/S1473-3099(20)30764-7
https://doi.org/10.1101/2020.09.22.20192443
https://doi.org/10.1101/2020.09.22.20192443
https://doi.org/10.1093/cid/ciab014
https://doi.org/10.1101/2021.06.06.446826
https://doi.org/10.1101/2021.03.02.433156
https://doi.org/10.1101/2021.03.02.433156
https://doi.org/10.1128/jvi.01586-08
https://doi.org/10.1080/22221751.2021.1902753
https://doi.org/10.1126/science.abe8499
https://doi.org/10.1101/2020.07.04.187757
https://doi.org/10.1101/2020.07.04.187757
https://doi.org/10.1016/j.cell.2020.09.032
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1101/2021.03.08.434499
https://doi.org/10.1016/S0007-1935(05)80210-6
https://doi.org/10.3389/fvets.2021.643220
https://doi.org/10.1016/j.theriogenology.2008.05.035
https://doi.org/10.1016/j.theriogenology.2008.05.035
https://doi.org/10.1016/j.tmaid.2020.101639
https://doi.org/10.1136/bmj.m3320


coronavirus 2 infection – surveillance for emerging
threats to mothers and babies network, 22 state,
local, and territorial health departments, 29 March
2020–5 March 2021. Clin Infect Dis. 2021;73(Suppl.
1):S17–S23. DOI:10.1093/cid/ciab432.

[49] Ko JY, DeSisto CL, Simeone RM, et al. Adverse preg-
nancy outcomes, maternal complications, and severe
illness among US delivery hospitalizations with and
without a coronavirus disease 2019 (COVID-19) diag-
nosis. Clin Infect Dis. 2021;73(Suppl. 1):S24–s31.
DOI:10.1093/cid/ciab344. Epub 2021/05/13. PubMed
PMID: 33977298; PubMed Central PMCID:
PMCPMC8136045.

[50] Woodworth KR, Olsen EO, Neelam V, et al. Birth
and infant outcomes following laboratory-
confirmed SARS-CoV-2 infection in pregnancy –
SET-NET, 16 jurisdictions, March 29–October 14,
2020. MMWR Morb Mortal Wkly Rep. 2020;69
(44):1635–1640. DOI:10.15585/mmwr.mm6944e2.
Epub 2020/11/06. PubMed PMID: 33151917;

PubMed Central PMCID: PMCPMC7643898
Journal Editors form for disclosure of potential
conflicts of interest. No potential conflicts of inter-
est were disclosed.

[51] Edlow AG, Li JZ, Collier AY, et al. Assessment of
maternal and neonatal SARS-CoV-2 viral load, trans-
placental antibody transfer, and placental pathology in
pregnancies during the COVID-19 pandemic. JAMA
Netw Open. 2020;3(12):e2030455. DOI:10.1001/
jamanetworkopen.2020.30455. Epub 2020/12/23.
PubMed PMID: 33351086; PubMed Central PMCID:
PMCPMC7756241.

[52] Fenizia C, Biasin M, Cetin I, et al. Analysis of SARS-
CoV-2 vertical transmission during pregnancy. Nat
Commun. 2020;11(1):5128), DOI:10.1038/s41467-
020-18933-4.

[53] Rabalski L, Kosinski M, Mazur-Panasiuk N, et al.
Zoonotic spillover of SARS-CoV-2: mink-adapted
virus in humans. bioRxiv. 2021. DOI:10.1101/2021.
03.05.433713

112 K. COOL ET AL.

https://doi.org/10.1093/cid/ciab432
https://doi.org/10.1093/cid/ciab344
https://doi.org/10.15585/mmwr.mm6944e2
https://doi.org/10.1001/jamanetworkopen.2020.30455
https://doi.org/10.1001/jamanetworkopen.2020.30455
https://doi.org/10.1038/s41467-020-18933-4
https://doi.org/10.1038/s41467-020-18933-4
https://doi.org/10.1101/2021.03.05.433713
https://doi.org/10.1101/2021.03.05.433713

	Abstract
	Introduction
	Materials and methods
	Cells and virus isolation/titrations
	Susceptibility of cervid cells to SARS-CoV-2
	Ethics statement
	Virus challenge of animals
	Clinical evaluations and sample collection
	RNA extraction and reverse transcription quantitative PCR (RT-qPCR)
	Next-generation sequencing
	Virus neutralizing antibodies
	Detection of antibodies by indirect ELISA
	Histopathology
	SARS-CoV-2-specific immunohistochemistry (IHC)

	Results
	Susceptibility of cervid primary lung cells to SARS-CoV-2
	SARS-CoV-2-infected adult white-tailed deer remain subclinical
	SARS-CoV-2 RNA/virus shedding
	Evaluation of deer during the acute stage of infection (4 DPC)
	Evaluation of deer during the convalescent stage of infection (18 DPC)
	Presence of SARS-CoV-2 RNA in non-respiratory organs and tissues during the acute and convalescent stage of infection
	SARS-CoV-2-specific markers present in deer fetuses
	Serology
	Competition between SARS-CoV-2 strains in co-infected white-tailed deer

	Discussion
	Acknowledgements
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


