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Why monitor non-human mammals?



Animal infections can impact evolution of SARS-CoV-2
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Are secondary animal reservoirs a problem in 
SARS-CoV-2?



SARS-CoV-2 can infect ~50 non-human mammals

2021-01-18: CDC



Secondary Spillback into humans has been observed

10.1126/science.abe5901 

https://doi.org/10.1126/science.abe5901


Omicron may have originated in animal reservoirs



Why are White-Tailed Deer a priority?



White-Tailed Deer are susceptible

(Kuchipudi, 2021) 10.1101/2021.10.31.466677(Hale, 2021) 10.1101/2021.11.04.467308 



White-Tailed Deer are susceptible

(Hale, 2021) 10.1101/2021.11.04.467308 

Multiple Spillovers

(Kuchipudi, 2021) 10.1101/2021.10.31.466677



White-Tailed Deer are susceptible

Deer to Deer 
Transmission

(Kuchipudi, 2021) 10.1101/2021.10.31.466677(Hale, 2021) 10.1101/2021.11.04.467308 



Spillover into White-Tailed Deer includes VOCs
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Serology indicates prevalent exposure

(Chandler, 2021) 10.1073/pnas.2114828118



Serology indicates prevalent exposure

(Chandler, 2021) 10.1073/pnas.2114828118

● 2021: Antibodies in 40% of deer (n=152) samples

● Varied per-state (67% in Michigan)



White-Tailed Deer: large/mobile populations near humans

(Kotwa, 2022) 10.1101/2022.01.20.476458
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How can we monitor SARS-CoV-2 evolution 
in White-Tailed Deer?



Use pre-existing surveillance programs for WTD

● SARS-CoV-2 sampling added to Chronic 
Wasting Disease surveillance program 
(Nov 1st - Dec 31st 2021)

● Nasal swabs and RPLN samples from 
hunter-harvested carcasses 

●

USDA photo by Scott Bauer - Image Number: K5437-3
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17/298 White-Tailed Deer were positive for SARS-CoV-2

No positive samples from Eastern Ontario

● Independent extraction qRT-PCR 
(UTR+E, N+E) at separate 
institutes.

● Viral sequencing attempted for 
confirmed positive samples.



Can we sequence genomes from these 
positive samples?



Sequencing challenging due to apparent low viral titre
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SARS-CoV-2 sequencing requires enrichment
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SARS-CoV-2 sequencing requires enrichment

Amplicon Schemes 
e.g., ARTIC/Freed



SARS-CoV-2 sequencing requires enrichment

Amplicon Schemes 
e.g., ARTIC/Freed

e.g., Fusion-
Genomics



Combining enrichment methods to maximise coverage
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Combining enrichment methods to maximise coverage

5 Genomes: >99% complete 
2 Genomes: >75% complete 



Are these viruses actually from deer or just 
human contamination?



Ruling out contamination from human SARS-CoV-2

● Independent RNA extractions + 
qRT-PCR

● Independent sequencing efforts
● Two sample sites: RPLN and 

Nasal swabs
● Negative Human RNAase PCR
● Taxonomic read profiling
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Another recent spillover from local human 
infections?



Highly Divergent B.1 Lineage



Highly Divergent B.1 Lineage

B.1.641



Related to 2020 Michigan Human & Minkk



Node dates indicate considerable cryptic transmission
May-July 2021

May-Aug 2020



Node dates indicate considerable cryptic transmission
May-July 2021

May-Aug 2020

~1 Year



Possible Deer-to-Human transmission



Possible Deer-to-Human transmission

78%



Possible Deer-to-Human transmission

Supporting Circumstantial Evidence:

● Spatially congruent
● Temporally congruent
● Plausible Epidemiological Link

78%



No sign of additional human cases



No sign of additional human cases

Caveats:

- Omicron induced drop in human 
surveillance levels

- End of deer hunting season/deer 
sampling



What mutations did we see?



76 Mutations: 49 since MRCA with Michigan Human



76 Mutations: 49 since MRCA with Michigan Human

● 38 Synonymous Mutations : 38 Non-synonymous Mutations

● Several rare mutations:
○ ORF1a:insertion2038N/MRASD (n=32, including 31 mink from Michigan, USA)
○ ORF1b:V373L (n=425, all human sequences)
○ S:F486L (n=439)
○ ORF3a:L219V (n=805)
○ ORF10:L37F (n=0)



76 Mutations: 49 since MRCA with Michigan Human



Mutations previously associated with animals

● 37/49 previously associated with non-human animal hosts
● 23 new to WTD



How did all this diversity evolve?



Recombination can lead to sudden novel diversity 
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No indication of recombination

- SNP tables (sc2rf)
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No indication of recombination

- SNP tables (sc2rf)

- Mosaicism (3Seq)

- Phylogenetic 
incongruence 
(Hyphy-GARD)



Possibly elevated mutation rate

Global human: 0.9x10-3 to 1.0x10-3

Global animal: 1.0x10-3 to 1.1x10-3

B.1 lineage: 0.4x10-3 to 0.6x10-3

Ontario WTD: 0 to 8x10-3
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B.1 lineage: 0.4x10-3 to 0.6x10-3

Ontario WTD: 0 to 8x10-3

Mink: 3.18x10-3 to 10.6x10-3



Elevated C>U indicative of host adaptation



Codon usage patterns also support host adaptation
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Codon usage patterns also support host adaptation



But, no sign of diversifying selection!

dN/dS: 
>1 positive/diversifying selection
~1 neutral evolution
<1 negative/purifying selection

Challenge: 
- Mutation rates vary over time/branches
- Mutation rates vary across the genome
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But, no sign of diversifying selection!

dN/dS: 
>1 positive/diversifying selection
~1 neutral evolution
<1 negative/purifying selection

Challenge: 
- Mutation rates vary over time/branches
- Mutation rates vary across the genome

Codon-alignment gene-based phylogenies

Hyphy: 
- abSREL: positive selection in proportion of 

branches
- BUSTED: gene-wide positive selection
- RELAX: selection changing in set of branches 

No significant positive selection or intensification of 
selection detected

Relaxation of selection on ORF1ab amongst WTD 
clade p=0.0032)



But, no sign of diversifying selection!

76 total consensus mutations in WTD

ORF1ab (71% of genome): 
Expected mutations: 54.1
Actual mutations: ?

S (12.7% of genome):
Expected mutations: 9.7
Actual mutations: ?



But, no sign of diversifying selection!

76 total consensus mutations in WTD

ORF1ab (71% of genome): 
Expected mutations: 54.1
Actual mutations: 51

S (12.7% of genome):
Expected mutations: 9.7
Actual mutations: 9



So, what does all this mean in terms of 
phenotype?



No change of spike antigenicity
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So, are WTD a secondary reservoir?



Limited “One Health” surveillance means lots of uncertainty



Take-aways

● Highly divergent SARS-CoV-2 in WTD with likely deer-to-human transmission
● Signs of genomic adaptation to animal host (animal-associated mutations, 

C>U, codon usage, elevated mutation rate)
● No indication of strong selection or change of antigenicity (c.f. Omicron)

● Need to understand interplay of virus, disease, and immune selection
● Similar scenarios could generate new variants of concern
● Therefore, clear need for “one-health” surveillance
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● Highly divergent SARS-CoV-2 in WTD with likely deer-to-human transmission
● Signs of genomic adaptation to animal host (animal-associated mutations, 

C>U, codon usage, elevated mutation rate)
● No indication of strong selection or change of antigenicity (c.f. Omicron)

● Need to better understand the interplay of virus, disease, and immune 
selection in non-human animals (and impact on pathogen evolution)

● Similar scenarios could generate future variants of concern
● Therefore, clear need for broader “One-Health” surveillance
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