UCLA

UCLA Electronic Theses and Dissertations

Title
Transcriptomic Approaches for Connecting Gene Regulation to Ecologically Important Traits

Permalink
https://escholarship.org/uc/item/7rn805gn

Author
Johnston, Rachel Ann

Publication Date
2016

Supplemental Material
ttps://escholarship.org/uc/item/7rn805an#supplementa

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7rn805qn
https://escholarship.org/uc/item/7rn805qn#supplemental
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Transcriptomic Approaches for Connecting

Gene Regulation to Ecologically Important Traits

A dissertation submitted in partial satisfaction of the

requirements for the degree Doctor of Philosophy

in Biology

by

Rachel A. Johnston

2016



© Copyright by
Rachel A. Johnston

2016



ABSTRACT OF THE DISSERTATION

Transcriptomic Approaches for Connecting

Gene Regulation to Ecologically Important Traits

By

Rachel A. Johnston
Doctor of Philosophy in Biology
University of California, Los Angeles, 2016
Professor Thomas Bates Smith, Co-Chair

Professor Robert Wayne, Co-Chair

Gene regulation is tightly regulated to produce individual phenotypes appropriate to a
animal’s placement in time and space. How specific genetic and environmental factors shape
gene regulation has been extensively studied in laboratory model species. However, far less is
known about sources of variance in gene regulation in the wild, in populations where natural
selection operates. My dissertation research aimed to identify factors that influence individual
variation in gene regulation by evaluating transcriptome-wide gene expression levels within and
across populations. In my first chapter, I evaluated gene expression changes in captive
Swainson’s thrushes (Catharus ustulatus) originating from two populations as they transitioned
from the non-migratory to migratory condition. Birds exhibited significant seasonal differences

in the expression of genes involved in cellular development in the brain, providing support for

ii



seasonal neural plasticity in migratory birds. In my second chapter, I focused on a single
population, the North American gray wolves (Canis lupus) of Yellowstone National Park, to
evaluate the relative impacts of intrinsic (age and sex) and environmental variables (social status
and presence of sarcoptic mange) on gene expression variation in blood. I found that,
unexpectedly, animal age, but not sex, social status, or sarcoptic mange infestation, impacted
gene expression, suggesting that age may have pervasive, evolutionarily conserved effects on
gene expression variation in natural populations of mammals. Finally, in my third chapter, I
adopted an in vitro experimental approach to study how gene regulation is impacted by genotype
at the CBD103 gene, which encodes a protein with antimicrobial properties, exists in two forms
(alleles) in North American gray wolves, and is associated with lifetime reproductive success. I
established keratinocyte lines from 24 gray wolves and utilized CRISPR/Cas9 to generate one
heterozygous and homozygous line. To test whether the fitness effects of CBD103 genotype are
explained by their roles in immune defense, I challenged the cells with synthetic antigens and
live canine distemper virus. No effect of CBD103 genotype was detected, but immune challenge
altered expression of thousands of genes. This work demonstrated the ability to establish a
population panel of cell lines from a wild mammal, a potentially powerful method for studying

gene regulation in natural populations.
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CHAPTER 1:

SEASONAL GENE EXPRESSION IN A MIGRATORY SONGBIRD



MOLECULAR ECOLOGY

Molecular Ecology (2016) 25, 5680-5691

doi: 10.1111/mec.13879

Seasonal gene expression in a migratory songbird

RACHEL A. JOHNSTON,* KRISTINA L. PAXTON,{{ FRANK R. MOORE,{ ROBERT K. WAYNE*
and THOMAS B. SMITH*§

*Department of Ecology and Evolutionary Biology, University of California, Los Angeles, 610 Charles E Young Dr. South, Rm.
4162, Los Angeles, CA 90095, USA, tDepartment of Biological Sciences, University of Southern Mississippi, Hattiesburg, MS
39406, USA, {Department of Biology, University of Hawaii Hilo, Hilo, HI 96720, USA, §Center for Tropical Research, Institute
of the Environment and Sustainability, University of California, Los Angeles, Los Angeles, CA 90095, USA

Abstract

The annual migration of a bird can involve thousands of kilometres of nonstop flight,
requiring accurately timed seasonal changes in physiology and behaviour. Understand-
ing the molecular mechanisms controlling this endogenous programme can provide
functional and evolutionary insights into the circannual biological clock and the
potential of migratory species to adapt to changing environments. Under naturally
timed photoperiod conditions, we maintained captive Swainson’s thrushes (Catharus
ustulatus) and performed RNA sequencing (RNA-Seq) of the ventral hypothalamus
and optic chiasma to evaluate transcriptome-wide gene expression changes of individ-
uals in migratory condition. We found that 188 genes were differentially expressed in
relation to migratory state, 86% of which have not been previously linked to avian
migration. Focal hub genes were identified that are candidate variables responsible for
the occurrence of migration (e.g. CRABPI1). Numerous genes involved in cell adhesion,
proliferation and motility were differentially expressed (including RHOJ, PAK1 and
TLN1), suggesting that migration-related changes are regulated by seasonal neural
plasticity.

Keywords: Catharus ustulatus, circadian rhythm, circannual rhythm, migratory bird, photope-

riod, Swainson’s thrush

Received 16 June 2016; revision received 17 September 2016; accepted 21 September 2016

Introduction

Circannual rhythms are ubiquitous and include sea-
sonal fluctuations in diverse biological processes such
as reproductive status (Nakane & Yoshimura 2014),
metabolism (Bairlein 2003; Ebling 2014) and the
immune system (Dopico et al. 2015). One of the most
remarkable examples of circannual rhythms is avian
annual migration, the seasonal movement between
breeding and nonbreeding areas in response to seasonal
change (Dingle & Drake 2007). Migration involves strik-
ing seasonal alterations in physiological, morphological
and behavioural characteristics (Berthold et al. 2003;
Dingle 2006), such as feeding behaviour and metabo-
lism to fuel flight muscles (Bairlein 2003), reduction and
rebuilding of organs and muscle (McWilliams &

Correspondence: Rachel A. Johnston, Fax: +1 310 206 3987;
E-mail: racheljo@g.ucla.edu

Karasov 2005) and traits involved in sleep deprivation
in nocturnal migrants (Rattenborg et al. 2004; Piersma
et al. 2005; Fuchs et al. 2006). Molecular studies of
migration can provide insight into the mechanisms by
which such circannual rhythms are coordinated (Gwin-
ner 1996; Dawson et al. 2001) and the adaptive potential
of migratory species to changing environments. Cur-
rently, the molecular underpinnings of migration are
poorly understood, and their degree of similarity across
avian taxa has not been evaluated (Dingle 2006; van
Noordwijk et al. 2006; Dingle & Drake 2007; Jones et al.
2008; Liedvogel et al. 2011; Mueller ef al. 2011; Lund-
berg et al. 2013; Boss et al. 2016; Fudickar et al. 2016).
Regulation of seasonal migration potentially involves
a variety of dynamic processes in the brain. Many of
these processes likely occur in the hypothalamus, which
integrates signals of circadian and circannual time
(Majumdar et al. 2015) and regulates hormone release,
energy balance, feeding and reproductive status (Yasuo

© 2016 John Wiley & Sons Ltd



et al. 2003; Ebling & Barrett 2008; Barrett & Bolborea
2012; Dardente et al. 2014; Trivedi et al. 2014). An
endogenous circannual clock, hypothesized to be linked
to two or more of the master circadian pacemakers in
the suprachiasmatic nuclei (SCN), pineal gland and
retina (Kumar et al. 2004; Bartell & Gwinner 2005; Tri-
vedi et al. 2016), is thought to ensure that seasonal
changes occur at appropriate times of the year (Yasuo
et al. 2003; Kumar et al. 2004; Bartell & Gwinner 2005;
Rani et al. 2006; Dardente et al. 2014; Wood et al. 2015).
Seasonal cellular remodelling in the hypothalamus, reg-
ulated by photoperiod, has been observed in birds (dis-
cussed in Yoshimura 2013; Migaud et al. 2015) and
suggested to play roles in controlling hormone release
(Yamamura et al. 2004, 2006). Changes in hormone sig-
nalling may contribute to alterations in multiple traits,
such as impacts of hypothalamic thyroid hormone sig-
nalling on seasonal weight gain and increased energy
consumption (Woods et al. 1998; Ebling & Barrett 2008;
Ross et al. 2009; Barrett & Bolborea 2012), and, in spring
migrants, effects of thyroid hormone signalling and
gonadotropin releasing hormone on reproductive status
(Dawson et al. 2001; Schwartz & Andrews 2013; Yoshi-
mura 2013; Dardente et al. 2014; Tavolaro et al. 2015). In
general, many cellular and physiological signals result
in specific alterations of gene expression (Cheung &
Kraus 2010). Therefore, assessment of transcriptome-
wide gene expression changes in the brain provides the
opportunity to evaluate migration-related regulatory
processes at molecular, developmental and physiologi-
cal levels.

Here, we evaluate gene expression changes associated
with migration in the Swainson’s thrush (Catharus
ustulatus), a Neotropical, long-distance migratory
songbird. We assessed expression of two geographically
and genetically distinct subspecies (C. u. swainsoni
and C. u. ustulatus, referred to here as ‘inland’ and
‘coastal’, respectively), which diverged approximately
10 000 years ago and exhibit dramatically different
migratory pathways separated by a distinct migratory
divide (Ruegg & Smith 2002; Ruegg et al. 2006a,b, 2014;
Ruegg 2008; Delmore et al. 2012; Delmore & Irwin
2014). Migratory behaviour of the two subspecies is
suggested to be under divergent selection (Ruegg et al.
2014; Delmore et al. 2015), but knowledge of which
genes are involved in migration in this species is
unknown and critical for evaluating this inference.

To examine transcriptome-wide expression of genes
associated with migratory status, we performed RNA-
Seq of Swainson’s thrushes during nonmigratory and
migratory states in controlled, captive conditions. First,
we assessed migration-related gene expression and
used network analyses to identify central processes and
genes associated with migration, controlling for

© 2016 John Wiley & Sons Ltd

subspecies and time of day. Second, we tested for
migratory expression in pathways hypothesized to be
important for migration, including hormone signalling
pathways and the circadian system. Finally, we com-
pared migration-related gene expression between sub-
species and evaluated overlap of migration-related
genes in Swainson’s thrushes with genes associated
with migration in other bird species. This study pro-
vides functional insight into annual migration and
reveals novel evidence of seasonal neural plasticity as a
mechanism for regulating migration-related changes in
physiology and behaviour.

Materials and methods

Bird capture and housing

The capture and handling of Swainson’s thrushes was
performed under federal Migratory Bird permit
MB758364 and state permits SC-11246 (California) and
10-132 (Alaska) and approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of the Univer-
sity of Southern Mississippi (USM; protocol 09012601).
Hatch-year birds were captured in Humboldt County,
California (coastal birds), in June-July 2010 and near
Fairbanks, Alaska (inland birds), in July 2010 with mist
nets using both playbacks and passive netting. Individ-
uals were housed at the USM animal facilities. Birds
were caged individually and fed 70-75g daily a
semisynthetic diet consisting of hard-boiled eggs (25%),
insects (freeze-dried crickets and shrimp, waxworms;
20.8%), cottage cheese (17.5%), blueberries (16.7%),
crackers (12.5%), egg shells (5%), red meat (2.5%) and a
vitamin supplement. Throughout the entire period of
animal captivity, photoperiod was adjusted weekly to
mimic each population’s natural environment (Fig. S1,
Supporting information). Using data collected from past
research (Mack & Yong 2000), we estimated the timing
of departure for fall migration from coastal (August 1)
and inland breeding areas (August 15). To mimic the
photoperiod that birds would typically experience dur-
ing migration, changes in photoperiod during autumn
migration were estimated using data collected from
wild thrushes during migration, based on the estimated
weekly location of each population (range: 800
1250 km/week, using an average speed of migration of
265 [+192] km/night; Cochran & Wikelski 2005]. In
addition, we supplemented this information with
migration passage dates from the literature (Mack &
Yong 2000) and from long-term migration-banding data
collected along the Gulf of Mexico (F. R. Moore, unpub-
lished). During the year prior to this study, individual
body weight, fat level, plasma metabolites levels,
plasma hormone levels and caloric content of faeces



were measured weekly for a separate study (K. L. Pax-
ton & F. R. Moore, unpublished).

Migratory activity and sampling time

To classify birds as nonmigratory or migratory, we quan-
tified individual proportion nightly activity for the
2 weeks prior to sample collection using infrared motion
detectors which record activity via data loggers (JoAC
Electronik, Lund, Sweden) and activity analysis software
(NI LabVIEW National Instruments, Austin, TX, USA).
Proportion nightly activity was quantified as the propor-
tion of 10-min intervals, between 30 min after lights were
turned off and 30 min before lights were turned on, with
>20 movements. Birds were considered nonmigratory if
they never exhibited more than 0.05 proportion nightly
activity during each night of the 2 weeks prior to animal
sacrifice and tissue collection. Five birds from each sub-
species were sacrificed and tissues collected within
2 days during summer (August 7-8, 2011; N = 10;
Table S1, Supporting information). Six coastal and five
inland birds were sacrificed and tissues collected within
2 days during autumn (October 3-4, 2011; N =11;
Table S1, Supporting information). Completion or mod-
erate presence of post-breeding moult by August 1, as
well as regressed testes in males, indicated that birds
were post-reproductive photorefractory at the time of
sampling except one coastal bird sacrificed on October 3
(individual Y56), which had enlarged testes and was
fully excluded from the study. Of the remaining birds,
birds sacrificed during summer were classified as nonmi-
gratory except for individual R182, which exhibited
migratory restlessness during the 2 weeks prior to tissue
collection and therefore classified as migratory (Table S1,
Supporting information). Birds sacrificed during the
autumn were classified as migratory except individual
Y57, which showed minimal nightly activity during the
2 weeks prior to tissue collection and therefore classified
as nonmigratory (Table S1, Supporting information). The
sample sizes of the study treatments were therefore: non-
migratory inland (N = 4), nonmigratory coastal (N = 6),
migratory inland (N = 6) and migratory coastal (N = 4).
All animals were sacrificed during daylight hours,
ranging from 2.5 to 8.57 h after lights on (Table S1, Sup-
porting information). As samples were not collected
through the full 24-h cycle, we use ‘circadian’ gene
expression in the adjective sense (relating to a 24-h day).

Tissue collection

Birds were deeply anesthetized with isoflurane and
decapitated following USGS National Wildlife Health
Center guidelines and with approval from the IACUC
of USM. The brain was dissected following guidelines

described for the zebra finch (Comito et al. 2016).
Briefly, each brain was removed from the skull and
placed ventral side up on a chilled petri dish. The hind-
brain was removed, and two parasagittal cuts were
made just medial to each optic tectum to remove the
optic tecti. To ensure collection of the SCN of the
hypothalamus, which is just dorsal to the optic chiasma,
we collected the total tissue located medial to the two
parasagittal cuts to a depth of approximately 2 mm.
Thus, the tissue collected included the ventral hypotha-
lamus and optic chiasma. The tissue was immediately
flash frozen on dry ice, with no more than 10 min pass-
ing from the time each animal was sacrificed to the time
the tissue was frozen on dry ice. Samples were shipped
to UCLA in a liquid nitrogen tank and stored at —80 °C
until RNA extraction.

RNA extraction and sequencing

Total RNA was extracted from tissues using the Trizol
Plus RNA Purification Kit and included DNase treat-
ment with the Ambion RNase-Free DNase Set and col-
umn cleanup with the PureLink RNA Mini Kit
(Invitrogen, Carlsbad, CA, USA). Complimentary DNA
(cDNA) libraries were generated with the TruSeq RNA
Sample Preparation Kit v2 which includes poly-A selec-
tion (Illumina, San Diego, CA, USA) and sequenced as
100-base pair paired-end reads on the Illumina HiSeq
2000 at the Vincent J. Coates Genomics Sequencing Lab-
oratory at UC Berkeley. Five barcoded samples were
pooled per sequencing lane.

Quality filtering and mapping

A range of 31.2-48.8 million 100-base pair read pairs
were generated for each Swainson’s thrush sample
(Table S1, Supporting information). Reads were
trimmed with Trim Galore (available at www.bioinfor
matics.babraham.ac.uk/projects/trim_galore/) to remove
adaptors (read ends with three or more base pairs
matching adapter sequence) and base pairs with Phred
score <20 at the ends of reads. Read pairs with either
read shorter than 25 base pairs were removed, resulting
in 29.8-46 million high-quality read pairs per sample.
We used Tophat2 (Kim et al. 2013) to map reads to the
collared flycatcher genome (Ficedula albicollis, version
1.4.74) (Ellegren et al. 2012). We used the collared fly-
catcher genome as a reference because it contains fewer
gaps and is better annotated than the draft assembly of
the Swainson’s thrush genome (Delmore ef al. 2015).
Moreover, because of its availability in Ensembl, the
flycatcher genome is accessible for analytical tools
that utilize the Ensembl genome database [e.g. gene
ontology (GO) analysis with g:profiler]. In order to
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allow for base pair differences due to cross-species
divergence while maximizing the number of uniquely
mapped reads, we used the following parameters for
read mapping: read-mismatches 16, read-gap-length 10,
read-edit-dist 28, splice-mismatches 1, max-insertion-
length 12, max-deletion-length 12, max-multihits 5, b2-
D 15, b2-N 1, b2-L 20, b2-i 5,1,0.50. After aligning reads,
we filtered for only uniquely mapped reads for further
analyses. Overall, an average of 58.5% of the total
sequenced reads per sample passed all filters and were
used for gene expression quantification, ranging from
15 to 28.5 million read fragments per sample.

Gene expression quantification

Gene expression was quantified using HT-Seq (Anders
et al. 2014) with the ‘union” mode. If only one mate of a
read pair mapped uniquely within the transcriptome,
that read was kept and was counted equally as a read
pair for performing gene expression counts, as both a sin-
gle-end read and a paired-end read represent one RNA
molecule. Expression values were normalized using the
trimmed mean of M-values method in the pEsEQ package
(Anders & Huber 2010) in R (R Core Team 2013) and
adjusted for gene length and GC content using the r
package Conditional quantile normalization (CQN; Han-
sen et al. 2012). Genes were included in the analyses if
they were annotated as protein coding and if their CQN-
normalized and transformed expression values were >25
in at least 14 individuals. To identify sample outliers, we
used the Z.k, score in the r package wGcNa (Langfelder &
Horvath 2008), which specifies the number of standard
deviations a sample’s gene expression network connec-
tivity is below the mean of all samples (Horvath 2011).
Individual t22 was identified as an outlier and removed
from further analyses because its Z.k, score was greater
than the cut-off of 3.

Modelling

We first used principal components analysis of the
normalized, log2-transformed expression data to iden-
tify variables potentially structuring overall expression
data. Variables that significantly correlated with over-
all normalized expression data included subspecies
[correlated with PC1 (r=0.7, P <0.001) and PC2
(r =059, P =0.007) of the normalized expression
data], time of day [correlated with PC9 (r = —0.756,
P <0.001)], sex [correlated with PC3 (r= 0.627,
P =0.004)] and sequencing lanes [correlated with PC2
(r=—0.6, P=0.007) and PC11 (r =0.602, P = 0.006)].
Sequencing lanes and sex were regressed from the
gene expression data (i.e. from the response variables)
prior to linear modelling. Migration status, time of
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day of tissue collection and subspecies were included
as covariates in the linear model. Specifically, we per-
formed gene by gene multiple linear regression, with
the explanatory variables defined as migration status,
time of day, and subspecies, and the response vari-
able defined as expression level of each of the 11 727
genes that passed the sequence coverage criteria. As
individuals R182 and Y57 did not show typically
timed migratory behaviour, the consistency of results
in relation to the migratory classification of individu-
als R182 and Y57 was evaluated by performing the
linear modelling excluding R182 and Y57. P-values
were corrected for multiple testing using the g-value
method in R (Storey & Tibshirani 2003). Given the
limited sample size, we used a false discovery rate
(FDR) threshold of 0.2 after performing 100 random
permutations of each explanatory variable of interest
(i.e. migration status, time of day and subspecies) to
ensure that the empirical null distributions of P-
values were uniform (Fig. S4, Supporting information).
Gene annotations and orthologs for comparison of
migration-related genes across species were acquired
from Ensembl release 81.

Network analysis

Coexpression of genes significantly associated with
migration or time of day (Q-value < 0.2) was analysed
using the wGcNa package in R. Gene clusters were
visualized using the plotNetworkHeatmap function
with a network of signed correlations and the topo-
logical overlap matrix, which is a measure of gene
network interconnectedness based on the number of
neighbouring genes shared between two genes (Yip &
Horvath 2007; Horvath 2011). Gene connectivity was
measured by the K-within metric produced by the
intramodularConnectivity function in wGCNA.

Gene ontology analysis

To identify molecular functions and biological processes
represented in the gene expression data, we performed
GO analyses using g:profiler version r1488 e83 eg30
(Reimand et al. 2007). Ensembl identification numbers
of genes associated with migration, time of day or sub-
species (Q-value < 0.2) were input as query lists, and
all genes analysed (N =11 727, see criteria above)
were used as the background gene list. Query lists
were divided into significantly upregulated and down-
regulated genes. The minimum allowed overlap
between query genes and genes belonging to a GO term
was set to 2. P-values were corrected using the Ben-
jamini-Hochberg FDR method (Benjamini & Hochberg
1995).



(A)

Fig. 1 Gene expression level differences
with migratory status. (A) Volcano plot
depicting differential gene expression of
11 727 protein-coding genes in Swain-
son’s thrushes in the migratory state rela-
tive to the nonmigratory state. Significant
genes (Q-value <0.2) are represented by
black and red dots. Genes highlighted in
red are depicted in (B). See Table S1
(Supporting  information) for sample
information and Table S2 (Supporting
information) for comprehensive gene
results. (B) Examples of genes exhibiting
expression levels significantly associated
with migratory status. Boxes represent
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Results

Migratory activity

To assess migratory status of Swainson’s thrushes in cap-
tivity, we measured individual migratory restlessness, or
zugunruhe, nightly during summer and fall prior to tissue
sampling (Fig. S1, Supporting information). Individuals
classified as migratory exhibited significantly more aver-
age migratory restlessness activity (mean of migratory
group = 0.251, mean of nonmigratory group = 0.003) and
greater body weight (mean of migratory group = 45.21 g,
mean of nonmigratory group = 34.88 g; Welch's t-test;
N =20; d.f =17.376, P =0.0052) than nonmigratory
birds (Table S1, Supporting information). Within birds in
the migratory condition, inland Swainson’s thrushes
exhibited significantly higher average nightly migratory
restlessness activity than coastal Swainson’s thrushes
(mean of inland = 0.34, mean of coastal = 0.11; Welch’s
t-test; N = 10; d.f. = 7.387, P = 0.0448), concordant with

T T
Nonmigratory Migratory
condition

condition

the greater natural migration distance of inland Swain-
son’s thrushes (Delmore et al. 2012).

Signature of cellular plasticity with migration

To evaluate transcriptome-wide gene expression changes
associated with migration in the SCN, we performed
RNA-Seq on the ventral hypothalamus and optic chi-
asma, located just ventral to the hypothalamus (see Mate-
rials and methods). We assessed expression differences
with migratory state, controlling for time of day and sub-
species, using a Q-value threshold of 0.2 (Storey & Tibshi-
rani 2003). We detected 188 genes differentially
expressed between Swainson’s thrushes in nonmigratory
and migratory states (Fig. 1; Table S2, Supporting infor-
mation). These results were robust to the exclusion of two
individuals that did not exhibit typically timed migratory
behaviour (see Materials and methods; 91.5% genes still
significant; Table S3, Supporting information). Genes
upregulated in birds exhibiting migratory activity were
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Table 1 Examples of enriched gene ontology (GO) terms and genes differentially expressed with autumn avian migration

Enriched GO term GO corrected P-value Gene symbol Ensembl gene ID Fold difference Q-value
Cell migration 9.51E-3 EMX2 ENSFALG00000002201 1.507 0.176
GLI3 ENSFALG00000005113 1.220 0.118
EPHBI ENSFALG00000013390 1.253 0.137
FGF13 ENSFALG00000003780 1.228 0.118
Establishment of localization 6.77E-3 CRABP1 ENSFALG00000010635 1.511 0.196
RYR2 ENSFALG00000013270 1.162 0.188
RASL10B ENSFALG00000009711 1.240 0.190
IWS1 ENSFALG00000013574 1.066 0.153
Actin filament-based process 3.27E-3 TLN1 ENSFALG00000002197 0.897 0.137
ZYX ENSFALG00000004531 0.886 0.185
RHOJ ENSFALG00000003356 0.743 0.131
PAK1 ENSFALG00000007597 0.815 0.141
MYOIF ENSFALG00000013814 0.784 0.118
MYoicC ENSFALG00000006676 0.837 0.129
MSN ENSFALG00000004282 0.830 0.168
ARPCIB ENSFALG00000013811 0.736 0.137
TRIOBP ENSFALG00000012797 0.826 0.165
Regulation of cell motility 4.31E-3 PDGFA ENSFALG00000013959 0.882 0.137
LAMA4 ENSFALG00000010965 0.756 0.150
ADAM10 ENSFALG00000012254 0.866 0.189

Multiple linear regression was used to identify genes associated with avian migration controlling for subspecies and time of day.
Genes were annotated based on Ensembl 81 of the Ficedula albicollis genome. See Table S4 (Supporting information) for a comprehen-

sive list of GO terms. FD, fold difference.

significantly enriched with genes related to cell migration
and cell development and include EMX2, GLI3, FGF13
and EPHBI (Q-values <0.2; Tables 1, S2 and S4, Support-
ing information). Similarly, genes downregulated during
migration were significantly enriched with genes related
to cell adhesion and motility of cells, including RHOJ and
its effector PAK1, myosin IC (MYOIC) and myosin IF
(MYOI1F), and adhesion complex molecules talin-1
(TLN1), zyxin (ZYX) and moesin (MSN) (Q-values <0.2;
Tables 1, S2 and S4, Supporting information).

Weighted gene coexpression network —analysis
(WGeNA) results indicate that within the 188 migration-
related genes is a core cluster of 34 highly co-expressed
genes (Fig. S2, Supporting information). Gene ontology
analysis reveals that these genes are enriched for three
groups of GO terms (Table 54, Supporting information),
relating to ‘anatomical structure morphogenesis’
(P =223E-2), 'neural precursor cell proliferation’,
(P =3.13E-3) and ‘protein localization to organelle’
(P = 3.77E-2). This cluster is also enriched for genes
involved in action potential and includes potassium
channel gene KCNBI, potassium channel modulator
DPP6 and the calcium channel component RYR2.

Endocrine signalling associated with migration

We examined genes found to be migration-related
(N =188) for components of endocrine signalling
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pathways. DIO2 was significantly downregulated with
migration (Q-value = 0.179; fold difference (FD) = 0.671).
This gene is known to be photo-responsive and regulates
thyroid hormone by converting the prohormone T, to the
active form of thyroid hormone, T3 (Kohrle 1999), support-
ing a potential role for thyroid hormone in regulating sea-
sonal changes in migratory birds. CRABPI, which is
regulated by T3 and regulates retinoic acid signalling,
was significantly upregulated in migratory birds
(Q-value = 0.196; FD = 1.511). Further, CRABP1 had the
third highest connectivity of all 188 migration-related
genes after SBK1 and MTUS2 and was found to be a cen-
tral hub gene within the core cluster of migration-related
genes (Table S2, Supporting information).

Circadian system expression associated with migration

Given the potential role of the circadian system in
regulating circannual rhythms (Kumar ef al. 2004; Bar-
tell & Gwinner 2005; Rani et al. 2006; Yoshimura 2013;
Dardente et al. 2014; Singh ef al. 2015), we tested
whether expression of known avian circadian clock
genes were altered in birds in migratory condition.
We did not detect migration-related expression differ-
ences in the seven genes previously identified in the
avian circadian clock [PER2, PER3, CRY1, CRY2,
CLOCK, ARNTL (or BMAL1) and ARNTL2 (or BMAL2;
Kumar et al. 2010]. However, additional genes are
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likely involved in the avian clock, as several avian
clock components are proposed based on knowledge
of the mammalian clock, but have not been empiri-
cally studied (reviewed in Kumar ef al. 2010). There-
fore, we expression  level
differences with time of day to identify novel compo-
nents of the avian circadian clock and its target
genes. We observed circadian-related expression in 43
genes, encompassing PER2, PER3, ARNTL, and 40
genes that have not been previously established as
components or targets of the avian circadian clock
(Q-values <0.2; Fig. 2; Table S2, Supporting informa-
tion). Novel genes exhibiting circadian-related expres-
sion included SFPQ (also called PSF), which encodes
a component of the PER complex in the negative loop
of the mammalian circadian clock (Duong et al. 2011),
and NRIDI (also called Rev-erba) and NRID2 (also
called Rev-erbp), which are

evaluated genes for

components of an

accessory circadian feedback loop linking the negative
and positive limbs of the mammalian circadian clock
(Fig. 2) (Preitner et al. 2002; Cho et al. 2012). We then
used WGCNA to identify genes that may be central dri-
vers of the avian circadian clock. PER2, NR1D2 and
PER3 had the highest intramodular connectivity of
genes exhibiting circadian expression and were at the
centre of a core cluster of coregulated genes also
including NRID1 and SFPQ (Fig. S3, Supporting
information). This is the first evidence that SFPQ,
NRID1 and NRID2 are involved in the avian
circadian clock. Outside this module, we also detected
circadian expression of seven genes encoding heat
shock and heat shock-related proteins: HSF2, HSPAS5,
HSPH1, DNAJA1, DNAJA4, AHSA2 and ENSFAL
G00000015235 (which belongs to the HSP20 family)
(Q-values <0.2; Table S2, Supporting information). We
did not detect migration-related expression differences
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in any of the 43 genes exhibiting circadian expression
in Swainson’s thrushes.

Expression differences between subspecies

Controlling for migration status and time of day of
sample collection, 610 genes were differentially
expressed between the inland and coastal subspecies
(Q-value <0.2; Table S2, Supporting information). Genes
differentially expressed between subspecies were highly
enriched for migration-related genes, with 47 genes dif-
ferentially expressed with migration and between sub-
species (hypergeometric test; N =47, P =4.7E-20;
Table S2, Supporting information). These 47 genes were
over-represented with GO terms relating to regulation
of gene expression (P =3.51E-0.5), cell motility
(P = 7.85E-3) and central nervous system neuron axono-
genesis (P = 6.84E-5; Table S4, Supporting information).
The enrichment of subspecies differences for cellular
processes is specific to genes associated with migration,
as overall subspecies differences are instead enriched
for the opioid receptor signalling pathway (P = 0.0015;
Table S4, Supporting information). Specifically, the
inland subspecies exhibited upregulation of all four
known opioid receptors (OPRD1, OPRK1, OPRM21 and
OPRL1), which have central roles in sensory perception
(e.g. Mueller ef al. 2010) and have been implicated in
avian behaviours such as birdsong (Kelm et al. 2011).

Migration-related genes across species

We compared the 188 migration-related genes to genes
with expression associated with migration in other bird
species for which homologous annotations are available
(Table S2, Supporting information), including willow
warblers (Phylloscopus trochilus; N = 1079 genes) (Lund-
berg et al. 2013; Boss et al. 2016), dark-eyed juncos
(Junco hyamalis; N = 141 genes) (Fudickar ef al. 2016)
and white-crowned sparrows (Zonotrichia leucophrys;
N =11 genes) (Jones et al. 2008). Genes differentially
expressed in Swainson’s thrushes during migration
were significantly enriched for candidate migration
genes identified in willow warblers (hypergeometric
test; N =25 genes; P = 0.039) and include the calcium
channel component RYR2 and the transcription factor
ATF4, which acts as the culmination of multiple path-
ways to integrate stress signals to impact energy meta-
bolism, amino acid transport, oxidative stress resistance
and skeletal myofibre atrophy in mammals (Harding
et al. 2003; Rutkowski & Kaufman 2003; Yoshizawa et al.
2009). One gene, TMEMI32B, was associated with
migration in dark-eyed juncos (Fudickar et al. 2016). No
migration-related genes were shared with those identi-
fied in white-crowned sparrows (Jones et al. 2008). We
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did not detect migration-related expression of
ADCYAP1 or CLOCK, whose allele lengths have previ-
ously been associated with measures of migratory dis-
tance and phenology in blackcaps (Sylvia atricapilla)
(Mueller et al. 2011; Mettler et al. 2015), dark-eyed jun-
cos (Peterson et al. 2013), Wilson’s warblers (Cardellina
pusilla) (Bazzi et al. 2016), nightingales (Luscinia
megarhynchos) and tree pipits (Anthus trivialis) (Saino
et al. 2015).

Discussion

We identified 188 genes associated with fall migratory
restlessness activity. The highly significant enrichment
of migration-related genes for cell motility, cell adhe-
sion and cell development provides evidence that
migration-related circannual changes involve seasonal
neural plasticity. Determining which molecular and cel-
lular processes are necessary for and unique to migra-
tion will require functional comparative analyses across
migratory and nonmigratory species.

The theoretical ‘threshold model of migration’ pro-
poses that the tendency to migrate develops when a
currently unknown continuous variable (e.g. the con-
centration of a protein or hormone), termed a ‘liability’
variable, reaches a certain threshold (Pulido et al. 1996;
Pulido 2011). Given our focus on the hypothalamus and
optic chiasma, where signals of photoperiod are
thought to be integrated to elicit downstream responses,
the genes we present here are candidate ‘liability” vari-
ables involved in triggering the occurrence of migratory
behaviour. Our utilization of wccNa, combined with
available information on specific functions of genes,
highlights particularly strong candidate ‘liability’ genes.
DIO2, via T3 production, may be a driver of neural
plasticity, as has been suggested in the nonmigratory
Japanese quail (Coturnix japonica) for regulating gonadal
growth and regression (Yamamura et al. 2004, 2006).
CRABP1 may also play a role in regulating the suite of
expression changes associated with cellular plasticity,
given that: (i) CRABP1 was a hub gene with high con-
nectivity to other migration-related genes; (i) CRABP1
is known to be regulated by Tj, the product of DIO2
activity (reviewed in Balmer & Blomhoff 2002; Mey &
McCaffery 2004; Park ef al. 2005; Maden 2007; Shearer
et al. 2012); and (iii) thyroid hormone and retinoic acid
signalling have been found to drive seasonal neural
plasticity in other species (reviewed in Balmer &
Blomhoff 2002; Park et al. 2005; Yamamura et al. 2006;
Maden 2007; Horn & Heuer 2010; Shearer et al. 2010,
2012).

Elucidating the cellular changes that specifically occur
between nonmigratory and migratory states will require
additional evidence, such as ultrastructure imaging of



the hypothalamus. The observed differential expression
of genes involved in cell motility, adhesion and devel-
opment may reflect cellular morphological changes (dis-
cussed in Migaud ef al. 2015; Wood ef al. 2015). One
possibility is that glial cells surrounding nerve terminals
undergo morphological changes, which has been sug-
gested to regulate hormone secretion in Japanese quail
(Yamamura et al. 2004, 2006). Another possibility, which
could be evaluated with immunohistochemistry, is neu-
rogenesis. Neurogenesis has been reported in the adult
hypothalamus of diverse species including zebrafish,
sheep and hamsters (reviewed in Sousa-Ferreira et al.
2014). Supporting this potential process, we detected
expression of markers for stem cells and cell prolifera-
tion known to be expressed in the neurogenic niche in
the mammalian hypothalamus (Migaud ef al. 2010,
2015) including SOX2, NES, DCX and PCNA (results
not shown). Adult hypothalamic neurogenesis is
thought to be important in regulating food intake in
response to environmental and physiological signals
(reviewed in Sousa-Ferreira ef al. 2014) and could
potentially play a role in regulating the striking hyper-
phagia of birds during migratory fattening.

Among the 188 genes differentially expressed with
migration, a significant proportion of genes exhibited
expression differences between the two subspecies
(N = 47 genes; 25% of migration-related genes). Genetic
divergence likely contributes to the observed expression
differences between subspecies, given that the sub-
species also exhibited expression differences in 558
genes regardless of migration state or time of day (i.e.
independent of temporal measures). This possibility
supports previous research suggesting divergent selec-
tion on migration in the Swainson’s thrush (Ruegg et al.
2014; Delmore et al. 2015). However, the subspecies
expression differences could also partly be due to gene
expression responsiveness to the difference in photope-
riod that each subspecies experienced (see Materials
and methods). Research on the molecular evolution of
these genes across natural populations, combined with
further work on birds in controlled conditions, will be
essential in understanding the roles of adaptive and
acclimatory responses in generating interindividual
variation in migration-related phenotypes.

Expression differences of 188 genes between birds in
migratory and nonmigratory states, combined with
enrichment of genes associated with cellular plasticity,
demonstrate the extensive changes that may seasonally
occur in the brain for this remarkable behavioural phe-
nomenon. We suggest the possibility that seasonal neu-
ral plasticity has a greater role in this physiological and
behavioural transition than previously thought. Net-
work analyses reveal hub genes, potential ‘liability’
variables, whose expression may be pivotal in
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regulating the onset of migratory behaviour. Under-
standing the expression thresholds of such variables for
actuating migration, and their sensitivity to environ-
mental conditions, will be critical for predicting the
response of migratory animals to future climate and
environmental changes.
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Figure 1-S1. Photoperiodic conditions and migratory restlessness activity of Swainson’s
thrushes during the project. Gray bars represent days of sample collection for non-migratory and
migratory birds. A) Number of hours of daily light (photoperiod) that Swainson’s thrushes from
each population were exposed to. B) Average nightly activity of inland and Swainson’s thrushes
per week. Sample sizes prior to summer sacrifice were inland = 19, coastal = 18 and post
summer sacrifice were inland = 14, coastal = 13. Error bars represent the standard error of
activity across individuals.
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Figure 1-S2. Covariation heatmap of gene expression variation across Swainson’s thrushes of
genes associated with migration. Each row and column correspond to a gene, and each pixel
represents the level of similarity of expression of two genes across Swainson’s thrushes using the
topological overlap measure in WGCNA (Langfelder and Horvath, 2008). Genes are separated
into genes up-regulated (top left) and down-regulated (bottom right) with migration. The black
box indicates the module of highly correlated genes. Gene labels and connectivity values are
presented in Table S2.
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Figure 1-S3. Covariation heatmap of gene expression variation across Swainson’s thrushes of
genes associated with circadian time of day. Each row and column correspond to a gene, and
each pixel represents the level of similarity of expression of two genes across Swainson’s
thrushes using the topological overlap measure in WGCNA (Langfelder and Horvath, 2008).
Genes are separated into genes down-regulated (top left) and up-regulated (bottom right) with
time of day. The black boxes indicate the modules of highly correlated genes. Gene connectivity
values are presented in Table S2.
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permutations of the linear model, with the only alteration of each permutation being a random

scrambling of the variable of interest. The actual p-value of each gene is presented in Table S2.
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Abstract

Gene expression levels change as an individual ages and responds to environmental conditions. With the exception of
humans, such patterns have principally been studied under controlled conditions, overlooking the array of develop-
mental and environmental influences that organisms encounter under conditions in which natural selection operates.
We used high-throughput RNA sequencing (RNA-Seq) of whole blood to assess the relative impacts of social status, age,
disease, and sex on gene expression levels in a natural population of gray wolves (Canis lupus). Our findings suggest that
age is broadly associated with gene expression levels, whereas other examined factors have minimal effects on gene
expression patterns. Further, our results reveal evolutionarily conserved signatures of senescence, such as immunose-
nescence and metabolic aging, between wolves and humans despite major differences in life history and environment.
The effects of aging on gene expression levels in wolves exhibit conservation with humans, but the more rapid expression
differences observed in aging wolves is evolutionarily appropriate given the species’ high level of extrinsic mortality due
to intraspecific aggression. Some expression changes that occur with age can facilitate physical age-related changes that
may enhance fitness in older wolves. However, the expression of these ancestral patterns of aging in descendant modern
dogs living in highly modified domestic environments may be maladaptive and cause disease. This work provides
evolutionary insight into aging patterns observed in domestic dogs and demonstrates the applicability of studying
natural populations to investigate the mechanisms of aging.

Key words: RNA-Seq, transcriptome, senescence, immunosenescence, Canis lupus, canid.

Introduction affect antiviral responses, susceptibility to infectious agents,
In contrast to genetic changes occurring across generations, wound healing abilities, and individual fitness (Sapolsky 2005;
alterations of gene expression allow immediate and acutely Weaver et al. 2006; Miller et al. 2009; Chen et al. 2011; Cole
sensitive responses to changing conditions. Gene expression et al. 2011, 2012; Tung et al. 2012; Murphy et al. 2013; Powell
can be affected by multiple factors such as age (Goring et al. et al. 2013).

2007; Hong et al. 2008; Lopez-Otin et al. 2013; Rahman et al. Investigations of gene expression patterns in natural pop-
2013; Peters et al. 2015), social stressors (Weaver et al. 2006; ulations of nonmodel species can reveal which environmental
Cole et al. 2007; McGowan et al. 2009; Cole et al. 2011, 2012; factors are most influential on the regulation of specific mo-
Tung et al. 2012; Murphy et al. 2013; Powell et al. 2013), and lecular pathways. However, with the exception of baboons
infectious disease status (Whitney et al. 2003; Cobb et al. 2005; (Runcie et al. 2013; Tung et al. 2015), the transcriptome-wide
Ramilo et al. 2007; Blankley et al. 2014; Mejias and Ramilo effects of intrinsic and environmental variables on gene ex-
2014). Aging is associated with a multitude of gene expression pression in vertebrates have only been studied in humans and
changes in blood including cellular senescence and dysfunc- species in captivity. Knowledge regarding the generality of
tional immune responses (eg, immunosenescence and aging effects on gene expression patterns across species is
inflammaging) (Boren and Gershwin 2004; Kirkwood 2005; further limited by short lifespan biases of model species and
Baylis et al. 2013). In contrast, chronic stress due to adverse unintended artificial selection on aging rates (Ricklefs 2010).
social environments activates immune pathways and can Thus, despite a long history of research on the diverse ecology,

© The Author 2016. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please
e-mail: journals.permissions@oup.com
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social structures, and life histories of wild animal populations
(e.g, Wilson 2000), the impacts of aging and environmental
factors on interindividual variation at a functional genomic
level in natural animal populations remain poorly understood
(Ricklefs 2010).

To address this knowledge gap, we used RNA sequencing
(RNA-Seq) to quantify genome-wide expression levels in wild
gray wolves (Canis lupus) from Yellowstone National Park
(YNP), USA. Gray wolves serve as an excellent model for
studying the influences of age and social factors on gene
expression levels, as wolves live in highly cooperative societies
characterized by social hierarchies (Mech 1999; Packard 2003).
Further, the divergence time of approximately 80 My be-
tween wolves and more extensively studied primate and mu-
rine models (dos Reis et al. 2012) affords the opportunity to
assess the long-term evolutionary conservation of expression
patterns. We take advantage of the exceptional observational
database available for the YNP wolf population, in which
factors potentially affecting gene expression such as social
status, age, and disease presence have been extensively doc-
umented since the wolf reintroduction in 1995-1996
(vonHoldt et al. 2008, 2010; Almberg et al. 2009; MacNulty,
Smith, Vucetich et al. 2009; Smith et al. 2010; Almberg et al.
2012; Smith et al. 2012; Stahler et al. 2013; Cubaynes et al.
2014).

Wolf packs consist of an adult pair of breeding wolves
(denoted alpha), their offspring (denoted subordinates),
and additional adult wolves, which may breed but are con-
sidered subordinate to alphas (denoted beta) (Mech 1999,
2003; Packard 2003). The breeding pair is considered domi-
nant to other individuals, and social hierarchy is most com-
monly demonstrated by nonaggressive behavior and
submissive postures resulting in unchanged or slightly lower
glucocorticoid levels in subordinates (Mech 1999; Packard
2003; Smith et al. 2012; Molnar et al. 2015). This social system
is in contrast to hierarchies in which dominance is maintained
by displacements and threats toward lower ranking individ-
uals, such as in wild baboons and macaques, which result in
higher levels of stress in low-ranking individuals (Sapolsky
2004, 2005). Given the widespread impacts that social stress
can have on individual health and the immune system as
detected in blood (Sapolsky 2005; Weaver et al. 2006; Miller
et al. 2009; Chen et al. 2011; Cole et al. 2011, 2012; Tung et al.
2012; Murphy et al. 2013; Powell et al. 2013), we aimed to
compare influences of social rank on gene expression levels in
blood of wolves, which could be collected with minimum
handling, to those observed in primate social systems.

Active disease infection also impacts gene expression var-
iation (Whitney et al. 2003; Cobb et al. 2005; Ramilo et al.
2007; Blankley et al. 2014; Mejias and Ramilo 2014). Sarcoptic
mange is an infectious disease frequently observed in YNP
gray wolves, induced by the mite Sarcoptes scabiei and anal-
ogous to human scabies (Almberg et al. 2012, 2015). Sarcoptes
mites are known to elicit gene expression changes in humans
and trigger allergic reactions causing skin inflammation, itch-
ing, and hair loss in wolves (Arlian et al. 2004, 2006; AlImberg
et al. 2012). Therefore, we hypothesized that presence of
mange in YNP wolves results in expression signatures of
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immunosuppression and inflammatory response (Arlian
et al. 2004, 2006; Velavan and Ojurongbe 2011; Gregori
et al. 2012).

Finally, aging is also expected to be a factor affecting gene
expression in gray wolves. We predict that rapid aging ob-
served at the physical level in wolves (MacNulty, Smith,
Vucetich et al. 2009; Stahler et al. 2013; Cubaynes et al.
2014) would be mirrored by gene expression changes with
age. Although the molecular impact of age has been well
described in humans (Goring et al. 2007; Hong et al. 2008;
Lopez-Otin et al. 2013; Rahman et al. 2013; Peters et al. 2015),
the relative influence and specific pathways altered by age in a
wild population confronted with multiple environmental
challenges is unknown. In baboons, the only wild species as-
sessed to date, the impact of age on gene expression was
found to be modest, and the molecular pathways altered
by age were not evaluated (Runcie et al. 2013; Tung et al.
2015). Therefore, to assess conservation of patterns across the
mammalian phylogeny, and because impacts of aging on
gene expression of specific pathways are virtually unknown
for wild populations, we compared our age results to humans
(Goring et al. 2007; Hong et al. 2008).

To investigate natural variation in gene expression levels,
we use a linear mixed model to simultaneously assess the
effects of social rank (alpha vs. all subordinates), age, disease
status (infected with mange vs. not infected), and sex on
genome-wide expression in whole blood while controlling
for genetic relatedness. As these factors can also influence
cell-type abundance in blood (Linton and Dorshkind 2004;
Cole et al. 2011, 2012; Baylis et al. 2013; Powell et al. 2013), we
perform transcript origin analysis (TOA) (Cole et al. 2011) and
transcriptome representation analysis (TRA) (Powell et al.
2013) to infer the cellular origins of differentially expressed
transcripts. Among the variables studied, we find that gene
expression variation among wild wolves is primarily explained
by age, with multiple age-related genes and processes con-
served between wolves and humans. In contrast, we observe a
surprising absence of expression differences with other vari-
ables such as rank, indicating that impacts of rank in primate
models cannot be extended to the effects of social hierarchy
in other vertebrate species.

Results

Sequence Data

To assess transcriptome variation across gray wolves in their
natural environment, we quantified gene expression levels
from whole blood samples of 27 wolves using RNA-Seq. A
total of 1.26 billion 100 base-pair reads of sufficient quality
(Phred score > 20) and length (> 25 bp after trimming) were
generated (mean of 46.69 million reads per individual; supple
mentary table S1, Supplementary Material online). On aver-
age, 87.5% of these reads aligned to the dog genome
(CanFam3.1.74) and up to 35% of the uniquely mapped reads
aligned to annotated protein-coding regions (supplementary
table S1, Supplementary Material online). Of the 19,856 pro-
tein-coding genes annotated in the dog genome, we obtained
13,558 genes (68.3%) with sufficient read depth across
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individuals (>10 reads in at least 75% of cDNA libraries) to be
included in expression analyses. The number of detected
genes in whole blood of wolves (N = 13,558) was similar to
that found in lymphocytes of humans (N = 12,758) (Goring
et al. 2007) and whole blood of baboons (N = 10,409) (Tung
et al. 2015).

Association of Gene Expression Levels with Intrinsic and
Environmental Factors

We assessed the effects of intrinsic and environmental factors
on transcriptome-wide gene expression using a significance
cut-off of false discovery rate (FDR)=0.2 given the limited
sample size. Similar to other studies that evaluated effects of
sex on blood gene expression in mammals (e.g, Whitney et al.
2003; Tung et al. 2015), we observed minimal expression dif-
ferences between male and female wolves, with only one gene
significantly associated with sex, ENSCAFG00000030886 (fold
difference [FD] = 0.08; Q value = 0.7; fig. 1A and supplemen
tary table S2, Supplementary Material online). This protein-
coding gene belongs to the thymosin 4 family but has not
been formally named. Further, despite the presence of phys-
ical symptoms characteristic of mange in seven of the sam-
pled wolves, we did not identify any genes differentially
expressed in wolves affected by mange (fig. 1B). Finally, we
predicted that social rank would be broadly associated with
gene expression levels, comparable to effects of social condi-
tions in humans and nonhuman primates (Cole et al. 2007,
2012; Tung et al. 2012). However, we did not identify any
genes in which expression levels were significantly associated
with social rank (fig. 1C).

In contrast, controlling for rank, sex, and mange infection
status, we detected 625 genes associated with age, comprising
214 genes up-regulated and 411 genes down-regulated with
age with diverse functions (fig. 1D and table 1 and supplemen
tary table S2, Supplementary Material online). These age-re-
lated gene expression changes may have been induced by
intracellular changes in gene transcription or by age-related
changes in proportions of blood cell-types (Linton and
Dorshkind 2004; Baylis et al. 2013). To evaluate potential
changes in blood cell composition with age, we performed
TOA (table 2), which infers the cellular origin of transcripts
(Cole et al. 2011), in parallel with TRA (table 3), which assesses
changes in cell abundance based on genes previously identi-
fied to have highly cell-type-specific expression (Powell et al.
2013). In accordance with observations of immunosenes-
cence in humans, genes down-regulated with age were largely
associated with B cells (P < 0.007; table 2), which appear to
partly be due to a lower prevalence of B cells in older wolves
(TRA; FD per year = 0.98; P = 0.001; table 3). Further, consis-
tent with development of more pro-inflammatory pheno-
types in older individuals (reviewed in Boren and Gershwin
2004; Baylis et al. 2013), genes up-regulated with age were
significantly associated with innate immunity cells including
dendritic cells (P < 0.007; table 2) and natural killer cells
(P=0.004; table 2). TRA indicated a slightly increased pro-
portion of monocytes in older individuals (FD per year = 1.01;
P < 0.001; table 3).
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To assess the conservation of aging processes across spe-
cies, we compared the 625 age-related genes in wolf leuko-
cytes to a catalog of age-related genes in human lymphocytes
(Goring et al. 2007; Hong et al. 2008). Wolf age-related genes
were significantly enriched with human age-related genes, as
we found that of the 420 age-related wolf genes represented
in the human study, 255 (60.7%) genes were associated with
age in humans (hypergeometric test; P = 0.046). The majority
of these overlapping genes were associated with age in the
same direction (60.8% of overlapping genes, N = 155 concor-
dant genes, 7> =11.863, df =1, P=0.001).

A diversity of genes and biological processes we found to
be associated with age in wolves (table 1) has previously been
associated with aging in humans (Boren and Gershwin 2004;
Kirkwood 2005; Baylis et al. 2013). For example, we observed
significant age-related down-regulation of ETST (FD per
year = 0.900; Q value < 0.001; fig. 1D and 2 and table 1 and
supplementary table S2, Supplementary Material online), a
transcription factor involved in a variety of functions includ-
ing regulation of the immune response (Garrett-Sinha 2013)
and cellular senescence (Ohtani et al. 2001). Similarly, CDK4,
which is known to be inhibited by p16, a key protein activated
during cellular senescence (Krishnamurthy et al. 2004; Liu
et al. 2009; Lopez-Otin et al. 2013), was down-regulated
with age (FD=0909; Q value=0.137; fig. 2 and table 1
and supplementary table S2, Supplementary Material online).
Additionally, we observed significant age-related expres-
sion differences in genes associated with telomere mainte-
nance (eg, DKC1, a component of the telomerase
holoenzyme; FD = 0.948; Q value = 0.2; and NOP56; FD = 0.
958; Q value =0.198; table 1 and supplementary table S2,
Supplementary Material online) (Poncet et al. 2008), DNA
repair and genomic stability (e.g, SIRT6; FD = 0.896; Q val-
ue =0.2) (Mostoslavsky et al. 2006; Di Mauro and David
2009), and epigenetic regulation (genes down-regulated
with age were enriched for the gene ontology (GO) terms
“chromatin organization,” P=0.005 and “histone modifica-
tion,” P=0.011; table 1 and supplementary table S3,
Supplementary Material online).

Paralleling intracellular senescence, aging has been found
to dysregulate the propensity of the adaptive immune system
to respond to novel infectious disease (a phenomenon
known as “immunosenescence”) (Baylis et al. 2013; Lopez-
Otin et al. 2013). In agreement with previous work, our results
suggest reduced activity of B and T cells with age, as interleu-
kin and interleukin-related genes, required for differentiation
and proliferation of lymphocytes, were down-regulated in
older wolves (IL7, IL21R, IL27RA; Q values < 0.2; fig. 2 and
table 1 and supplementary table S2, Supplementary
Material online). In addition, we observed age-related
down-regulation of multiple MHC class Il genes (Dog
Leukocyte Antigen genes DLA-DQAT, DLA-DRA, DLA-88,
and DLA-DOB; Q values < 0.2; fig. 2 and table 1 and supple
mentary table S2, Supplementary Material online), whose ex-
pression is likely limited to antigen-presenting cells (B cells,
monocytes) and activated T cells. GO analyses further sup-
port immunosenescence, as 30% of terms enriched in the
genes down-regulated with age are explicitly related to
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Fic. 1. Difference in gene expression according to sex, mange, social rank, and age in wolf blood. (A-D) Black dots represent genes for which
expression is significantly associated with a variable, whereas gray dots illustrate nonsignificant genes. The significance threshold (Q value = 0.2) is
delimited by the horizontal line y = —log0(0.2). FD is expression of females relative to males (A), mange-affected wolves relative to nonaffected
individuals (B), alpha wolves relative to subordinates (C), and difference per year of age (D) for 13,558 genes expressed in wolf whole blood. (D)
Vertical lines depict the thresholds used in the TOA (table 3).

Table 1. Biological Processes and Genes Associated with Age in Gray Wolves.

Enriched GO Term? GO P Value Gene Symbol Ensembl Gene ID Annual FD Q Value®
Regulation of metabolic process 2.25E-5 ETS1 ENSCAFG00000010304 0.900 <0.001
CDK4 ENSCAFG00000000280 0.910 0.137
RNA metabolic process 1.91E-5 DKC1 ENSCAFG00000019620 0.948 0.175
NOP56 ENSCAFG00000006651 0.958 0.198
Chromatin modification 2.97E-3 SIRT6 ENSCAFG00000019123 0.896 0.200
HIRA ENSCAFG00000014619 0.974 0.137
Immune response 6.28E-6 DLA-DQA1 ENSCAFG00000000812 0.945 0.137
DLA-DRA ENSCAFG00000000803 0.950 0.146
DLA-88 ENSCAFG00000000487 0.945 0.180
DLA-DOB ENSCAFG00000000819 0.883 0.175
Lymphocyte activation 1.55E-9 L7 ENSCAFG00000008373 0.907 0.180
IL27RA ENSCAFG00000016504 0.919 0.146
CD5s ENSCAFG00000016332 0.938 0.157
CXCRS ENSCAFG00000012439 0.898 0.175
Lipid metabolic process 1.17E-2 LEP ENSCAFG00000001672 1.078 0.151
LIAS ENSCAFG00000015991 1.035 0.183
LIPH ENSCAFG00000013246 1.113 0.184

?A comprehensive gene list and full GO results are presented in supplementary tables S2-S4, Supplementary Material online.
°Q values of genes significantly associated with age after controlling for relatedness, social rank, mange presence, and sex using linear mixed effects models.

immune system processes (e.g, lymphocyte activation, anti- In contrast to the abundance of immunity-related GO
gen receptor-mediated signaling pathway, T- and B-cell acti- terms enriched in the genes down-regulated with age in
vation and proliferation, and interleukin-2 production; wolves, GO terms enriched in genes up-regulated with age
supplementary table S3, Supplementary Material online). were dominated by biological processes related to lipid
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Table 2. Cell Types Inferred to Mediate Age-Related Gene Expression
Differences.

Cell Type P Value
FD > 1.10° FD < 0.90°

CD14" monocytes 0.035 0.998
BDCA4" dendritic cells <0.001* 0.973
CD56" NK cells 0.004* 0.338
CD4™ T cells 0.762 0.424
CD8™ T cells 0.460 0.768
CD19" B cells 0.126 <0.001*

Note.—NK, natural killer. FD, fold difference per year of age.

*TOA results of up-regulated genes (N = 137 genes).

TOA results of down-regulated genes (N = 111 genes).

*Significant (P < 0.01) overrepresentation of genes predominantly expressed by a
specific cell type.

Table 3. Leukocyte Prevalence Differences with Age in Wolf Blood.

Cell Types Genes Z > 6% FD P Value®
CD14" monocytes 337 1.01 <0.001*
BDCA4 " dendritic cells 250 1.00 0.912
CD56" NK cells 349 1.00 0.043
CD4™" T cells 62 1.00 0.606
CD8" T cells 45 1.01 0.220
CD19" B cells 87 0.98 0.001*

Note.—FD, fold difference in cell prevalence per year of age; NK, natural killer.
Genes diagnostic of a cell type are defined by average expression in a cell type > 6
standard deviations above the mean (Genes Z > 6) (Powell et al. 2013).

TRA results of cell-type differences with age.

*Significant (P < 0.01) difference in cell-type prevalence.

metabolism  (supplementary table S4, Supplementary
Material online) and included leptin (LEP), lipoic acid synthe-
tase, and lipase member H (LIPH; Q values < 0.2; fig. 2 and
table 1 and supplementary table S2, Supplementary Material
online). We also observed an age-related increase in expres-
sion of insulin-like growth factor 1 receptor (IGF1R; FD = 1.038;
Q value=0.188; fig. 2 and supplementary table S2,
Supplementary Material online), which has been found to
regulate lifespan (Holzenberger et al. 2003).

Discussion

We examined factors that we predicted to influence gene
expression in gray wolves based on gene expression patterns
observed in humans and other primates, which included sex,
mange presence, social rank, and age. The negligible effect of
sex on gene expression in blood is consistent with similar
findings in humans and macaques (Whitney et al. 2003;
Tung et al. 2015). However, the lack of detectable differentially
expressed genes in mange-infected wolves was unexpected,
given the presence of visible symptoms of mange such as
hairless patches with skin lesions (Almberg et al. 2015). This
result may partly be due to limited statistical power but may
also be caused by the immunosuppressive properties that S.
scabiei evoke in their hosts by impacting IL10 signaling (Arlian
et al. 2006). The possibility of altered IL10 signaling in wolves
with mange is supported by the presence of IL10RA in the top
five genes associated with mange in our data set, although
this result is not significant at our Q-value threshold of 0.2.
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The absence of a significant effect of rank on gene expres-
sion was also unexpected but likely reflects a less hierarchically
based social system in wolves compared to many primates
species. In wolves, the term alpha denotes the breeding pair of
a pack (which are typically the parents of other pack mem-
bers) and signifies little to no differences in stress levels, re-
source access, or received aggression from other wolves
(Mech 1999; Cubaynes et al. 2014; Molnar et al. 2015).
Additionally, wolf rank and age are positively correlated
(Pearson correlation r = 0.357; P = 0.068) and may have
effects on the same biological pathways (Snyder-Mackler et al.
2014), potentially limiting our statistical power to detect rank
effects independent of aging.

Overall, we found that age has a much broader impact on
gene regulation than sex, mange infection status, or rank in a
social top-predator exposed to naturally occurring abiotic
and biotic challenges. Wolves show signatures of senescence
consistent with aging in model organisms and humans (Baylis
et al. 2013; Beirne et al. 2014), which supports the hypothesis
that aging effects on cellular processes are evolutionarily con-
served through mammal phylogeny (Palacios et al. 2011;
Nussey et al. 2013). Theory predicts that higher levels of ex-
trinsic mortality should lead to an increased rate of senes-
cence because a relatively larger amount of energy is expected
to be dedicated to reproduction than to somatic mainte-
nance and repair (Kirkwood 1977, 2005). The short time pe-
riod over which age-related expression differences manifest in
wolves (spanning a few years compared to decades in hu-
mans) (Goring et al. 2007) is evolutionarily appropriate given
the high extrinsic mortality in this species, due mainly to
interpack strife (Cubaynes et al. 2014), and rapid physical
senescence (MacNulty, Smith, Mech et al. 2009; MacNulty,
Smith, Vucetich et al. 2009; Stahler et al. 2013).

Stress related to changes in rank, physical injuries, and
disease (Almberg et al. 2015) may augment the expression
signature of aging in wolves or result in expression differences
unique from that observed in humans. Genes associated with
age in wolves were significantly enriched for human age-re-
lated genes, yet we detected 165 age-related genes in wolves
that were not found to change with age in humans (Goring
et al. 2007). Further, 100 genes associated with age in both
wolves and humans showed opposite trends of expression
levels with age between the two species (Goring et al. 2007). A
longitudinal study, and comparison to gene expression in
captive wolves, would be valuable in decomposing the spe-
cific factors that have long-lasting impacts on gene expression
in wolves.

We identified age-related changes in the expression of
genes that may be critical in the progression of the aging
process, such as up-regulation of IGF1R, the primary receptor
of the IGF1 protein product. IGF1 signaling is thought to be an
evolutionarily conserved regulator of the trade-off between
growth and survival, as the IGF1 pathway promotes growth
during early development but can increase the rate of aging
later in life (Rollo 2002; Salminen and Kaarniranta 2010). The
existence of a trade-off in IGF1 signaling is supported by stud-
ies across domestic dog breeds, in which plasma IGF1 protein
levels across breeds positively correlate with body size but
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negatively correlate with lifespan (Sutter et al. 2007; Hoopes
et al. 2012). This mechanism has been suggested to be the
reason that small dog breeds can have twice the lifespan of
larger breeds (Kraus et al. 2013). The rapid development of
yearling wolves (MacNulty, Smith, Mech et al. 2009;
MacNulty, Smith, Vucetich et al. 2009) likely requires early
IGF1R expression. However, the function of up-regulated
IGF1R we observe in old wolves is unknown and is potentially
nonadaptive. IGF1R is down-regulated with age in humans
(Goring et al. 2007), which may be an important contributor
to human longevity. Consequently, up-regulation of IGF1R
may be a leading driver of the rapid senescence of wolves
and other short-lived species.

We also observed increased expression of LEP in older
wolves, concordant with increased leptin protein levels
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observed in aging humans, dogs, and model species (Mobbs
1998; Ishioka et al. 2002, 2007; Ma et al. 2002). Leptin is pro-
duced by adipocytes and reduces reflex appetite (Sanchez-
Rodriguez et al. 2000). Its increase with age, which is often
disproportionately more than would follow from an increase
in adipose tissue, is thought to indicate a leptin-resistant state
in elderly individuals and can contribute to obesity (Ahren
et al. 1997; Li et al. 1997; Sanchez-Rodriguez et al. 2000; Ma
et al. 2002). Because the weight of wolves is strongly
correlated with age (Pearson correlation r 0768, P =
2967 x 10°% supplementary table S1, Supplementary
Material online), we do not have the statistical power to
test whether LEP expression increases with age more than
expected by weight gain alone. However, the overall weight
gain and increased expression of LEP with age in wolves
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supports the hypothesis that wild wolves undergo metabolic
aging (MacNulty, Smith, Mech et al. 2009).

Although we find age-related gene expression patterns
shared by humans and wolves, their impacts on health and
fitness may be vastly different for each species. For example,
metabolic aging and obesity are recognized as having negative
health impacts in older humans (e.g, Alexander et al. 2003). In
contrast, increased weight in wolves enhances reproductive
success in females of all ages (Stahler et al. 2013) and dispatch-
ing ungulate prey in males and females (MacNulty, Smith,
Mech et al. 2009). Further, male wolves exhibit increasing ag-
gressiveness with age, which may facilitate dominance and
breeding opportunities within a pack and enhance success
during interpack territorial encounters (Cassidy KA, Mech
LD, MacNulty DR, Stahler DR, Smith DW, personal communi-
cation). Thus, although senescence does occur in wolves, some
age-related changes may also allow older wolves to maintain
fitness and, consequently, can be maintained by selection (e.g,
Schwarz et al. 2016). In dogs, which live in human-dominated
environments, such age-related changes may be maladaptive
and result in morbidity. Likewise, gene expression patterns that
evolved under a hunter-gatherer lifestyle in humans may lead
to health problems for individuals with a western lifestyle and
diet (Carrera-Bastos et al. 2011; Farooqui 2015). Consequently,
for both modern humans and their domestic companions,
such legacy effects may result in disease in aging individuals.

Our results establish the ancestral baseline for gene expres-
sion in dogs and show that transcriptome-wide gene expres-
sion analysis applied to natural populations has the potential
to reveal novel functional and evolutionary insights into the
mechanisms and drivers of aging. In general, our study sug-
gests that aging is the critical factor affecting gene expression
levels in a wild wolf population and provides a new paradigm
for investigating the aging process in natural systems.

Materials and Methods

Sampling and Phenotypic Traits

Whole blood was collected from 27 wild gray wolves in YNP,
USA. Sampling was conducted during winters 2011,2012, and
2013 during annual wolf captures according to US national
guidelines for handling animals and with all required permits
held by the National Park Service (Smith et al. 2012).
Individual animal information is provided in supplementary
table S1, Supplementary Material online.

Age and Sex

For each of the 27 wolves, sex was determined during handling.
Males were coded as 0 and females as 1. Ages were estimated
from an assumed birth date of April 15 (mean whelp date in
study area) (Stahler et al. 2013) and were continuously coded
for the linear models (supplementary table S1, Supplementary
Material online and supplementary fig. S2, Supplementary
Material online). Age was determined by either capturing
pups (N=13), which are easy to distinguish due to body
and tooth size, or recapturing individuals that had known birth
years. The known ages (years) of the 21 wolves included in the
analyses were 0.8 (N=13); 28 (N=1);3.7 (N=1); 38 (N=3);
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48 (N=1);58(N=1);68(N=1);and 88 (N = 1). For the five
individuals included in the expression analyses that were not
first identified as pups, tooth wear was used to estimate the age
of adults (Gipson et al. 2000). The estimated ages (years) of the
five wolves used in the analyses were 2.8 (N=1); 4 (N=1); 4.8
(N=1); 6 (N=1);, and 9 (N=1). Estimated ages of the two
older wolves (6 and 9 years) were corroborated by the fact that
they had been monitored by NPS for multiple consecutive
years (5 and 6 years of monitoring, respectively).

Social Status

Social rankings of the 27 individuals were determined from
behavioral observations and reproductive status and were
categorized, specific to the time of sampling, as alpha or
nonalpha (supplementary table S1, Supplementary Material
online). Individuals that were the only or primary breeders in
a pack or behaviorally dominant to all pack members (ex-
cluding their mates) were identified as alpha wolves. In well-
known and larger packs, individuals that were subordinate to
the leading pair but dominant to other pack members were
ranked as beta. Individuals showing neither reproductive nor
antagonistic behavior were classified in the subordinate cat-
egory (Mech 1999; Packard 2003; Smith et al. 2012). Because
age and social rank are highly correlated in YNP wolves
(Pearson correlation r = 0.614; P=6.55 x 10~°), we focused
on the distinction between alpha wolves (scored as 1) and
nonalpha animals (scored as 0; betas and subordinates),
which significantly reduced the magnitude of this correlation
(N=27; P<0.01; psych R package; paired.r function to test
for a significant decrease in correlation) (Revelle 2015).

Mange Infection Status

The severity of mange infection in each wolf was assessed based
on the presence of physical symptoms (hairlessness and
scratching lesions) at the time of capture and scored according
to the percentage of body surface affected (0: no physical symp-
toms; 1: < 5% of the body affected by lesions; 2: 6-50%; and
3: > 50%) (Pence et al. 1983; Almberg et al. 2012). As only one
individual presented severe symptoms of mange infection, we
classified mange as a binary variable (0: no symptom; 1: visible
symptoms; supplementary table S1, Supplementary Material
online). Continuous coding of mange severity led to qualita-
tively identical null findings (results not shown).

RNA Extraction, Library Preparation, and Sequencing

Whole blood was preserved in PAXgene Blood RNA tubes
(PreAnalytiX, Qiagen, Hombrechtikon, Switzerland) and stored
at —80 °C. Total RNA extraction was performed following the
manufacturer’s instructions of PAXgene Blood RNA kit
(PreAnalytiX, Qiagen, Hombrechtikon, Switzerland). RNA qual-
ity was assessed with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). All samples had a RNA integrity
number (RIN) > 7. Total RNA was treated with the Globin-
Zero kit (Epicentre, lllumina, Madison, WI) and purified with a
modified Qiagen RNeasy MinElute (Qiagen Inc, Valencia, CA)
cleanup procedure or ethanol precipitation (supplementary
table S1, Supplementary Material online). ¢cDNA libraries
were synthesized using a strand-specific kit from Epicentre
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(ScriptSeq v2 Library Prep kit, lllumina, Madison, WI) with
ScriptSeq Index PCR primers (Epicentre, lllumina, Madison,
WI). cDNA libraries were quantified with the KAPA SYBR
Fast gPCR library quantification kit (Kapa Biosystems Inc,
Wilmington, MA) and pooled at five to six samples per lane.
Single-end 100bp sequencing was performed on lllumina’s
HiSeq2000 platform (supplementary table S1, Supplementary
Material online) at the Broad Stem Cell Research Center’s bio-
sequencing core, UC Los Angeles, CA (BSCRC) and the Vincent
). Coates Genomics Sequencing Laboratory (GSL), UC Berkeley,
CA. The data have been deposited in NCBI's Gene Expression
Omnibus (Edgar et al. 2002) and are accessible through GEO
series accession number GSE80440 (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgilacc=GSE80440).

Mapping and Expression Quantification

Quality filtering and adaptor trimming was performed using
Trim GAtore! v.0.3.1 (www.bioinformatics.babraham.ac.uk/proj
ects/trim_galore/). A moderate coverage (25x) genome as-
sembly of the gray wolf is available (Freedman et al. 2014).
However, this assembly is based on mapping reads to the
domestic dog. Therefore, given the availability of the well-
annotated dog genome (Canis | familiaris; Ensembl
CanFam3.1.74) (Lindblad-Toh et al. 2005; Hoeppner et al.
2014), as well as the short divergence time between domestic
dogs and wolves (< 29 Ka) (Thalmann et al. 2013; Freedman
et al. 2014; Skoglund et al. 2015; Fan et al. 2016), we used the
domestic dog genome as a reference. Splice-aware mapping
to the domestic dog genome (Ensembl CanFam3.1.74, un-
masked) was implemented with TopHat2 v.2.0.10
(Engstrom et al. 2013; Kim et al. 2013). We allowed up to
three mismatches, a total of 3-bp length of gaps, and an edit
distance no more than 3 bp between the reads and the ref-
erence sequence to account for the divergence between the
domestic dog and the gray wolf. Only reads that uniquely
mapped to the reference were kept in subsequent analyses.
Only uniquely mapped reads were kept in subsequent anal-
yses. The expression level of each gene was quantified using
the union mode of the python script htseq-count (HTSeq 0.6.
1) (Anders et al. 2015). Individual expression profiles were
filtered to only include protein-coding genes with at least
ten reads in at least 75% of cDNA libraries (N = 13,558 pro-
tein-coding genes). Genome assembly and GTF files of the
domestic dog genome (CanFam3.1.74) used as reference in
this study can be retrieved at http://dec2013.archive.ensembl.
org/Canis_familiaris/Info/Index.

Data Preprocessing

To identify outlier samples, we used the adjacency function in
the WGCNA R package (Langfelder and Horvath 2008) to
build a Euclidean distance-based sample network from the
log 2-transformed read counts. Samples were designated as
outliers if their standardized connectivity deviated by more
than three standard deviations from the mean (Horvath
2011). After removing two individual outliers from the data
(supplementary table S1, Supplementary Material online), we
used conditional quantile normalization (cgn package in R)
to normalize for sequencing depth (using trimmed mean of
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M values) (Robinson et al. 2010), GC-content, and gene
length (Hansen et al. 2012), averaged from the transcripts
in the canFam3.1.74 gtf file. We used principal component
analysis of the normalized, log 2-transformed expression data
to assess general impacts of technical, phenotypic, or envi-
ronmental variables on gene expression variance. We identi-
fied significant effects of technical factors on overall gene
expression (supplementary fig. S1A, Supplementary Material
online) including effects of sequencing core (correlated
with PC1 [Pearson correlation r =059, P=1.892 x 107°]
and PC2 [Pearson correlation r= —0519, P=7.809 X
10"3] of the normalized gene expression data), library prep-
aration procedure (column purifications vs. ethanol precipi-
tation: correlated with PC1 [Pearson correlation r=0.791,
P=2557 x 10"°]), barcode bleed (Kircher et al. 2012) of
RNA-Seq from other samples sequenced in the same lane
(Johnston R, unpublished data, March 2015; correlated with
PC2 [Pearson correlation r = —0.566, P=3.178 x 10~>] and
PC6 [Pearson correlation r= —0.486, P=1.387 x 107 7)),
and year of sampling (correlated with PC1 [Pearson correla-
tion r=0.623, P=8.86 x 10~ “]). To control for these effects,
we regressed out sequencing core, library preparation proce-
dure, and sequencing lane composition for each gene prior to
the main analyses (supplementary fig. S1B, Supplementary
Material online and supplementary table S1, Supplementary
Material online). Year of sampling, which significantly corre-
lated with library preparation procedure (Pearson correlation
r=0721,P=4853 x 10 ), was not significantly associated
with PC1-12 after regressing out the effect of library prepara-
tion (supplementary fig. S1B, Supplementary Material online).
For the subset of samples in which time of day of collection
was available (supplementary table S1, Supplementary
Material online), we did not detect a significant effect of
time of day on overall gene expression (supplementary fig.
S1, Supplementary Material online).

Linear Mixed Effects Models

For each gene, we modeled the fixed effects of age, sex, social
rank, and mange infection status on the residuals of the nor-
malized, log 2-transformed gene expression levels of the 25
samples using linear mixed models in gemma v.0.94 (Zhou
and Stephens 2012) as done previously (Tung et al. 2012). To
fit a random effect controlling for kinship, we calculated pair-
wise relatedness between individuals using the triadic maxi-
mum likelihood approach in Coancestry (Wang 2011), based
on genotypes obtained from 24 microsatellite loci (supple
mentary table S5, Supplementary Material online). Allele fre-
quencies for the 24 markers were estimated using a compre-
hensive data set of 371 YNP gray wolves (vonHoldt et al. 2008,
2010; vonHoldt BM, unpublished data).

All significance levels for the linear models were ad-
justed for multiple hypothesis testing using the Q value
method in R (Storey and Tibshirani 2003), with the null
distribution constructed based on 100 random permuta-
tions. Because of the difficulty of obtaining samples from
animals in the wild for RNA analyses, our sample size
limited the statistical power of the linear model analysis.
Therefore, we set a relatively liberal FDR threshold of 0.2
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to identify candidate genes associated with rank, age, sex,
and mange. The FDR threshold of 0.2 corresponded to a
minimum detectably significant FD of approximately
2.2% for age and approximately 7.8% for sex (supplemen
tary table S2, Supplementary Material online). Q values of
all genes meeting the 0.2 FDR threshold are presented in
supplementary table S2, Supplementary Material online.

GO Analysis

To assess which biological functions were significantly en-
riched in the genes affected by our variables of interest (de-
fined as genes associated at Q value < 0.2), we used G:PrRoFILER
(Reimand et al. 2007) based on the Canis familiaris gene an-
notation (Ensembl 79). Queries were composed of genes up-
or down-regulated with each variable of interest and the
background set included all genes tested in our analysis
(N =13,558). We set the minimal overlap between the GO
term and the query, as well as the minimal number of genes
within a functional category, to 3. All GO analyses were cor-
rected for multiple testing using the Benjamini—Hochberg
FDR method (Benjamini and Hochberg 1995).

Differential White Blood Cell Counts

To assess the impacts of age, rank, mange, and sex on the
relative abundance of lymphocytes, neutrophils, monocytes,
basophils, and eosinophils, blood smears were prepared for
eleven of the 27 individuals during the collection of PAXgene-
preserved blood (supplementary table S6, Supplementary
Material online). Subsequently, the histological slides were
fixed and stained according to standard procedures (i.e, fix-
ation using the methanol and staining according to the
Wright-Giemsa method). White blood cell (WBC) differen-
tials were determined by quantifying the abundance of
lymphocytes, neutrophils, monocytes, basophils, and
eosinophils relative to a total number of white cells fixed at
Niotal wec = 100. WBC counts were calculated as the average
of two replicated slides. For each WBC type, counts were
correlated in a linear model with each explanatory variable
(age, sex, rank, or mange). No significant result was obtained.
Therefore, we assessed effects of age on cell population with
TRA (Powell et al. 2013), which is more sensitive to small
differences in cell prevalence than blood smear cell counts
because TRA assesses gene expression of multiple cell
markers.

TOA and TRA

TOA was used to assess the extent to which differentially
expressed genes were predominately characteristic of one
or more subtypes of circulating leukocytes (Cole et al.
2011). Differential expression for TOA was defined by the
FD, with differentially expressed genes defined by <0.90
and >1.10 FD per year of age. Thresholds of FD were selected
to achieve the largest biological effect size possible while still
yielding an input list with at least 50 differentially expressed
genes. TRA was used to assess the prevalence of cell-type-
specific RNAs (Powell et al. 2013) identified a priori based on
highly cell-type-diagnostic transcripts in humans (Cole et al.
2011; Powell et al. 2013).
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Supplementary Material

Supplementary figures ST and S2 and tables S1-S6 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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Figure 2-S1. Statistical significance of simple linear regression between each of the first twelve
PCs of the expression data and variables that could potentially structure the data. Except for time
of day, which represents a subset of 16 samples for which time of day of collection was
available, all plots represent results from the dataset of 25 wolves. (A) Significance values before
regression of any variables. (B) Significance values after regressing out sequencing core, RNA

purification method, and lane composition.
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Figure 2-S2. Distribution of ages (years) for the 25 wolves included in the analyses.
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Marker

name Chromosome Repeat type Reference

J. Halverson in (Neff et al.,
PEZ5 cfal2 Tetra- 1999)

J. Halverson in (Neff et al.,
PEZS cfal7 Tetra- 1999)

J. Halverson in (Neff et al.,
PEZ19 cfa20 Tetra- 1999)
FH2001 cfa23 Tetra- Francisco et al. 1996
FH2004 cfall Tetra- Francisco et al. 1996
FH2010 cfa24 Tetra- Francisco et al. 1996
FH2054 cfal2 Tetra- Francisco et al. 1996
FH2088 cfals Tetra- Francisco et al. 1996
FH2137  cfa9 Tetra- Francisco et al. 1996
FH2324  cfa25 Tetra- (Mellersh et al., 1997)
FH2611  cfa36 Tetra- (Guyon et al., 2003)
FH2658  cfal4 Tetra- (Guyon et al., 2003)
FH2670  cfal6 Tetra- (Guyon et al., 2003)
FH2766  cfa38 Di- (Guyon et al., 2003)
FH2785  cfa28 Di- (Guyon et al., 2003)
FH2790  cfa33 Di- (Guyon et al., 2003)
FH2869  cfal?7 Di- (Guyon et al., 2003)
FH2914  cfa2l Di- (Guyon et al., 2003)
FH3047  cfal?7 Di- (Guyon et al., 2003)
FH3398  cfa2l Tetra- (Guyon et al., 2003)
FH3399  cfa38 Tetra- (Guyon et al., 2003)
FH3725  cfal4 Tetra- (Guyon et al., 2003)
FH3853  cfa22 Tetra- (Guyon et al., 2003)
FH3965  cfa2 Tetra- (Guyon et al., 2003)

Table 2-S5. Microsatellite loci to control for relatedness. The twenty-four microsatellite loci,
originally isolated in domestic dog and previously tested on the North American gray wolf
((vonHoldt et al., 2008; vonHoldt et al., 2010), that were used to control for relatedness among
individuals using the triadic Maximum Likelihood (TrioML) approach implemented in
COANCESTRY (Wang, 2011).
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Animal ID Eosinophil Basophil Neutrophil Lymphocyte Monocyte
471F 2 1.5 50.5 45 1
712M 1 1 89 6.5 2.5

sw763M 1 1 81.5 10.5 6
775M 1 0 80 18 1
77TM 2 0 63 30 5
778M 1 1 87 8 3
779F 1 1 72 22 4
818F 1 0 87 9 3
819F 4.5 0.5 84.5 7 3.5
869M 4 1.5 71 20 3.5
870F 1.5 0.5 85 11.5 1.5

Table 2-S6. White blood cell counts of eleven Yellowstone National Park wolves.
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CHAPTER 3

POPULATION-BASED CELL ASSAYS FOR STUDYING GENE FUNCTION IN THE

NORTH AMERICAN GRAY WOLF
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Abstract

Cell culture methods are amenable to a diversity of approaches for testing the effects of genetic
variation on phenotype. However, these methods have not been widely adopted in evolutionary
biology, despite their potential usefulness for understanding functional effects of genetic variants
in natural populations. In North American gray wolves, a segregating allele containing a codon
deletion in the canine beta defensin 3 (CBD103) gene confers dominantly inherited black coat
color by altering binding affinity of the beta defensin 3 protein to melanocortin 1 receptor
(MCI1R). This mutation has been associated with low annual survival in the homozygous state
but with high survival in heterozygotes, independent of coat color. Given the known antiviral
properties of the beta defensin 3 peptide, we hypothesized that the segregating CBD 103 deletion
not only impacts coat color, but also impacts antiviral activity of the peptide or binding affinity
to other cellular receptors. To evaluate the allele-specific function of CBD103 in a tissue where
the gene is highly expressed, we optimized keratinocyte culture methods for field conditions to
establish a population-level panel of keratinocyte lines from wild gray wolves. We established
keratinocyte cell lines from 24 wild wolves, representing 14 wildtype wolves and 10 wolves
heterozygous for the CBD103 mutation. Further, to experimentally test the effects of the
mutation, we utilized CRISPR/Cas9 gene editing of a single wildtype cell line to construct cell
lines heterozygous and homozygous for the mutation. To evaluate the cellular response to
microbial infection, we infected keratinocytes with synthetic antigens as well as live canine
distemper virus (CDV), a highly contagious pathogen in carnivores known to have had multiple
outbreaks in North American gray wolves. Keratinocytes exhibited gene expression responses to
immune challenge, but did not show significant expression differences with CBD103 genotype,

suggesting that the effect of CBD103 genotype on survival is not mediated by impacts on gene
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regulation within keratinocytes. This study describes methods for establishing keratinocytes from
wild mammals and highlights the utility of in vitro methods for evaluating genetic variants in

natural populations.
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Introduction

Understanding functional effects of genetic variants in populations is a fundamental goal
in evolutionary biology. However, studies that reveal causal connections between genetic
variation and phenotype in wild populations are rare (Feder and Mitchell-Olds, 2003). Although
high-throughput sequencing has allowed forward genetics methods to be applied to this endeavor
(beginning with a phenotype of interest and identifying the genes underlying them)
(Stinchcombe and Hoekstra, 2008), forward genetic approaches are limited in that they result
only in associations between genotype and phenotype. In contrast, reverse genetic approaches, in
which genetic manipulations are utilized, can causally connect a genetic variant to phenotype
(Feder and Mitchell-Olds, 2003). However, the resources required to perform genetic
manipulations on individuals, as well as logistical and ethical considerations, make this method
infeasible for many non-model species. One way to circumvent this challenge is to utilize
transgenic model systems to study organismal-level effects of genetic variants (e.g. transgenic
mice) (Abzhanov et al., 2008; Bedford and Hoekstra, 2015). However, divergence between the
species of interest and model species can constrain this possibility or limit functional
interpretation of results (Abzhanov et al., 2008). Another approach is to decompose the
candidate organismal-level trait into lower levels (e.g., cellular level), and experimentally test
effects of genetic variants. This can be a potentially robust approach, as it permits utilization of
the expansive toolkit for in vitro methods widely used in model systems, such as genetic
manipulations (e.g., CRISPR/Cas9) (Chen et al., 2014) as well as experimental treatments (e.g.,
immunostimulants). Establishment of cell lines from wild populations may thus be highly

amenable to functional genomic studies of ecologically relevant traits in diverse species.
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The functional traits that can be studied using cell lines are limited to traits that can be
functionally decomposed to the cellular level, and to tissue types available to investigators.
Further, because cells have to be kept viable from the moment of collection, not all cell-types
will be amenable to collection under field conditions. The immune system is a fundamental
determinant of animal survival and fitness (Lochmiller and Deerenberg, 2000), and immune-
related traits can be parsed to the cellular level. Further, tissues comprised of immune-related
cells, namely blood and skin, are often readily available when working with non-model species.
Blood contains the cell types central to the immune system and is commonly collected from
animals in the field. However, many blood cell-types have short lifespans and gene expression
profiles that are highly sensitive to storage conditions (Tanner ef al., 2002), requiring rapid
processing of samples that may not be feasible for non-model systems. In contrast, fibroblasts,
the predominant cells in connective tissue, are amenable to sampling under field conditions (e.g.,
can be refrigerated for a week before processing) (Tovar et al., 2008), and methods to establish
primary fibroblast lines from the dermal layer of skin biopsies of hundreds of non-model species
have long been established (Benirschke, 1984). Notably, in addition to being an important cell in
tissue repair, fibroblasts can be used to establish induced pluripotent stem cells (Takahashi et al.,
2007; Ben-Nun et al., 2011; Ramaswamy et al., 2015). Keratinocytes can also be cultured from
skin, and, as the principal cell type of the epidermis, form a critical barrier between an organism
and the environment, imparting a first line of defense against pathogens (Lebre et al., 2007). In
addition to forming a physical barrier, keratinocytes produce antimicrobial peptides such as
defensins (Wilson et al., 2013) to directly kill microbes, as well as express multiple cytokines
and chemokines in response to infection to recruit leukocytes to areas of invasion (Lebre et al.,

2007). These functions of keratinocytes may be critical in containing infection of pathogens
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known to have devastating impacts on natural animal populations, such as white-nose syndrome
in bats (Field et al., 2015) and chytrid fungus in amphibians (Rosenblum et al., 2012). Thus,
primary culture of keratinocytes promises to serve as a particularly useful approach for
functionally studying immune responses of wild populations to infectious pathogens.

The objectives of the study were to develop methods to establish a population-level panel
of primary keratinocyte cell lines of the North American gray wolf (Canis lupus)and to use this
system to evaluate the allele-specific functions of Canine -defensin 3 (encoded by CBD103,
also called K locus; homologous to human DEFB103) (Candille et al., 2007), an antimicrobial
peptide involved in the immune system (Leonard et al., 2012). North American gray wolves are
prone to a diversity of infectious diseases including canine distemper virus (CDV), canine
parvovirus, and canine adenovirus-1 (Almberg et al., 2009). Within North American gray
wolves, CBD103 is polymorphic, with an estimated 38% of individuals carrying a three base-pair
(bp) in-frame deletion (called the K” allele) that increases binding affinity of the CBD103 protein
to melanocortin 1 receptor (encoded by Mclr), conferring black coat color (Anderson et al.,
2009; Coulson ef al., 2011). Notably, homozygotes for the K” allele (K*?) have dramatically
lower mean lifetime reproductive success and annual survival rate than heterozygotes (K>),
despite both mutant genotypes conferring black coat color (Coulson et al., 2011). Thus, the
difference in annual survival between homozygotes and heterozygotes is likely independent of
coat coloration. Individuals with the K genotype also have higher fitness than wildtype
individuals (K””), explaining the preservation of the derived allele in natural populations
(Coulson et al., 2011; Stahler et al., 2013). In humans, HBD?3 (the protein product of DEFB103,
the homolog to CBD103) is known to have direct antibacterial and antiviral properties (reviewed

in (Wilson et al., 2013); (Garcia et al., 2001; Harder et al., 2001). For example, HBD3 inhibits

42



herpes simplex virus (HSV) infection by deterring binding and entry of HSV (Hazrati et al.,
2006), and inhibits human immunodeficiency virus (Shively and Clarkson) replication via direct
binding with virions (Quifiones-Mateu et al., 2003). Therefore, we hypothesized that the protein
encoded by CBD103 also has antiviral roles, and that the antiviral functions of the protein, or
binding affinity of the protein to other receptors, is altered by the three bp deletion.

To test this hypothesis, we established keratinocyte cell lines from 24 wild wolves,
representing 14 wolves wildtype for CBD103 and 10 wolves heterozygous for the deletion allele.
Additionally, from a single wildtype wolf, we utilized CRISPR/Cas9 gene editing to produce one
keratinocyte line heterozygous, and one line homozygous, for the deletion allele. To evaluate the
utility of keratinocytes for studying the innate immune system, we used RNA-Seq data to
compare expression of immune-related genes in wolf primary keratinocytes, primary fibroblasts,
and whole blood. We then used rt-qPCR to assess responsiveness of wolf keratinocytes to
different antigens and RNA-Seq to evaluate the response to polyinosinic:polycytidylic acid
(poly:IC), a synthetic antigen simulating dsSRNA virus, to assess the immune response to
simulated viral infection. Finally, to evaluate the response of keratinocytes to viral infection in a
more ecologically relevant context, we assessed wolf keratinocyte responses to infection by live
canine distemper virus (CDV; belongs to the Morbillivirus genus, which also includes measles).
Canine distemper is a highly contagious disease in carnivores worldwide, with susceptibility in
both marine and terrestrial species and with fatality rates in domestic dogs second only to rabies
(Appel and Summers, 1995; Barrett, 1999; Deem et al., 2000), and with known outbreaks in
North American gray wolves which have been associated with substantial mortality in wolf-pups

(Almberg et al., 2009).
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Materials and Methods
Tissue collection

Because the date of availability of animals for sample collection was unpredictable, we
pre-prepared medium nutrients in single sample aliquots, called “MEFcubes”, which were stored
frozen until use (comprised of 1 ml bovine calf serum [BCS; Hyclone, Utah, USA], 0.1 ml L-
glutamine [Gibco, Thermo Fisher Scientific, Massachusetts, USA ], 20 ul Primocin antibiotic
[Invivogen, California, USA], and 252 ul 1M HEPES buffer [Gibco]; MEFcubes were stored
frozen up to 1 year). We also pre-prepared and refrigerated aliquots of 9 ml Dulbecco’s Modified
Eagle’s Medium [DMEM; Gibco] in 15 ml conical tubes (up to 1 year refrigeration). 0 - 3 days
prior to tissue collection, medium was prepared for each sample by thawing a “MEFcube” and
transferring it to a 15 ml tube containing 9 ml DMEM. Each animal was anaesthetized and a 6
mm skin biopsy was collected following US national guidelines by the National Park Service and
by the Idaho Department of Fish and Game. Upon collection, each 6 mm skin biopsy was
immediately transferred to a 15 ml tube of collection medium and kept in a chilled cooler during
the day of fieldwork (Tovar ef al., 2008). To reduce space of required reagents in the field, a
subset of biopsies were collected into 1 ml aliquots of collection medium (in 1.7 ml eppendorf
tubes) during field work and transferred to 15 ml tubes containing 10 ml collection medium at
the end of the field day. Samples were transferred to a refrigerator until shipment. Samples were
wrapped in paper towels to prevent direct contact with ice and overnight shipped to UCLA with
ice.
Keratinocyte and fibroblast culture

Working in a sterile environment (i.e., biosafety class II cabinet), each skin biopsy was

transferred to a p100 Petri dish with 50 ul collection medium. The biopsy was then minced into
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ca. 0.5 mm pieces using curved iris scissors and evenly dispersed across the dish. A small drop
of medium (ca. 20 ul) was placed around each skin piece, and 2-3 ml media was added to the rim
of the dish. Samples were then incubated at 37° C under 5% CO; and atmospheric oxygen levels.
Medium was changed every 2-3 days.

To optimize keratinocyte cell growth of initial plating, four biopsies were each split into
two p60 Petri dishes. Two biopsies were fed FAD medium (1:1 DMEM:F12 base media [Gibco]
+ 5% BCS + 0.4 ug/ml hydrocortisone + 10 ng/ml epidermal growth factor (EGF) + 1%
Penicillin-Streptomycin [Gibco]), and two biopsies were fed M199/M 106 medium (1:1
M199:M106 [Gibco] + 15% BCS + 10 ng/ml EGF + 0.4 ug/ml hydrocortisone + 1% penicillin-
streptomycin). After two days incubation, 10 uM ROCK inhibitor Y-27632 (hereafter referred to
as RI; Cayman Chemical, Ann Arbor, MI) was added to one p60 of each of the paired samples.
We then quantified the number of skin pieces with keratinocyte colonies after 4 days of
incubation. All images were taken using an AxioCamMRm camera (Zeiss).

To separate fibroblasts from keratinocytes after initial plating (ca. 1 week post-plating),
dishes were first washed once with phosphate buffer solution (PBS; Gibco). 1 ml 0.25% trypsin-
EDTA (Gibco) was then added to each well and quickly pipetted up and down 3-5 times, which
detached fibroblasts but not keratinocytes. The trypsin (containing fibroblasts) was then
transferred to a 15 ml tube containing 1 ml DMEM + 10% BCS. The dish was then quickly
washed two times with PBS to remove residual fibroblasts and incubated with 1 ml 0.25%
trypsin at 37° C for 5-10 minutes to detach keratinocytes for cell passage. After this initial
separation, selective growth of each cell type was performed using cell type-specific medium and

through selective aspiration.
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Fibroblasts were grown on M199/M106 medium (1:1 M199:M106 + 15% BCS + 10
ng/ml EGF + 0.4 ug/ml hydrocortisone + 1% Penicillin-Streptomycin). To optimize medium for
keratinocyte growth beyond initial plating, we compared keratinocyte growth rate of two cell
lines (wildtype 16361 and heterozygote 16366) on three formulas of medium: KSFM
(Keratinocyte serum-free medium [Gibco] + 25 pg/ml bovine pituitary extract [BPE; Gibco] +
0.4 mM CaCl; + 0.2 ng/ml EGF + 1% Penicillin-Streptomycin), FAD medium, and M199/M106
medium (same medium formulas as described for initial plating). We also tested the effect of
including 10 uM RI in the medium and the effect of plating keratinocytes on a feeder layer of
3T3 cells, which is a mouse embryonic fibroblast line (Todaro and Green, 1963) found to
improve growth of human epidermal keratinocytes (Rheinwald and Green, 1975). This resulted
in 12 growth treatments. To quantify cell growth rate, we plated keratinocytes at 5,000 cells per
well of a 6-well plate for each treatment, and quantified the final number of cells after five days
of incubation.

Cells were cryopreserved in DMEM/F12 + 10% BCS + 10% dimethyl sulfoxide (DMSO;
Sigma) by transferring tubes to a room temperature Mr. Frosty Freezing Container (Thermo
Scientific) which was placed in a -80° C freezer overnight. Tubes were then transferred to a
liquid nitrogen freezer for storage.

Generation of K and K®® keratinocyte lines using CRISPR/Cas9

Immortalization of wildtype cells and generation of K*

and K®® cells were performed by
Applied Stem Cell, Inc. Keratinocytes from a single wildtype (K*”) individual (animal 15071;
Table S1) were first immortalized using lentivirus expressing simian virus 40 (SV40) large T

antigen. To generate cells carrying the 3 bp mutation in CBD103, the following guide RNA

(gRNA) sequence was selected based on proximity to the target 3 bp deletion:
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CCTGCAGAGGTATTATTGCAGA. To prevent the gRNA/Cas9 complex from recognizing
and cutting sequence after the single-stranded donor oligonucleotide (ssODN) was used as repair
template, a silent single nucleotide polymorphism (SNP), corresponding to the first bp of the
gRNA, was incorporated into the ssODN (C to T). To genotype clones for the 3 bp mutation, the
following primers were developed to amplify a 298 bp region containing the 3 bp CBD103
deletion and two TspE-1 digestion sites: forward 5'-
GTGAGGTGTACAATGAGGATTATAACTGAACTCC, reverse 5'-
GGAAGAACAGCGGCCTATCTGC. TspE-1 digestion of wildtype PCR product yielded three
fragments of lengths 112 bp, 103 bp, and 83 bp, whereas TspE-1 digestion of PCR product
containing the 3 bp mutation yielded two fragments of lengths 112 bp and 183 bp. Tentative
clones carrying the 3 bp deletion were confirmed with Sanger sequencing.
Cell challenges with synthetic antigens

Two keratinocyte lines were used to evaluate the response of cells to a panel of antigens
(from animals 15071 and 890M; Table S1). Cells were plated at 1.5x10" cells per well of a 12-
well plate on a 3T3 feeder layer with FAD + 10 uM RI. When cells were at ca. 30% confluence,
they were switched to a low-serum medium (FAD + 0.5% BCS) without RI and incubated for 24
hours. Cells were then treated with each of the following antigens for 24 hours: 40 ug/ml
lipopolysaccharide (LPS; Sigma-Aldrich), 20 ug/ml Gardiquimod (Invivogen), 1 ug/ml poly:IC
(Sigma-Aldrich), 400 ng/ml human IFN-gamma (PeproTech), and 40 ug/ml LPS + 400 ng/ml
IFN-gamma. Non-challenged control wells were collected at time 0. Wells were quickly washed
once with 0.25% trypsin (by pipetting up and down 3 times) and twice with PBS to remove 3T3

cells before collecting keratinocytes into 1 ml Trizol (Invitrogen, California, USA).
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To more comprehensively assess the keratinocyte response to virus, we challenged all 24
wolf keratinocyte lines with 1 ug/ml poly:IC. Matched control (non-challenged) and challenged
cells were collected into Trizol after 24 hours. Details of the samples used for poly:IC challenge
across 24 keratinocyte lines are provided in Table 3-S1.

Cell challenges with live CDV

CDV experiments were performed with CDV 5804PEH-eGFP, a recombinant wild-type
CDV that expresses green fluorescent protein (GFP), which was kindly provided by Dr.
Veronika von Messling (Von Messling et al., 2004). CDV was propagated in VerodogSLAMtag
cells (Von Messling et al., 2004), and TCIDs/cell was calculated following the Spearman-
Kérber method (Finney, 1952) on VerodogSLAMtag cells. Keratinocytes were plated in
duplicate on 24-well plates at 8x10* cells/well in FAD + 5% BCS + RI, without feeder cells.
After 24 hours incubation, the medium was changed to FAD + 0.5% BCS. After an additional 24
hours, cells were infected at an MOI of 20 TCIDs¢/ml or 100 TCIDso/ml. At various time points
(0 — 5 days post-infection), cells were collected in 1 ml Trizol for RNA preservation.

RNA extraction and processing

Total RNA was extracted from keratinocytes using the Trizol Plus RNA Purification Kit
with DNAse treatment using the Ambion RNAse-Free DNAse Set and column cleanup with the
PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA USA). For quantitative RT-PCR (rt-qPCR),
complimentary DNA (cDNA) was synthesized using SuperScript II Reverse Transcriptase
(ThermoFisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions. The
cDNA products were then purified using the QIAquick PCR Purification Kit (Qiagen, Valencia,
CA, USA). Rt-qPCR reactions were performed on cDNA representing 20 ng total RNA (based

on nanodrop quantification of RNA) using LightCycler 480 SYBR Green Master (Roche,
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Switzerland) with 10 ul reaction volumes. The following primer sets (developed by Real Time
Primers, Elkins Park, PA, USA) were used: ACTB: forward 5°-
ATGCAGAAGGAGATCACTGC, reverse 5’-CTGCGCAAGTTAGGTTTTGT; CXCL10:
forward 5’-AGATGATTCCTGCAAGTCCA, reverse 5’-CCCCACTCTTTTTCATTGTG;
CCL5: forward 5°-GCAGTCAGGAAGGAGATCAA, reverse 5°-
GCAGCGAGAATTTTAATGGA. The following program was used on the LightCycler 480
Instrument for all rt-qPCR reactions: 95°C for 5 min; 45 cycles of 95°C (10 sec); 58°C (45 sec);
subsequent melting curve that ramps the temperature from 72°C to 95°C in increments of
0.1°C/sec. rt-qPCR values were standardized to the expression level of ACTB. For RNA-Seq,
quality of RNA from all 48 samples were assessed with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). The average RNA integrity number (RIN) across the 48
samples was 9.83, with the lowest RIN of 7.5 (Table S1). cDNA libraries were generated with
the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA) following the
manufacturer’s instructions but with half the volume of all reagents. cDNA libraries were
indexed and pooled at 12 samples per lane and sequenced as 100 basepair single-end reads on the
[lumina HiSeq 4000 at the Vincent J. Coates Genomics Sequencing Laboratory at UC Berkeley.
Technical details of the 48 samples are provided in Table 3-S1.
RNA-Seq gene expression quantification

To compare expression levels of toll receptors and beta defensins across tissues, we
quantified transcriptome-wide gene expression of keratinocytes and compared these values to
previously published gene expression data of blood and fibroblasts of gray wolves (Charruau et
al., 2016). For keratinocyte RNA-Seq data, reads were trimmed with Trim Galore (Krueger,

2015) to remove adapters (read ends with 1 or more basepairs matching adapter sequence) and
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basepairs with Phred score < 20 at the ends of reads. We used Tophat2 (Kim et al., 2013) to map
reads to the dog genome available from ensembl (Canis familiaris, version 3.1, downloaded
September 24, 2016). The following parameters were used for mapping reads: read-mismatches
12, read-gap-length 3, read-edit-dist 12, b2-very-sensitive, b2-N 1. Only reads that mapped
uniquely were kept for downstream analyses. HT-Seq (Anders et al., 2014) with the “union”
mode was used to quantify gene expression levels. After quantifying read counts, only protein-
coding genes which exhibited at least 100 read counts in at least 25% of samples were included.
Sample outliers were detected using the Z.k, score (Horvath, 2011) in the WGCNA (Langfelder
and Horvath, 2008) R package. Control (non-challenged) sample 14387 was identified as an
outlier because its Z.k, score was greater than the cutoff of 3, and therefore removed from further
analyses.
RNA-Seq Analyses

RNA batch group (correlated with principal components [PC] 2, 5, and 6 of the overall
gene expression data) and cDNA yield of cDNA library preparations (correlated with PC 2 of the
overall expression data) were regressed as variables from the gene expression data. We used the
package EMMREML (Akdemir and Godfrey, 2014) to model the resulting residuals of the gene
expression data. Individual, as well as pairwise relatedness between individuals, were included
as random effects. Relatedness was estimated based on previously described microsatellites
(Charruau et al., 2016) using the Lynch and Ritland estimator (Lynch and Ritland, 1999) in
GenAlEx (Peakall and Smouse, 2006). CBD103 genotype and poly:IC treatment were included
as fixed effects. We calculated false discovery rates using R scripts kindly provided by Dr. Noah

Snyder-Mackler (Snyder-Mackler et al., 2016), which constructs the empirical null distribution

50



of p-values based on 100 permutations of each variable of interest (here, CBD103 genotype and

poly:IC treatment).

51



Results
Primary culture of keratinocytes

We first tested different media during initial plating and during subsequent passages to
optimize conditions for growth of wolf keratinocytes. Skin biopsies that were plated on FAD
medium and switched to FAD + RI two days post-plating showed increased numbers of
keratinocyte colonies (Figure 3-S1), more keratinocytes per colony (Figure 3-S2), and healthier
keratinocytes (as visualized by colony size and cell morphology; Figure 3-S2) compared to skin
biopsies plated on FAD medium alone, M199/M106 medium, or M199/M106 + RI. Upon
subsequent passages, keratinocyte health and proliferation rates were greatest when grown in
FAD + RI with a feeder layer compared to all other conditions tested (Figures 3-S3 and 3-S4).
We therefore used FAD + RI with a feeder layer for culturing keratinocytes from all subsequent
samples, resulting in establishment of primary keratinocytes from 24 gray wolves (Table 3-S1).
Keratinocyte lifespan (in FAD with a feeder layer) was estimated from a single wildtype wolf
(animal 15071), which produced 27.8 cell population doublings over the course of 57 days
(Figure 3-S5).
Gene expression of toll receptors and beta defensins

To infer the stimuli that keratinocytes can potentially respond to, we evaluated expression
of toll receptors in wolf keratinocytes relative to expression in whole blood and fibroblasts
(Figure 3-1A). Keratinocytes exhibited expression of toll-receptors 1, 2, 3, 5, 6, 7, and 9, but not
8 or 10 (Figure 3-1A). Expression levels of all toll receptors were lower in keratinocytes than in
blood except for TLR3, which recognizes viral double-stranded RNA, and TLRS5, which

recognizes bacterial flegellin (reviewed in (Gay and Gangloff, 2007)).
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We also evaluated gene expression of beta defensins, which are antimicrobial peptides
involved in the innate immune system (Selsted and Ouellette, 2005). All beta defensins evaluated
(CBD1, CBD102, CBD103, CBD105,CBDI111, CBDI116, CBD118, CBD121, CBD122,
CBDI123,CBDI124, CBD125, CBDI127, CBD128, CBD129) exhibited low expression levels in
blood and non-detectable to low levels of expression in keratinocytes and fibroblasts, except for
one gene, CBD103 (Figure 3-1B), which exhibited high expression levels in keratinocytes.
Response of keratinocytes to immune challenge

To assess the response of wolf keratinocytes to different antigens, we measured
keratinocyte expression levels of two chemokines, CXCLI0 and CCLS5, upon challenge with each
of five antigen treatments for 24 hours: poly:IC (TLR3 agonist that mimics viral dsSRNA),
Gardiquimod (agonist of TLR7, which recognizes viral ssRNA), lipopolysaccharide (LPS; TLR4
agonist), human IFNY (immunostimulatory cytokine), and LPS + human IFNY'. Keratinocytes
exhibited strong expression responses of CXCL1(0 and CCL) to poly:IC, but not to the other
treatments tested (Figure 3-2).

Transcriptome-wide gene expression across CBD103 genotypes

Given potential unknown effects of the K” allele on binding affinity or antiviral activity
of the CBD103 protein, we performed transcriptome-wide analyses of wildtype (K**) and
naturally heterozygous (K™) keratinocytes under baseline conditions and in response to
simulated viral infection with poly:IC. Transcriptome-wide gene expression analyses revealed
extensive expression responses to challenge with poly:IC, with poly:IC treatment significantly
correlated with the first PC of overall expression variation across samples (p < 10'’; Figure 3-
S6). A total of 3,314 genes exhibited significant up-regulation, and 3,608 genes exhibited

significant down-regulation, in response to poly:IC (FDR < 0.05; Table 3-S2). We did not detect
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significant gene expression differences with CBD 103 genotype in non-challenged or poly:IC
challenged keratinocytes.
Response of keratinocytes to CDV

To assess genotype specific responses to a virus existing naturally in wolves, we
evaluated the susceptibility and response of keratinocytes to infection with the GFP expressing
wild-type 5804P¢eH strain of live canine distemper virus (CDV) (Von Messling et al., 2004).
Both wildtype (K*”) and natural heterozygous (K™) keratinocytes, as well as the CRISPR/Cas9
generated heterozygous and homozygous (K*?) cell lines, exhibited susceptibility to CDV
infection, as visually evident by GFP expression in cells 3 — 5 days post-infection (Figures 3-3
and Figure 3-S7). Gene expression analysis of a wildtype cell line (15071) over the course of
five days post-infection indicated increased expression of chemokines CXCL0 and CCLS5 in
response to CDV, with CXCL 0 exhibiting peak gene expression levels four days post-infection
and CCLJ5 exhibiting peak expression two and three days post-infection (Figure 3-4 A,B). We
then compared gene expression of CXCL10 and CCL5 between three wildtype and three
heterozygous keratinocyte lines (Figure 3-4 C,D) at five days post-infection. We did not detect a
significant difference in gene expression between genotypes (Welch’s t-test; CXCL10: mean K
1.64, mean K*”: 2.61, N= 6, df = 3.99, P = 0.562; CCL5: mean K»: 3.26, mean K’*: 2.71, N= 6,

df=2.97, P=0.618).
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Discussion

We established primary keratinocyte culture from 24 wild wolves, supporting the
feasibility to utilize population-level keratinocyte lines for functional studies of non-model
species. We detected expression of toll-receptors 1, 2, 3, 5, 6, 7, and 9 in wolf keratinocytes,
suggesting that this cell-type is amenable to experimental challenge with diverse antigens.
Consistent with this finding, we detected increased expression of CXCL10 and CCL5 in response
to challenge with poly:IC and with live CDV. Further, keratinocytes heterozygous and
homozygous for the CBD103 deletion were successfully generated using CRISPR/Cas9
technology, exemplifying the potential of in vitro reverse genetic techniques to experimentally
test gene function in cells of non-model species.

Given that the K” allele is thought to alter binding affinity of CBD103 to MCIR
(Candille et al., 2007), we hypothesized that the K” allele may alter the binding affinity of
CBD103 to other receptors, potentially resulting in gene expression changes in other signaling
pathways. However, transcriptome-wide analyses of non-challenged K*” and K* keratinocytes
did not reveal significant gene expression differences with CBD103 genotype, suggesting that
the K” allele does not lead to strong signaling changes within keratinocytes. Likewise,
keratinocytes did not exhibit detectable expression differences between CBD103 genotype when
challenged with poly:IC or CDV. These results suggest that CBD103 genotype does not impact
intracellular signaling of keratinocytes during immune challenge. However, there are other
mechanisms by which CBD103 genotype may impact immunity. First, given the direct
interactions of beta defensin 3 with bacteria and virus (Garcia et al., 2001; Harder et al., 2001;
Wilson et al., 2013), the codon deletion in the K” allele may reduce the binding affinity of the

protein to bacteria or virus, ultimately leading to reduced numbers of viable bacteria or virus
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entering cells. This could be tested by measuring bacterial or viral titers of infected K, K, and
K”? cell lines through time. Additionally, the antiviral activity of beta defensin 3 may only be
evident, or may be more pronounced, in medium with low salt concentrations more similar to the
environment of the oral cavity, as has been observed for human beta defensin 3 (Quifiones-
Mateu et al., 2003). Such low salt concentrations were not feasible for our experiments (as these
conditions would be lethal to keratinocytes). However, this could potentially be addressed using
epithelial cells established from the oral cavity or by incubating the virus with beta defensin 3
prior to cell infection (as done by Quifiones-Mateu et al., 2003). Finally, the effect of CBD103
genotype on fitness may be mediated by the response to pathogens not evaluated in this study,
such as canine parvovirus or canine adenovirus-1 (Almberg et al., 2009).

Primary culture of keratinocytes can potentially be applied to diverse species, as the
methods we used to culture primary wolf keratinocytes were originally developed for humans
(Rheinwald and Green, 1975; Rheinwald, 1989), and were also applied to establish primary
keratinocytes of a zebra finch (Taeniopygia guttata; results not shown). This approach could be
particularly useful for studying species vulnerable to cutaneous pathogens known to have
devastating impacts on wild populations, such as white-nose syndrome in bats (Field ef al.,
2015). The methods were also robust to variables that may be introduced due to field conditions.
For example, following the same protocols, we successfully established keratinocytes from
tongue biopsies collected from recently deceased wolves (< 48 hours post-mortem) that were
refrigerated in collection medium for up to ten days before they could be plated (results not
shown).

My approach could also be adapted for other cell types to study allele-specific effects of

genes identified to be under selection. For example, in North American gray wolves,
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nonsynonymous single nucleotide polymorphisms (SNPs) hypothesized to impact biological
processes including immunity, metabolism, and pigmentation show evidence of local adaptation
to distinct environments (Schweizer et al., 2016a; Schweizer et al., 2016b), and could be further
studied using cellular approaches. In particular, pigmentation has become a model phenotype for
understanding adaptation, and candidate loci potentially impacting pigmentation have been
identified in an array of species (Hoekstra, 2006; Hubbard et al., 2010). The cellular approaches
we describe here could be adapted for melanocyte culture (Costin et al., 2004) or melanocyte-
keratinocyte coculture (Lei ef al., 2002) to study effects of genetic variants on pigmentation
within the genomic background of the species of interest. Gene editing tools can be particularly
valuable for studies in which linkage disequilibrium is present or when a genotype of interest is
extremely rare in a wild population (as in the case of K*”, estimated to be at 2% frequency)
(Coulson et al., 2011).

Overall, our results suggest that the effects of CBD103 genotype on fitness in North
American gray wolves are not due to changes in gene expression within keratinocytes. Instead,
CBD103 genotype may have consequences on interactions of the secreted protein with microbes
outside the cell, which could be further evaluated using the cellular resources developed in this
research. More broadly, this study highlights the feasibility to establish population-level panels
of cells from non-model, wild animals to experimentally test effects of genetic variants

segregating in natural populations.
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Figure 3-1. Expression of toll receptors and canine beta defensins. Normalized gene expression
levels of toll receptors (A) and beta defensins (B) across keratinocytes (N = 24 cell lines),
keratinocytes challenged with poly:IC (N = 23), whole blood (N = 25), and fibroblasts (N = 6)

from wild gray wolves. Error bars represent the mean + standard error across samples.
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Figure 3-2. Gene expression response of wolf keratinocytes to immune challenge. Expression of
CXCLI10 (A) and CCL5 (B) in response to different antigens 24 hours post-exposure. Values
represent the average of two keratinocyte cell lines, a wildtype (15071 K”) and a heterozygous

(890M K™ cell line. Error bars represent the mean + standard error across the two cell lines.
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Figure 3-3. Infection of ildtype (K*”) and heterozygous (K™) wolf keratinocytes with canine
distemper virus five days post-infection. Keratinocytes were infected at an MOI of 20 or 100
TCIDso/cell. Fluorescence images were captured to visualize CDV (expressing GFP) and

overlaid on phase contrast images.
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Figure 3-4. Response of wolf keratinocytes to live canine distemper virus. (A, B) Gene
expression response of a single wildtype cell line (15071 k) to CDV at an MOI of 20
TCIDso/cell, 1-5 days post-infection relative to day 0. (C, D) Gene expression response of
wildtype (K, N = 3) and heterozygous (K*, N = 3) wolf keratinocytes to CDV at an MOI of 100
TCIDsg/cell, 5 days post-infection. Error bars represent the mean + standard error across

duplicates (A, B) and across cell lines (C, D).
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Figure 3-S1. Number of outgrowths of keratinocytes of a sample, six days after initial tissue
plating. Skin biopsies plated on FAD + RI showed higher numbers of keratinocyte outgrowths
compared to FAD medium alone, M199/M106 + RI, or M199/M 106 medium alone. Error bars
represent the mean + standard error across the two cell lines. See Materials and Methods for
complete media formulae.

62



992M, M/M + RI

P 4,

ing of minced
6 mm biopsies of wolf skin. Keratinocytes in FAD medium exhibited healthier morphology than
keratinocytes in M199/M106 (M/M) medium, and keratinocytes in FAD medium with rock
inhibitor (RI) exhibited healthy morphology as well as more rapid proliferation than the other
treatments. See Materials and Methods for complete media formulae.

63



KSFM+RI

FIM/M+feeder

Figure 3-S3. Keratinocytes from a single wolf (16361) grown in different media. Keratinocytes
were plated in parallel at 1x10 cells per well in keratinocyte serum-free medium (KSFM),
M199:M106 medium (M/M), or DMEM:F12 (FAD) medium with or without feeder cells or rock
inhibitor (RI) (see Materials and Methods for media formulas). Images were taken after 5 days of
growth. Whereas medium with or without rock inhibitor (RI) did not sustain keratinocyte
proliferation, the presence of feeder cells improved keratinocyte health and proliferation in M/M
and FAD media (feeders had low survival rate in KSFM), which was further improved with
addition of RI (see Figure S4 for corresponding cell counts).
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Figure 3-S4. Relative growth of wolf keratinocytes on different media. Keratinocytes were
plated at 5,000 cells per well and cultured with different media for five days. Error bars represent
standard errors of cells from two individual wolves (animals 16361 and 16366).
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Figure 3-S5. Number of population doublings of keratinocytes (KT) and fibroblasts (FB)
established from a single gray wolf (animal 15071). Keratinocytes reached 28 cell doublings
after 72 days of culture in FAD medium with feeder cells (without rock inhibitor), while
fibroblasts reached 28 cell doublings after 108 days of culture in M199/M106 medium. See
Materials and Methods for complete media formulae.
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Figure 3-S6. Statistical significance of linear regression between each of the first twelve PCs of
the RNA-Seq expression data and variables that could potentially structure the data. Significance
values before regression of any variables. Treatment with poly:IC (“Effect of treatment”) was
significantly correlated (P < 10"'°) with the first PC. RNA batch and ¢cDNA yield of library
preparations as measured by an an Agilent 2100 Bioanalyzer (“Effect of cDNA ng ul bio”)
were regressed from the data for gene expression analyses.
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Figure 3-S7. Infection of CRISPR/Cas9 edited cell lines with canine distemper virus (CDV).
Immortalized wildtype (K*) keratinocytes and CRISPR/Cas9 edited heterozygous (K*) and
homozygous (K**) wolf keratinocytes from a single wolf (animal 15071) infected with CDV,
five days post-infection. Keratinocytes were infected at an MOI of 100 TCIDs¢/cell.
Fluorescence images were captured to visualize CDV (expressing GFP) and overlaid on phase
contrast images.
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Animal | Age Sample Treatment | CBD103 RNA Sequence | RNA RIN | cDNA
ID (yrs) | origin (non- genotype | batch | lane 260/280 library
challenged | (0= K7, yield
or poly:IC) | 1= K®) (ng/ul)
1005F 1 Yellowstone | NC 1 3 4 2.06 10 229
1005F 1 Yellowstone | NC 1 3 4 2.07 10 237
1013M 2 Yellowstone | NC 0 4 4 2.02 8.3 219
1013M 2 Yellowstone | PIC 0 4 4 1.96 10 50
1014M 1 Yellowstone | NC 1 1 1 2.07 10 250
1014M 1 Yellowstone | PIC 1 1 1 2.05 10 132
14387 3.5 ID Dpt. F&G | PIC 0 1 4 2.07 10 165
15054 4.5 ID Dpt. F&G | NC 0 1 1 2.04 10 97
15054 4.5 ID Dpt. F&G | PIC 0 1 1 2.07 10 87
15062 1 ID Dpt. F&G | NC 0 2 2 2.1 10 229
15062 1 ID Dpt. F&G | PIC 0 2 2 2.1 10 229
15067 9.5 ID Dpt. F&G | NC 1 2 1 2.1 10 141
15067 9.5 ID Dpt. F&G | PIC 1 2 1 2.02 10 190
15070 5.5 ID Dpt. F&G | NC 0 1 3 2.05 10 366
15070 5.5 ID Dpt. F&G | PIC 0 1 3 2.05 10 199
15071 3.5 ID Dpt. F&G | NC 0 3 1 2.06 10 326
15071 3.5 ID Dpt. F&G | PIC 0 3 1 2.07 10 85
15072 7 ID Dpt. F&G | NC 0 2 1 2.13 10 304
15072 7 ID Dpt. F&G | PIC 0 2 1 2.05 10 494
16230 1 ID Dpt. F&G | NC 0 2 2 2.1 10 289
16230 1 ID Dpt. F&G | PIC 0 2 2 2.11 10 141
16235 9 ID Dpt. F&G | NC 0 4 2 2.02 10 121
16235 9 ID Dpt. F&G | PIC 0 4 2 1.98 10 102
16236 1 ID Dpt. F&G | NC 0 1 3 2.09 10 221
16236 1 ID Dpt. F&G | PIC 0 1 3 2.02 10 157
16240 10 ID Dpt. F&G | NC 0 3 3 2.11 10 174
16240 10 ID Dpt. F&G | PIC 0 3 3 2.11 10 132
16361 3.5 ID Dpt. F&G | NC 0 3 4 2 10 199
16361 3.5 ID Dpt. F&G | PIC 0 3 4 2.08 10 152
16366 5 ID Dpt. F&G | NC 1 3 2 2.04 10 176
16366 5 ID Dpt. F&G | PIC 1 3 2 2.02 10 100
16370 8 ID Dpt. F&G | NC 0 1 4 2.08 10 184
16370 8 ID Dpt. F&G | PIC 0 1 4 2.03 10 72
16371 1 ID Dpt. F&G | NC 1 4 3 2.04 10 71
16371 1 ID Dpt. F&G | PIC 1 4 3 2.02 8.4 58
821F 6.7 Yellowstone | NC 0 2 3 2.12 10 66
821F 6.7 Yellowstone | PIC 0 2 3 1.34 10 62
890M 4.6 Yellowstone | NC 1 4 1 2.03 9.9 36
890M 4.6 Yellowstone | PIC 1 4 1 1.95 9.7 37
910M 5.5 Yellowstone | NC 1 1 2 2.1 10 171
910M 5.5 Yellowstone | PIC 1 1 2 2.02 10 148
992M 6.6 Yellowstone | NC 1 3 3 2.06 10 66
992M 6.6 Yellowstone | PIC 1 3 3 2 10 56
993M 3.5 Yellowstone | NC 1 2 4 2.02 10 27
993M 3.5 Yellowstone | PIC 1 2 4 2.11 10 126
996M 0.6 Yellowstone | NC 1 4 2 1.94 8.4 95
996M 0.6 Yellowstone | PIC 1 4 2 2.02 7.5 86

Table 3-S1. Biological information of the 24 gray wolf keratinocyte lines, as well as
corresponding technical data for the 24 ¢cDNA libraries of non-challenged cells and 24 cDNA
libraries of cells challenged with poly:IC for RNA-Seq analyses.
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