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Abstract Polar bears in the Beaufort (SB) and Chukchi
(CS) Seas experience different environments due primarily
to a longer history of sea ice loss in the Beaufort Sea.
Ecological differences have been identified as a possible
reason for the generally poorer body condition and repro-
duction of Beaufort polar bears compared to those from the
Chukchi, but the influence of exposure to other stressors
remains unknown. We use molecular technology, quanti-
tative PCR, to identify gene transcription differences
among polar bears from the Beaufort and Chukchi Seas as
well as captive healthy polar bears. We identified sig-
nificant transcriptional differences among a priori groups
(i.e., captive bears, SB 2012, SB 2013, CS 2013) for ten of
the 14 genes of interest (i.e., CaM, HSP70, CCR3, TGFp,
COX2, THRo, T-bet, Gata3, CD69, and IL17); transcrip-
tion levels of DR, IL1B, AHR, and Mx1 did not differ
among groups. Multivariate analysis also demonstrated
separation among the groups of polar bears. Specifically,
we detected transcript profiles consistent with immune
function impairment in polar bears from the Beaufort Sea,
when compared with Chukchi and captive polar bears.
Although there is no strong indication of differential ex-
posure to contaminants or pathogens between CS and SB
bears, there are clearly differences in important transcrip-
tional responses between populations. Further investigation
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is warranted to refine interpretation of potential effects of
described stress-related conditions for the SB population.
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Sea - Beaufort Sea - Arctic

Introduction

Increasingly, gene transcription-based diagnostics of
wildlife are being used in the assessment of health, not only
in individuals or populations but also in ecosystems
(Acevedo-Whitehouse and Duffus 2009). Concurrent with
the need to understand cumulative impacts of environ-
mental stressors on wildlife are advances in molecular
technology capable of identifying the synergistic effects of
multiple stressors on the individual physiology of different
species (Bowen et al. 2012, 2015, Miles et al. 2012). Gene
transcription analyses can be particularly useful in identi-
fying the mechanisms of subtle but significant deleterious
effects of disturbances on wildlife. Gene transcription is
physiologically driven by the extent of intrinsic and ex-
trinsic stimuli such as infectious agents, toxins, trauma, or
neoplasia. The earliest observable signs of health impair-
ment are altered levels of gene transcripts, evident prior to
clinical manifestation (McLoughlin et al. 2006), thus pro-
viding an early warning of potentially compromised health
and, concurrently, environmental stressors on individuals,
populations, and ecosystems. However, perhaps due to the
novel nature of this technology, transcript-based tech-
nologies have been slow to develop for some sensitive
species and ecosystems.

Polar bears (Ursus maritimus) from the Chukchi Sea
(CS) and southern Beaufort Sea (SB) have exhibited dif-
ferent responses to recent changing environmental
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conditions, possibly due in part to existing ecosystem dis-
parities. Given this disparity in population-level responses,
these polar bears are ideal candidates for identifying and
detecting systemic perturbations with transcript-based
tools. Whereas sea ice loss has been attributed to declines
in body condition and cub and adult survival in the SB
(Regehr et al. 2007; Rode et al. 2010; Bromaghin et al.
2015), CS polar bears have maintained body condition and
cub production during a period of substantial sea ice loss
(Rode et al. 2014). The CS is characterized by a vast
continental shelf where sea depth rarely exceeds 300 m and
marine primary productivity is among the highest of the
Arctic Ocean (Sakshaug 2004). The CS has experienced a
relatively short history of reduced sea ice habitat. By
contrast, the SB has a relatively narrow continental shelf
which gives way to some of the deepest, and comparatively
less productive, waters of the Arctic Ocean (Sigler et al.
2011). Since 1979, the CS and SB have experienced dra-
matic reductions in the extent of summer sea ice, charac-
terized by lengthening melt seasons (i.e., the period of time
between the onset of sea ice melt in the spring and freeze-
up in the fall) that have increased at rates of ~9 days/
decade and =12 days/decade, respectively (Stroeve et al.
2014). However, due to its narrow continental shelf, the SB
experiences an annual open-water period (i.e., substantive
lack of sea ice habitat over the shelf) that is about twice as
long (94 vs. 44 days) as in the CS (Rode et al. 2014). These
ecological differences have been hypothesized as possible
reasons for the generally poorer body condition and re-
production of SB polar bears compared to those from the
CS (Rode et al. 2014).

Additionally, polar bears can be exposed to high levels
of contaminants; levels of many organohalogens were
found to be greater in the SB than those in the CS sub-
population, suggesting differences in exposure sources
between the two regions (Kannan et al. 2005; Letcher et al.
2010). Lately, it has become clear that climate change has
the potential to alter the fate of contaminants in the envi-
ronment by changing the point sources, transport, distri-
bution, bioavailability, environmental stability, and
toxicity/ecotoxicology (e.g., Kallenborn et al. 2012; Moe
et al. 2013). For instance, reduced sea ice extent constrains
the ability of polar bears to access their primary prey,
ringed seals (Pusa hispida) (Derocher et al. 2004; Ferguson
et al. 2005), which has the potential to alter trophic inter-
actions and mediate increased body burdens of legacy
contaminants as polar bears switch to foraging on alternate
prey species. For example, in the western Hudson Bay
region of the Canadian Arctic, declining sea ice cover has
been accompanied by increases in the proportion of open-
water seal species [e.g., harp (Phoca groenlandica) and
harbor (Phoca vitulina) seals] represented in polar bear
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diets, which have been associated with increased concen-
trations of several chlorinated and brominated con-
taminants in polar bear adipose tissue (McKinney et al.
2009, 2013). Studies have found associations between high
levels of legacy chlorinated contaminants in certain polar
bear subpopulations and biomarkers of toxic effects on
endocrine, immune, and reproductive functions (Braathen
et al. 2004; Lie et al. 2004, 2005; Sonne 2010; Simon et al.
2011; Bechshoft et al. 2012). Consequently, climate change
may result in increased stress of toxic compounds to polar
bear populations (McKinney et al. 2009; Kallenborn et al.
2012; Moe et al. 2013).

Development of a tool with which to identify physio-
logical changes at the molecular level may help identify
specific factors affecting the overall health of polar bears
and their corresponding Arctic ecosystem. However, a key
requirement for the evaluation of the changing condition of
a population or ecosystem is the establishment of reference
values with which individuals or populations potentially at
risk can be compared (Mancia et al. 2008). Consequently,
initial transcript-based analyses of polar bear populations
must be made prior to the occurrence of further environ-
mental change.

Herein, we describe the development of species-specific
quantitative real-time polymerase chain reaction (qPCR)
assays to measure differential transcript levels of 14 genes
in the polar bear (Table 1). The genes examined in our
study can be grouped into functional categories that include
immune modulation, pathogen response, inflammation, cell
signaling, xenobiotic-metabolizing enzymes, and cellular
stress response, and are fundamental to mediation of
detoxification and immune function (Schwartz et al. 2004a,
b), cellular injury (Ghanem et al. 2006), signal transduction
(Burchiel and Luster 2001), xenobiotic metabolism
(Schwartz et al. 2004a, b), or tumorigenesis (Ramesh et al.
2004) (Table 1). The genes targeted in our study were
largely selected based upon their potential to be modified
by biological, physical, or anthropogenic injury, and may
provide information on the type and magnitude of stressors
associated with the animal’s internal or external environ-
ment. We compared transcription of targeted genes among
polar bears sampled in the SB and CS, representing two
populations with different types and magnitudes of envi-
ronmental stressors, and clinically healthy, captive indi-
viduals. Our objective was to develop a baseline set of
transcript values for three unique populations of polar bears
from which comparisons might be made with future sam-
ples. Ultimately, these methods may provide an under-
standing of the susceptibility of individuals and
subsequently populations at risk from dynamic regime
shifts such as seen with climate change in the Arctic, and
provide an early-warning indicator for species at risk.
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Table 1 Genes selected for the transcription panel and their primary functions

The arylhydrocarbon receptor responds to classes of environmental toxicants including polycyclic aromatic
hydrocarbons, polyhalogenated hydrocarbons, dibenzofurans, and dioxin (Oesch-Bartlomowicz and Oesch 2005).
Depending upon the ligand, AHR signaling can modulate T-regulatory (TREG) (immune-suppressive) or T-helper type
17 (TH17) (pro-inflammatory) immunologic activity (Quintana et al. 2008; Veldhoen et al. 2008)

Calmodulin (CaM) is a small acidic Ca2+--binding protein, with a structure and function that is highly conserved in all
eukaryotes. CaM activates various Ca2+-dependent enzyme reactions, thereby modulating a wide range of cellular
events, including metabolism control, muscle contraction, exocytosis of hormones and neurotransmitters, and cell

The chemokine receptor 3 binds at least seven different chemokines and is expressed on eosinophils, mast cells (MC),
and a subset of T-helper (TH) cells (TH2) that generate cytokines implicated in mucosal immune responses (Gurish
et al. 2002; Kringel et al. 2006). Up-regulation of CCR3 occurs in the presence of parasites (Gurish et al. 2002; Kringel

Earliest inducible cell surface glycoprotein acquired during lymphoid activation involved in lymphocyte proliferation

Cyclooxygenase-2 catalyzes the production of prostaglandins that are responsible for promoting inflammation (Goldsby
et al. 2003). Cox2 is responsible for the conversion of arachidonic acid to prostaglandin H2, a lipoprotein critical to the
promotion of inflammation (Harris et al. 2002). Up-regulation of Cox2 is indicative of cellular or tissue damage and an

A component of the major histocompatibility complex (MHC), the DR class II gene, is responsible for the binding and
presentation of processed antigen to TH lymphocytes, thereby facilitating the initiation of an immune response
(Goldsby et al. 2003; Bowen et al. 2006). Up-regulation of MHC genes has been positively correlated with parasite load
(Wegner et al. 2006), whereas down-regulation of MHC has been associated with contaminant exposure (Dong et al.

A TH2-specific transcription factor controls transcription of cytokines interleukin (IL) IL-4, -5, and -13 (Parham 2014)

The heat shock protein 70 is produced in response exposure to different kinds of environmental stress conditions, such as
infection, inflammation, exercise, exposure of the cell to toxins (ethanol, arsenic, trace metals, and ultraviolet light,
among many others), starvation, hypoxia (oxygen deprivation), thermal or other stress (Iwama et al. 1999; Tsan and
Gao 2004). They can activate the immune system by providing danger signals. In addition to being expressed in
response to a wide array of stressors, heat shock proteins act as molecular chaperones (De Maio 1999)

Gene Gene function
AHR
CaM
division and differentiation (Chen et al. 2012)
CCR3
et al. 2006)
CD69
(Parham 2014)
COX2
associated inflammatory response
DR
1997)
Gata3
HSP70
IL17

Interleukin 1 beta

Interleukin 17 is a pro-inflammatory cytokine that responds to invasion by extracellular pathogens and induces
destruction of the pathogen’s cellular matrix. Excessive production of IL17 has been implicated in autoimmune disease
(Parham 2014)

Inflammatory mediator (Parham 2014)

The Mx1 gene responds to viral infection (Tumpey et al. 2007). Vertebrates have an early strong innate immune response
against viral infection, characterized by the induction and secretion of cytokines that mediate an antiviral state, leading

AL1B)
Mx1
to the up-regulation of the Mx1 gene (Kibenge et al. 2005)
S9 Ribosomal subunit S9. Reference gene
T-bet

TGF-beta (TGFp)
THRa

A THI1-specific T box transcription factor that controls the expression of the hallmark TH1 cytokine, interferon-gamma
(Parham 2014)

Transforming growth factor beta. Immunosuppressive cytokine (Parham 2014)

The thyroid hormone receptor alpha can be used as a mechanistically based means of characterizing the thyroid-toxic
potential of complex contaminant mixtures (Tabuchi et al. 2006). Thus, increases in THR transcription may indicate
exposure to organic compounds including PCBs and associated potential health effects such as developmental
abnormalities and neurotoxicity (Tabuchi et al. 2006). Hormone-activated transcription factors bind DNA in the
absence of hormone, usually leading to transcriptional repression (Tsai and O’Malley 1994)

Materials and methods
Free-ranging target polar bears
Ninety-four SB polar bears were captured in spring (late

March—early May) 2012 and 2013, and 50 CS bears were
captured in spring 2013. Approximately equal numbers of

males and females were captured in each location. Details
concerning capture date, location, and sex of the free-
ranging bears are found in Table 2. Polar bears were im-
mobilized from a helicopter using Telazol® (tiletamine
hydrochloride and zolazepam hydrochloride; Zoetis, Flor-
ham Park, NJ)-filled projectile syringes fired from a dart
gun. Captured bears were ear-tagged with a unique
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Table 2 Location, capture date (ordinal date), capture time, capture status, fatness index (FI) (not taken for C1 or CO), and family status at
latitude and longitude, sex, age (adult, A >5 yrs, subadult, S 3—4 yrs, capture of polar bears sampled in Beaufort Sea, Alaska, 2012,
yearling and two-year olds, C1, and cub-of-the-year, CO), alopecia Beaufort Sea, Alaska, 2013, and Chukchi Sea, Alaska, 2013

Sample ID Location Capture date Capture time Capture Lat  Capture Long  Sex Age Alopecia FI  # Cubs Cub Age
20994-12 Beaufort Sea 3/28/2012 14:40:00 71.54605 —155.311 M A No 3 0 0
21280-12 Beaufort Sea 3/28/2012 16:55:00 71.68428 —156.2238 M A No 3 0 0
21282-12 Beaufort Sea  3/29/2012 15:14:00 71.45646 —155.6256 M A No 3 0 0
20121-12 Beaufort Sea  3/30/2012 09:42:00 71.46663 —155.7469 M A No 3 0 0
21283-12 Beaufort Sea  3/30/2012 12:11:00 71.41358 —156.6287 F A No 2 2 0
21286-12 Beaufort Sea  3/30/2012 17:14:00 71.67858 —155.6534 F A No 3 0 0
21287-12 Beaufort Sea 3/31/2012 10:39:00 71.57853 —156.313 F S No 3 0 0
21290-12 Beaufort Sea 3/31/2012 12:46:00 71.69223 —155.8691 M A No 4 0 0
21291-12 Beaufort Sea 3/31/2012 14:45:00 71.50272 —156.014 F A No 3 0 0
21292-12 Beaufort Sea 3/31/2012 17:33:00 71.444 —156.2956 F S Yes 3 2 1
20935-12 Beaufort Sea 4/1/2012 11:14:00 71.58379 —154.3608 M A Yes 4 0 0
20556-12 Beaufort Sea 4/4/2012 10:58:00 70.17164 —143.3352 M A No 3 0 0
20586-12 Beaufort Sea 4/4/2012 13:19:00 70.21742 —143.5376 F A No 3 0 0
21075-12 Beaufort Sea 4/4/2012 13:19:00 70.21742 —143.5376 M A No 3 0 0
20520-12 Beaufort Sea 4/4/2012 16:43:00 70.14124 —143.0452 F A No 3 2 1
21297-12 Beaufort Sea 4/5/2012 10:21:00 70.14279 —142.4866 M A No 3 0 0
21298-12 Beaufort Sea 4/5/2012 12:02:00 70.33931 —142.8039 M A Yes 2 0 0
21299-12 Beaufort Sea 4/5/2012 13:54:00 70.39882 —142.8249 F A Yes 3 0 0
21300-12 Beaufort Sea 4/5/2012 16:59:00 70.23439 —143.5384 F S Yes 2 0 0
99990-12 Beaufort Sea 4/7/2012 11:47:00 70.59204 —143.4841 M A No NA O 0
21216-12 Beaufort Sea 4/7/2012 15:09:00 70.76706 —143.2587 M Cl Yes NA 0 0
32227-12 Beaufort Sea 4/7/2012 15:09:00 70.76706 —143.2587 F A Yes 3 1 2
21015-12 Beaufort Sea 4/7/2012 17:52:00 70.39857 —143.6401 F A No 3 2 1
20195-12 Beaufort Sea 4/8/2012 10:01:00 70.23697 —143.3111 M A No 3 0 0
32621-12 Beaufort Sea 4/8/2012 11:57:00 70.65534 —143.5828 M A No 3 0 0
20819-12 Beaufort Sea 4/8/2012 12:57:00 70.66887 —143.5727 M A No 3 0 0
21296-12 Beaufort Sea 4/11/2012 11:45:00 70.41431 —143.5357 F A No 2 0 0
20442-12 Beaufort Sea 4/11/2012 13:48:00 70.41012 —143.5282 F A No 2 2 2
21264-12 Beaufort Sea 4/12/2012 10:33:00 70.12765 —145.7006 F A No 3 1 0
21307-12 Beaufort Sea 4/12/2012 12:41:00 70.22253 —145.7732 F S Yes 3 0 0
32698-12 Beaufort Sea 4/12/2012 16:45:00 70.12878 —145.4422 F A No 3 1 0
21309-12 Beaufort Sea 4/12/2012 18:59:00 70.0607 —144.3418 F A No 3 2 0
21312-12 Beaufort Sea 4/15/2012 10:23:00 70.170739 —143.1033173 M Cl  Yes 3 0 0
21011-12 Beaufort Sea 4/15/2012 12:12:00 70.05715485 —142.7026581 M S No 3 0 0
21313-12 Beaufort Sea 4/15/2012 13:47:00 70.03358994 —142.4397934 F A No 2 2 1
21314-12 Beaufort Sea 4/15/2012 13:47:00 70.03358994 —142.4397934 M Cl  Yes NA 0 0
21315-12 Beaufort Sea 4/15/2012 13:47:00 70.03358994 —142.4397934 F Cl No NA 0 0
20967-12 Beaufort Sea 4/15/2012 18:04:00 70.20597687 —145.0631714 M S Yes 2 0 0
21262-12 Beaufort Sea 4/22/2012 09:58:00 70.49572144 —147.9700623 M Cl1  Yes 3 0 0
20110-12 Beaufort Sea 4/22/2012 11:54:00 70.56449814 —147.8442688 M A Yes 4 0 0
20751-12 Beaufort Sea 4/22/2012 13:47:00 70.51811066 —147.4361908 M A No 3 0 0
21219-12 Beaufort Sea 4/22/2012 19:05:00 71.50272293 —156.0140396 F A No 2 2 0
21319-12 Beaufort Sea 4/24/2012 10:41:00 NA NA M A No 4 0 0
20482-12 Beaufort Sea 4/24/2012 13:00:00 70.69742966 —147.7186935 M A No 3 0 0
20947-12 Beaufort Sea 4/24/2012 17:47:00 70.59238052 —148.0187698 M A No 4 0 0
21321-12 Beaufort Sea 4/26/2012 11:56:00 70.56723277 —148.4040426 M S Yes 3 0 0
21322-12 Beaufort Sea 4/26/2012 13:41:00 70.52762604 —147.9073435 F S No 3 0 0
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Table 2 continued

Sample ID Location Capture date Capture time Capture Lat  Capture Long  Sex Age Alopecia FI  # Cubs Cub Age
21269-12 Beaufort Sea 4/26/2012 15:14:00 70.4987971  —147.3503876 M A Yes 3 0 0
32364-12 Beaufort Sea 4/26/2012 19:39:00 70.62957764 —147.5454865 F A No 3 2 1
21325-12 Beaufort Sea 4/27/2012 17:34:00 70.55977122 —148.4399109 M S No 3 0 0
21327-13 Beaufort Sea 3/28/2013 10:17:00 71.5208 —156.7102 M A n/a 3 0 0
20694-13 Beaufort Sea 3/30/2013 18:47:00 71.5619 —156.3859 F A n/a 3 2 2
21286-12-13 Beaufort Sea 3/24/2013 13:45:00 71.5416 —157.1659 F A n/a 3 0 0
21330-13 Beaufort Sea 3/28/2013 17:18:00 71.4638 —155.8441 M A n/a 3 0 0
21047-13 Beaufort Sea 3/27/2013 10:39:00 71.4326 —156.4457 M S n/a 3 0 0
21329-13 Beaufort Sea 3/28/2013 14:18:00 71.5327 —156.5517 M A n/a 3 0 0
21333-13 Beaufort Sea 3/29/2013 16:19:00 71.5968 —154.9243 F A n/a 2 2 1
21328-13 Beaufort Sea 3/28/2013 12:31:00 71.6289 —156.5205 M A n/a 1.5 0 0
21326-13 Beaufort Sea 3/25/2013 11:57:00 71.4597 —156.4025 M A n/a 3 0 0
21274-13 Beaufort Sea 3/29/2013 14:16:00 71.4812 —155.443 M A n/a 3 0 0
21337-13 Beaufort Sea 3/31/2013 15:55:00 71.8353 —155.7732 M A n/a 3 0 0
21339-13 Beaufort Sea 4/1/2013 12:43:00 71.6621 —155.4196 F A n/a 3 1 2
21214-13 Beaufort Sea 4/27/2013 16:07:00 69.8627 —141.8791 F S n/a 3 0 0
21015-12-13 Beaufort Sea 4/18/2013 11:51:00 70.9256 —150.1192 F A n/a 3 0 0
32821-13 Beaufort Sea 4/14/2013 16:12:00 70.9285 —149.6872 F A n/a 3 0 0
20642-13 Beaufort Sea 4/13/2013 16:50:00 70.9159 —147.3127 M A n/a 3 0 0
21351-13 Beaufort Sea 4/18/2013 14:19:00 70.9483 —149.95 F A n/a 3 0 0
21256-13 Beaufort Sea 4/26/2013 16:13:00 70.0582 —142.0203 M A n/a 3 0 0
21361-13 Beaufort Sea 4/27/2013 18:06:00 70.1623 —141.9666 F A n/a 3 0 0
20300-13 Beaufort Sea 4/22/2013 14:04:00 70.2168 —141.0546 M A n/a 3 0 0
21358-13 Beaufort Sea 4/26/2013 16:13:00 70.0582 —142.0203 F A n/a 3 0 0
21336-13 Beaufort Sea 3/31/2013 13:36:00 71.5604 —156.3934 F A n/a 3 0 0
21222-13 Beaufort Sea 3/31/2013 11:37:00 71.4161 —156.4914 M A n/a 3 0 0
20710-13 Beaufort Sea 4/1/2013 10:56:00 71.447 —156.3517 M A n/a 4 0 0
21359-13 Beaufort Sea 4/27/2013 10:55:00 70.1409 —142.9137 M S n/a 2 0 0
20521-13 Beaufort Sea 4/20/2013 12:44:00 69.878 —141.3817 F A n/a 3 2 0
20520-13 Beaufort Sea 4/12/2013 16:45:00 70.797 —149.4308 F A n/a 3 2 2
20886-13 Beaufort Sea 4/19/2013 17:26:00 70.0046 —142.276 M A n/a 3 0 0
21344-13 Beaufort Sea 4/13/2013 10:20:00 70.9684 —146.8871 M A n/a 3 0 0
20580-13 Beaufort Sea 4/22/2013 16:24:00 70.1634 —142.1459 M A n/a 3 0 0
20807-13 Beaufort Sea 4/23/2013 11:29:00 70.5537 —144.9725 F A n/a 3 2 0
20525-13 Beaufort Sea 4/17/2013 10:49:00 71.0041 —146.448 F A n/a 3 1 0
20734-13 Beaufort Sea 4/14/2013 10:50:00 70.7374 —146.375 F A n/a 3 1 2
20206-13 Beaufort Sea 4/18/2013 11:51:00 70.9256 —150.1192 M A n/a 3 0 0
20519-13 Beaufort Sea 4/13/2013 15:19:00 70.9405 —147.1339 F A n/a 3 0 0
21347-13 Beaufort Sea 4/16/2013 17:06:00 71.1239 —146.6219 F S n/a 3 0 0
20556-12-13 Beaufort Sea 4/15/2013 10:42:00 70.4052 —147.1011 M A n/a 3 0 0
20201-13 Beaufort Sea 4/4/2013 11:15:00 70.4884 —147.9716 F A n/a 3 2 2
32227-12-13 Beaufort Sea 4/22/2013 11:30:00 70.2696 —142.8776 F A n/a 3 1 0
21024-13 Beaufort Sea 4/19/2013 15:18:00 70.1449 —142.9528 F A n/a 3 1 0
21349-13 Beaufort Sea 4/27/2013 15:10:00 70.8666 —148.4591 F S n/a 2 0 0
21360-13 Beaufort Sea 4/27/2013 11:59:00 70.1398 —142.8638 M S n/a 3 0 0
20961-13 Beaufort Sea 4/13/2013 10:20:00 70.9684 —146.8871 F A n/a 3 0 0
21307-12-13 Beaufort Sea 4/3/2013 15:26:00 70.8698 —149.5094 F S n/a 3 0 0
21547-13 Chukchi Sea  3/20/2013 00:00:00 67.3789 —164.955 M A No 4 0 0
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Table 2 continued

Sample ID Location Capture date Capture time Capture Lat  Capture Long  Sex Age Alopecia FI  # Cubs Cub Age
21549-13 Chukchi Sea  3/21/2013 00:00:00 67.32 —164.93 M Cl Yes NA 0 0
21543-13 Chukchi Sea  3/19/2013 00:00:00 67.7167 —165.9757 M S No 0 0
21451-13 Chukchi Sea 3/18/2013 00:00:00 67.0177 —167.9425 F A No 1 1
21552-13 Chukchi Sea 3/28/2013 00:00:00 67.859 —166.5529 F A No 1 2
21545-13 Chukchi Sea 3/19/2013 00:00:00 67.4106 —165.9527 M S Yes 0 0
21523-13 Chukchi Sea  3/28/2013 00:00:00 67.8171 —166.7493 M Cl No NA 0 0
21548-13 Chukchi Sea  3/21/2013 00:00:00 67.32 —164.93 F A No 3 2 2
21551-13 Chukchi Sea  3/26/2013 00:00:00 67.2072 —166.4736 M A No 3 0 0
21540-13 Chukchi Sea 3/18/2013 00:00:00 66.9595 —168.0369 M S No 3 0 0
21554-13 Chukchi Sea  3/28/2013 00:00:00 67.8076 —166.7469 F A No 3 0 0
21550-13 Chukchi Sea 3/21/2013 00:00:00 67.32 —164.93 F Cl No NA 0 0
21108-13 Chukchi Sea  3/26/2013 00:00:00 67.0828 —167.6576 M A No 3 0 0
21503-13 Chukchi Sea  3/20/2013 00:00:00 67.3622 —166.2754 F A No 3 0 0
21546-13 Chukchi Sea  3/20/2013 00:00:00 67.4233 —165.6158 F A Yes 3 0 0
21544-13 Chukchi Sea  3/19/2013 00:00:00 67.7103 —165.9527 M A No 3 0 0
21578-13 Chukchi Sea  4/17/2013 00:00:00 67.1521 —166.4706 M A No 2 0 0
21532-13 Chukchi Sea  4/18/2013 00:00:00 67.7921 —166.518 M A No 3 0 0
21577-13 Chukchi Sea  4/17/2013 00:00:00 67.0036 —166.4875 M A No 3 0 0
21576-13 Chukchi Sea  4/16/2013 00:00:00 67.3051 —164.922 M S Yes 3 0 0
21586-13 Chukchi Sea  4/27/2013 00:00:00 67.3084 —165.7406 F S No 3 0 0
21580-13 Chukchi Sea 4/18/2013 00:00:00 67.6636 —166.9075 M A No 3 0 0
21553-13 Chukchi Sea  3/28/2013 00:00:00 67.8496 —166.4833 F Cl No NA 0 0
21542-13 Chukchi Sea  3/18/2013 00:00:00 67.0177 —167.9452 M Cl No NA 0 0
21581-13 Chukchi Sea 4/18/2013 00:00:00 67.8748 —166.2175 M S No 2 0 0
21582-13 Chukchi Sea  4/24/2013 00:00:00 66.9838 —164.4569 F A No 3 2 1
21199-13 Chukchi Sea 4/27/2013 00:00:00 67.4565 —165.3938 M A No 3 0 0
21579-13 Chukchi Sea 4/17/2013 00:00:00 67.2547 —165.9295 M A No 2 0 0
21090-13 Chukchi Sea 4/18/2013 00:00:00 67.4888 —165.8931 M A No 3 0 0
21585-13 Chukchi Sea  4/24/2013 00:00:00 67.3848 —164.3742 M S No 3 0 0
21572-13 Chukchi Sea 4/14/2013 00:00:00 67.1132 —168.0707 M A No 3 0 0
21575-13 Chukchi Sea  4/16/2013 00:00:00 66.973 —166.5253 F Cl No NA 0 0
21567-13 Chukchi Sea  4/11/2013 00:00:00 67.8725 —166.5034 F A No 2 2 1
21168-13 Chukchi Sea  4/4/2013 00:00:00 67.7725 —167.7404 M A No 3 0 0
21570-13 Chukchi Sea  4/12/2013 00:00:00 66.9607 —168.4813 M A Yes 2 0 0
21172-13 Chukchi Sea 4/12/2013 00:00:00 67.524 —166.7483 F A No 3 0 0
21193-13 Chukchi Sea 4/11/2013 00:00:00 67.8759 —168.7368 F A No 3 0 0
21574-13 Chukchi Sea  4/14/2013 00:00:00 67.1504 —167.8018 M A No 3 0 0
21556-13 Chukchi Sea  4/3/2013 00:00:00 67.7912 —167.7429 F A No 3 1 1
21566-13 Chukchi Sea 4/8/2013 00:00:00 67.3247 —168.8431 M A No 3 0 0
21559-13 Chukchi Sea  4/4/2013 00:00:00 67.6765 —168.1736 F A No 3 3 1
21573-13 Chukchi Sea  4/14/2013 00:00:00 67.1452 —167.8927 F A No 3 0 0
21557-13 Chukchi Sea 4/3/2013 00:00:00 67.7912 —167.7429 M ClI No NA 0 0
21169-13 Chukchi Sea 4/7/2013 00:00:00 67.496 —166.5598 M A No 3 0 0
21555-13 Chukchi Sea 4/1/2013 00:00:00 67.7166 —167.0926 M A No 3 0 0
21571-13 Chukchi Sea  4/14/2013 00:00:00 67.0188 —167.8511 M A Yes 3 0 0
21563-13 Chukchi Sea  4/7/2013 00:00:00 67.2805 —166.5138 F S No 3 0 0
21565-13 Chukchi Sea 4/8/2013 00:00:00 67.3247 —168.8431 F A No 3 0 0
21558-13 Chukchi Sea 4/3/2013 00:00:00 67.9208 —167.0285 M A No 3 0 0
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Table 2 continued

Sample ID Location Capture date Capture time Capture Lat  Capture Long  Sex Age Alopecia FI  # Cubs Cub Age
21564-13 Chukchi Sea 4/8/2013 00:00:00 67.3206 —168.9121 M A Yes 3 0 0

identification number that was also tattooed on both sides
of the inner surface of the upper lip, and age was estab-
lished using various methods. Cubs-of-the-year were al-
ways with their mothers and could be visually aged without
error (Ramsay and Stirling 1988). Some bears had been
captured and marked in previous years, so their age was
determined from their capture history. For bears other than
dependent young that had no capture history, we extracted
a vestigial premolar and determined age by analysis of
cementum annuli (Calvert and Ramsay 1998). Bears were
assigned to the following age classes: adult (>5 yrs),
subadult (3—4 yrs), two-year old, yearling, and cubs-of-the-
year. A fatness index (FI) was used to determine whether
body condition potentially influenced transcription pat-
terns. We determined FI by palpation and assigned indi-
viduals a score from 1 (extremely thin) to 5 (obese) based
on the distribution of adipose tissue around the body
(Stirling et al. 2008). This index correlates positively with
lipid concentration of adipose tissue in polar bears
(McKinney et al. 2014). FI provides a coarse resolution
measure of body condition that is likely less sensitive to
changes in body condition compared to continuous metrics
such as body mass and length metrics. Details of FI are
found in Table 2.

We routinely inspected all individuals and noted the
presence and absence of distinguishing marks such as
scars, physical abnormalities, and outward symptoms of
disease. In 2012, we observed the occurrence of alopecia
(i.e., patches of hair loss) on 28 % of animals captured in
the southern Beaufort Sea (Atwood et al. 2015). Alopecia
is a syndrome characterized by patchy hair thinning and
loss and occasional epidermal lesions, often distributed
irregularly over the body, and associated with viral, bac-
terial, fungal, and parasitic agents (e.g., Lynch et al. 2011).
For all alopecic bears, we collected tissue samples (e.g.,
hair plucks, skin biopsies from affected areas, skin scrapes)
for pathology. We also collected a subset of the same types
of samples from unaffected bears to serve as controls.
Details on the alopecia investigation are available in At-
wood et al. (2015).

Captive polar bears

Blood samples were obtained from 17 captive, adult,
clinically healthy polar bears from Anchorage Zoo (An-
chorage, AK), Brookfield Zoo (Brookfield, IL), Buffalo
City Zoo (Buffalo, NY), Cleveland Metroparks Zoo

(Cleveland, OH), Columbus Zoo (Powell, OH), Detroit
Zoo (Royal Oak, MI), Kansas City Zoo (Kansas City,
MO), Louisville Zoo (Louisville, KY), Omaha Henry
Doorly Zoo (Omaha, NE), Oregon Zoo (Portland, OR),
Point Defiance Zoo and Aquarium (Tacoma, WA), Sea-
World Orlando (Orlando, FL), SeaWorld San Diego (San
Diego, CA), and the Toledo Zoo (Toledo, OH). Details
concerning age and sex of the captive bears are found in
Table 3.

Blood collection and RNA extraction

A 2.5-ml sample from each polar bear (captive and free-
ranging) was drawn directly into a PAXgene™ blood RNA
collection tube (PreAnalytiX, Switzerland) from either the
jugular, femoral, or popliteal veins and then frozen at
—20 °C until extraction of RNA (Bowen et al. 2012).
Rapid RNA degradation and induced transcription of cer-
tain genes after blood draws have led to the development of
methodologies for preserving the RNA transcription profile
immediately after blood is drawn. The PAXgene™ tube
contains a blend of RNA stabilizing reagents that protect
RNA molecules from degradation by RNases and prevents
further induction of gene transcription. Without this sta-
bilization, copy numbers of individual mRNA species in
whole blood can change more than 1000-fold during stor-
age and transport. The RNA from blood in PAXgene™
tubes was isolated according to manufacturer’s standard
protocols (PreAnalytiX 2009), which included an on-col-
umn DNase treatment to remove contaminating gDNA
(silica-based microspin technology), and the extracted
RNA stored at —80 °C until analysis. All RNA was
checked for quality on a nanodrop 2000 and achieved
A260/A280 ratios of approximately 2.0 and A260/A230
ratios of less than 1.0.

cDNA synthesis

A standard cDNA synthesis was performed on 2 pg of
RNA template from each animal. Reaction conditions in-
cluded 4 units of reverse transcriptase (Omniscript®, Qia-
gen, Valencia, CA), 1 pM random hexamers, 0.5 mM each
dNTP, and 10 units of RNase inhibitor, in RT buffer
(Qiagen, Valencia, CA). Reactions were incubated for
60 min at 37 °C, followed by an enzyme inactivation step
of 5 min at 93 °C, and then stored at —20 °C until further
analysis.
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Table 3 Location, age (at time

of blood draw), sex, sedation Animal ID Aquarium/geographic location Sample date Age in yrs Sex Sedation

status of 17 clinically healthy 1 Anchorage Zoo 8/14/2013 15 F Yes

captive polar bears
2 Anchorage Zoo 8/14/2013 13 M Yes
3 SeaWorld San Diego 5/10/2013 17 F Yes
4 Brookfield Zoo 3/8/2013 6 M Yes
5 SeaWorld Orlando 2/27/2013 19 M Yes
6 SeaWorld Orlando 11/6/2013 23 M Yes
7 Louisville Zoo 11/1/2013 3 F Yes
8 Detroit Zoo 4/23/2013 11 M Yes
9 Kansas City Zoo 1/30/2013 7 M Yes
10 Omaha Henry Doorly Zoo 3/7/2013 23 F Yes
11 Buffalo City Zoo 11/29/2012 12 F Yes
12 Buffalo City Zoo 10/16/2012 25 M Yes
13 Toledo Zoo 4/12/2013 0.45 F Yes
14 Columbus Zoo 5/19/2013 25 M Yes
15 Oregon Zoo 3/11/2013 28 M No
16 Oregon Zoo 3/4/2013 28 F No
17 Point Defiance Zoo and Aquarium 4/13/2013 18 M Yes
18 Point Defiance Zoo and Aquarium 5/31/2013 18 M Yes

PCR primers

Degenerate primers were designed from multi-species
alignments (GenBank) as previously described (Bowen
et al. 2007). Briefly, degenerate primer pairs developed for
the polar bear were utilized on cDNA from three randomly
selected polar bear samples. Degenerate primer pairs were
designed to amplify 14 genes of interest and one ribosomal
housekeeping gene (Bowen et al. 2007). PCR amplifica-
tions using these primers were performed on 20 ng of each
cDNA sample in 50 pl volumes containing 20—60 pmol of
each primer, 40 mM Tris-KOH (pH 8.3), 15 mM KOAc,
3.5 mM Mg (OAc),, 3.75 pg/ml bovine serum albumin
(BSA), 0.005 % Tween-20, 0.005 % Nonidet-P40, 200 pM
each dNTP, and 5U of Advantage® 2 Taq polymerase
(Clontech, Palo Alto, CA). The PCR was performed on an
MJ Research PTC-200 thermal cycler (MJ Research,
Watertown, MA) and consisted of 1 cycle at 94 °C for
3 min, and then 40 cycles at 94 °C for 30 s, at 60 °C for
30 s, and 72 °C for 2 min, with a final extension step of
72 °C for 10 min. The products of these reactions were
electrophoresed on 1.5 % agarose gels and resulting bands
visualized by ethidium bromide staining. Definitive bands
representing PCR products of a predicted base pair size of
the targeted gene were excised from the gel, and extracted
and purified using a commercially available nucleic acid-
binding resin (Qiaex II Gel extraction kit, Qiagen, Valen-
cia, CA).

Nucleotide sequences of isolated fragments were de-
termined by dideoxy nucleotide methodology using an
automated sequencer (Model 373; Applied Biosystems,
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Foster City, CA). Nucleotide sequences of the PCR prod-
ucts were analyzed using Align™ and Contig™ sequence
alignment software programs (Vector NTI™; InforMax
Inc., North Bethesda, MD) and compared to known se-
quences using the NCBI BLAST program (Altschul et al.
1990) and the IMGT/HLA database (Robinson et al. 2001).
Primer pairs appropriate for real-time PCR were designed
based on the elucidated polar bear sequences for each gene
(Table 4).

Real-time PCR

Real-time PCR systems for the individual, polar bear-
specific reference, or housekeeping gene (S9) and genes of
interest were run in separate wells (Table 1). Briefly, 1 pl
of cDNA was added to a mix containing 12.5 pl of
QuantiTect Fast SYBR Green® Master Mix [5 mM Mg2+]
(Qiagen, Valencia, CA), 0.5 pl each of forward and reverse
sequence-specific primers, and 10.5 pl of RNase-free wa-
ter; total reaction mixture was 25 pl. The reaction mixture
cDNA samples for each gene of interest and the S9 gene
were loaded into MicroAmp Fast Optical® 96-well reaction
plates in duplicate and sealed with optical sealing tape
(Applied Biosystems, Foster City, CA). Reaction mixtures
containing water, but no cDNA, were used as negative
controls; thus, approximately two individual polar bear
samples were run per plate.

Amplifications were conducted on a Step One Plus Real-
time Thermal Cycler (Applied Biosystems, Foster City,
CA) using Step One Software v. 2.2.2. Reaction conditions
were as follows: 95 °C for 20 s, 40 cycles of 95 °C for 3 s
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Table 4 Polar bear-specific quantitative real-time polymerase chain reaction primers used in the analysis of clinically healthy captive polar

bears

Gene Forward primer Sequence (5 — 3') Reverse primer Sequence (5" — 3')

CaM Urma CaM F ACAGTGAAGAAGAAATTCGCGA Urma CaM R CATCTACTTCTTCATCTGTTAGT
DRS Urma DRf F CACCAACGGCACGGAGCG Urma DR R TGGTTGAAGTACTCAGCGATG
ILIB Urma ILI1B F GAATCTGTACCTGTCCTGTG Urma IL1B R GTCTTGTTGAAGACAAATCGCT
HSP70 Urma HSP70 F GCACCTTCGACGTGTCCAT Urma HSP70 R CACGAAGTGGTTCACCAGC
AHR Urma AHR F ATGGAAAGGAGCTTCGTGTG Urma AHR R AGGTGGAAGTATTGATCCATCT
CCR3 Urma CCR3 F GTCTTGCTCTGCCTCTGCT Urma CCR3 R ATGAGCCGGATGGCCTTGTA
TGFp Urma TGFB F CGAGCCTGAGGCGGACTA Urma TGFB R GCACTGCTTCTCGGAGCTC
COX2 Urma COX2 F CAGTCTCTTAACGAGTATCGC Urma COX2 R GCTCCATGGCATCAATATCAC
THRa Urma THRo F ATGATCCGATCACTGCAGCA Urma THRo R GTGACTGGCCGATGTCATC
T-bet Urma T-bet F CACCATGTCCTACTACCGAG Urma T-bet R TCTGAAGCTCCAGGACCAG
Gata3 Urma Gata3 F CACTCCAGCCCGCACCTC Urma Gata3 R GCACTCCTTCTCGTCCTGC
CD69 Urma CD69 F TCAGATGATTGGATTGGATAC Urma CD69 R TCAGAATCAATGAACGCAAGAG
Mx1 Urma Mx1 F GCTGGCTTACCGTCAGGAG Urma Mx1 R CTGCAGCAGCTGCAGCATG
IL17 Urma IL17 F ACTCCAGAAGGCCCTCAGA Urma IL17 R TACAGTCCCTTCAGCACTGA

S9 Urma S9 F GAGTTGAAGCTGATCGGCGA Urma S9 R GTCCTTCTCGTCCAGCGTC

See Table 1 for interpretation of gene abbreviations

and 60 °C for 30 s. The melt curve consists of 95 °C for
15 s, 60 °C for 1 min, 0.3 °C per second temperature in-
crease, and then 95 °C for 15 s. Reaction specificity was
monitored by melting curve analysis using a final data
acquisition phase during a step and hold process of a 0.3 °C
per second temperature increase from 60 to 95 °C. Cycle
threshold crossing values (Ct) for the genes of interest
were normalized to the S9 housekeeping gene.

Statistical analysis

Analysis of qPCR data was conducted using normalized
values, i.e., housekeeping gene threshold crossing (in
gPCR, the point at which amplification is exponential)
subtracted from the gene of interest threshold crossing for
each animal (McLoughlin et al. 2006).

We used nonparametric statistical analyses because the
cycle threshold (Ct) measure of gene transcription pro-
vided by gqPCR may have a lognormal distribution
(McLoughlin et al. 2006). We tested the assumption that
transcript levels of our genes of interest were lognormally
distributed. Geometric means and 95 % upper and lower
confidence limits were computed, and Anderson—Darling
and Shapiro—Wilk tests for normality were performed for
all genes; we used two tests as a conservative measure of
normality, and Spearman’s correlation matrix values were
analyzed for all genes to identify relationships among ge-
nes (NCSS, Statistical and Power Analysis Software, 2007,
Kaysville, UT, USA). First, we used two-way analysis of
similarities (ANOSIM, Primer E) to examine potential in-
teraction between sex and age on transcript values. We

then used conventional mean responses per classification
group (Captive bears, Beaufort 2012, Beaufort 2013,
Chukchi 2013) with data assessed for statistical sig-
nificance between classification ranks using Kruskal—
Wallis with Dunn’s Multiple Comparison Tests to deter-
mine relative transcription levels among groups (NCSS).

We used nonparametric statistical analyses because the
cycle threshold (Ct) measure of gene transcription pro-
vided by gqPCR may have a lognormal distribution
(McLoughlin et al. 2006). We used ANOSIM (R Core
Team 2013) analysis of variance to test for differences: in
gene transcription among groups, i.e., the SB 2012, SB
2013, CS 2013, and CAP. We used discriminant function
analysis to identify genes contributing to separation of
groups (NCSS, Statistical and Power Analysis Software,
2007, Kaysville, UT, USA). The genes identified by dis-
criminant function analysis as significant were then sub-
jected to multivariate, nonmetric, multi-dimensional
scaling analysis (NMDS; R Core Team 2013) in conjunc-
tion with cluster analysis for statistical and graphical rep-
resentation of individual polar bears clustered by similarity
in transcription and not by predefined groups such as lo-
cation. Statistical significance was based on p values
<0.05, and in the case of the ANOSIM tests, relative to the
R Statistic value.

We used analysis of variance (ANOVA) to compare
mean FI values of free-ranging adult polar bears between
subpopulations (SB and CS), between years, and within
reproductive classes (for adult females, i.e., solitary female
or female with dependent young) (Table 2). Polar bear
body condition can change rapidly, so we included ordinal
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date of capture as a covariate in all analyses (Rode et al.
2014). Because we had multi-year data for the SB polar
bears, we ran multiple sets of analyses on these data, in-
cluding separate analyses for each year. The 2012 SB polar
bear data included 10 adults (7 males, 3 females) that were
affected by the alopecia syndrome, which was associated
with reduced body condition (Atwood et al. 2015). For
adult females, main effects included year, ordinal date of
capture, and reproductive class. For adult males, year and
ordinal date of capture were included as covariates. We
then compared FI scores of adult females and males cap-
tured in 2013 between subpopulations using the same sets
of covariates with the exception of year. Statistical sig-
nificance was based on p values <0.05.

Results

Only four genes (AHR, IL1f, T-bet, and Gata3) had tran-
script values following normal distributions. All genes had
unimodal distributions; deviations from normal involved
right (HSP70) or left (COX2, DRp) skewness. Variation
(based on confidence intervals) was small for most genes
except HSP70 (Table 5). Correlation matrices identified
several significant strong correlations between genes, i.e.,
Gata3 and THRa (r = 0.77, p = 0.00), TGF-beta (or
TGFP) and THRa (r = 0.75, p = 0.00), AHR and THRa
(r=20.72, p=0.00), Gata3 and TGFB (= 0.71,
p = 0.00), Gata3 and T-bet (r = 0.67, p = 0.00), and T-bet
and THRa (r = 0.67, p = 0.00). No differences were found
for any genes between age groups, but differences between
sexes were identified for THRa (p = 0.01), TGFp
(p = 0.02), and Gata3 (p = 0.04), which all had a higher
transcription in females compared to males. No interactions
between sex and age were identified (p > 0.05).

We identified significant transcriptional differences
among a priori groups (i.e., captive bears, SB 2012, SB
2013, CS 2013) for ten of the 14 genes of interest (i.e., CaM,
HSP70, CCR3, TGFb, COX2, THRa, T-bet, Gata3, CD69,
and IL17); transcription levels of DRf, IL1p, AHR, and
Mx1 did not differ among groups (Table 5). Discriminant
function analysis of transcription response revealed eight
genes (CaM p = 0.00; CCR3 p = 0.00; COX2 p = 0.04;
Gata3 p = 0.02; HSP70 p = 0.00; T-bet p = 0.00; TGFf
p = 0.00; THRa p = 0.02) that contributed significantly to
the separation of groups. Overall, gene transcription (Ct)
values differed among the four polar bear groups (ANOSIM,
p < 0.001, Global R = 0.12).

When analyzed without a priori structure (e.g., group),
polar bears separated into fairly well-defined groups as
depicted by NMDS (Fig. 1). Refinement of the ordination
from two- to three-dimensional space improved the
adequacy of the NMDS analysis (i.e., stress improved from
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0.15 to 0.07, whereas 0.05 is defined as excellent repre-
sentation), and the clusters were visually separated in three-
dimensional space.

Fatness index (FI) values of free-ranging bears were
similar between years, subpopulations, and female repro-
ductive class. For adult females in the SB, FI values varied
by year (F; 36 = 5.20, p = 0.03), with values in 2012 (i.e.,
the year of the aforementioned alopecia syndrome) lower
than in 2013 regardless of reproductive status
(F136 = 2.51, p=10.12) or ordinal date (F;3s = 0.18,
p = 0.67). Fatness index values for adult females captured
in the SB and CS in 2013 did not differ between sub-
population, ordinal date of capture, and reproductive status
(F334 = 0.36, p = 0.78). For adult males in the SB, FI
values did not differ between years or by date of capture
(F234 = 1.02, p = 0.37), nor did FI values differ between
males captured in the SB and CS in 2013 (£, 39 = 0.35,
p = 0.71).

Discussion

We identified significant transcriptional differences among
a priori groups for ten of the 14 genes of interest. Addi-
tionally, fatness index values for adult females in the SB
varied by year, with values in 2012 lower than in 2013
regardless of reproductive status or date of capture.
Although distinct transcript patterns may exist, it can be
difficult to disentangle the effects of environmental factors
on these pathways, as (1) pathways are interconnected and
(2) stressors may impinge on several of the pathways si-
multaneously (Kennerly et al. 2008). In cases where a
relatively small gene panel is used, it may be more effec-
tive to examine responses on a per gene basis.

Our initial intent was to use the clinically healthy cap-
tive polar bears as a control or baseline population. How-
ever, there are stresses and conditions associated with
captivity which preclude the use of captives as a reference
range; there is no population free of all external or internal
stimuli. Although determined to be “healthy,” these cap-
tive polar bears were likely experiencing at least some
degree of physiologic perturbation, albeit at a level con-
sistent with subclinical manifestation. Thus, in the absence
of longitudinal data, the determination of a baseline is
unlikely and comparisons must be relative, with the find-
ings in one individual or population being compared and
contrasted with other individuals and populations. It is
important to note in this case that increased levels of
transcription among groups or individuals may be perfectly
normal responses to stimuli and are likely an indication of a
properly functioning system.

For example, up-regulation of AHR is indicative of
immediate exposure to classes of environmental toxicants



Polar Biol (2015) 38:1413-1427

1423

Table 5 Geometric mean (95 % lower confidence interval, 95 %
upper confidence interval) normalized (to the S9 housekeeping gene
in each animal) cycle threshold (Cr) transcription values for targeted

genes (see Table 1) in polar bears, captive normal, Beaufort Sea 2012,
Beaufort Sea 2013, Chukchi Sea 2013

Beaufort Sea 2012

Beaufort Sea 2013

Chukchi Sea 2013

Captive bears

Overall 95 % confidence

(n = 50) (n = 44) (n = 50) n=17) interval
CaM 2.30% (2.07, 2.56) 2.37% (2.20, 2.54) 1.86" (1.68, 2.06) 2.65% (2.21, 3.18) 2.09-2.33
DRS 0.62 (0.42, 0.93) 0.61 (0.43, 0.86) 0.48 (0.29, 0.81) 1.26 (0.89, 1.79) 0.49-0.77
ILIB 4.22 (3.98, 4.48) 4.34 (4.06, 4.64) 4.02 (3.74, 4.33) 4.13 (3.82, 4.47) 4.04-4.33
HSP70  2.55° (2.09, 3.12) 2.70° (2.14, 3.40) 2.79° (2.16, 3.40) 5.34% (4.65, 6.13) 2.59-3.29
AHR 3.88 (3.65, 4.12) 3.68 (3.45, 3.93) 3.91 (3.64, 4.20) 3.72 (3.42, 4.05) 3.69-3.95
CCR3 6.33° (6.00, 6.67) 6.19° (5.90, 6.50) 5.76% (5.49, 6.05) 5.15% (4.62, 5.73) 5.80-6.15
TGFp 2.89° (2.68, 3.12) 3.16" (2.96, 3.38) 3.37° (3.12, 3.65) 3.88% (3.59, 4.21) 3.08-3.34
COX2  7.24*(6.92, 7.57) 7.12% (6.81, 7.45) 7.86° (7.28, 8.48) 6.81% (6.41. 7.23) 7.12-7.57
THRa  6.88" (6.70, 7.07) 6.88° (6.71, 7.07) 7.18 (6.90, 7.48) 7.38% (6.83, 7.97) 6.90-7.16
T-bet 7.59° (7.26, 7.94) 7.75° (7.44, 8.07) 7.71° (7.34, 8.00) 9.39% (8.84, 9.97) 7.66-8.05
Gata3 7.20° (7.01, 7.40) 7.24 (7.03, 7.46) 7.12° (6.89, 7.37) 7.78% (7.43, 8.16) 7.13-7.37
CD69  11.36° (11.10, 11.64) 10.54* (10.27, 10.83) 10.36* (10.06, 10.68) 10.60% (10.12, 11.10) 10.57-10.91
Mx1 12.74 (12.21, 13.30) 13.12 (12.73, 13.53) 13.06 (12.58, 13.56) 12.75 (11.34, 14.34)  12.66-13.24
IL17 14.67* (14.24, 15.12) 14.61% (14.35, 14.88) 15.20" (14.90, 15.50 14.48% (13.94, 15.00) 14.61-14.98

Note that the smaller the mean value, the higher the level of transcription. Unique letters indicate significant difference [Kruskal-Wallis with

Dunn’s Multiple Comparison Tests (NCSS)]. An absence of letters indicates no significant difference

Fig. 1 Multivariate,
nonparametric, multi-
dimensional scaling analysis of
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transcription response of 14
targeted genes in polar bears
sampled in the Beaufort Sea
2012 (BS12) and 2013 (BS13),
Chukchi Sea 2013 (CH13), and § +
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clusters
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including polycyclic aromatic hydrocarbons, polyhalo-
genated hydrocarbons, dibenzofurans, and dioxin (Oesch-
Bartlomowicz and Oesch 2005). Chronic exposure to
specific toxicants may not necessarily cause a sustained
increase in AHR transcription (Bowen et al. 2007), but can
be associated with potential downstream consequences,
e.g., modulation of T-regulatory (Trgg) (immune-sup-
pressive) or T-helper type 17 (Tyl7) (pro-inflammatory)
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immunologic activity (Quintana et al. 2008; Veldhoen et al.
2008). IL17 transcription was higher in SB than in CS polar
bears possibly reflecting the history of oil and gas devel-
opment along the coast of the SB, even though transcrip-
tion of AHR was not different between SB and CS polar
bears. Although the SB polar bears probably are in closer
proximity to the existing oil and gas activity, we cannot
give a firm conclusion on whether the higher IL17
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transcription in the SB population could be associated with
emission from petroleum activities or is due to other eco-
logical or environmental differences between the two
populations.

Excessive production of TH;; cells has been suggested
as key in the development of autoimmunity, which can
result in symptoms such as dermatitis and other skin dis-
orders (Parham 2014). Consistent with results from human
studies, stress responses, evidenced from elevated TGFf
levels, were also documented in bycatch harbor porpoises
(Phocoena phocoena; Fonfara et al. 2007). In humans,
elevated TGFp has been shown to induce TH;; production,
while CD69 suppresses it (Martin and Sanchez-Madrid
2011; Parham 2014). In general, CD69 transcript levels
were lower in BS 2012 than in all other groups, while
transcript levels of TGFPB were higher in both SB groups
than in CS or captive polar bears. Further, COX2 tran-
scription can also be an indicator of stress as is the case in
many captive wild animals (McPhee and Carlstead 2010;
Bowen et al. 2012); levels of COX2 were higher in both
captive and Beaufort Sea polar bears than in Chukchi
bears.

In 2012, some of the SB polar bears sampled for this
study were observed with varying degrees of alopecia
(Atwood et al. 2015), as well as reduced body condition
(via analysis of FI values) for adult females captured dur-
ing this period. Polar bears were not captured in the CS in
2012, and it is unknown whether the CS population was
similarly affected by alopecia in 2012. Concurrent with the
observation of alopecia in polar bears, elevated numbers of
alopecic ringed seals were detected in the Beaufort,
Chukchi, and Bering seas in 2011 and 2012, resulting in the
declaration of an unusual mortality event by the National
Oceanic and Atmospheric Administration (NOAA 2011).
The agents causing these cases of alopecia are unknown,
and related physiological changes within individual ani-
mals have been undetectable using classical diagnostic
methods such as serology, blood chemistries, toxicology
screenings, and cytology of lesion biopsies. However, the
transcriptional patterns we observed suggest differences in
biological processes associated with immune response,
viral defense, and stress response between individuals with
and without alopecia; genes such AHR, HSP70, IL1,
CD69, DRB, MXI1, and TGFpB were differentially tran-
scribed. The higher transcription of select genes and find-
ing of reduced body condition in 2012 adult SB females
may be related. SB polar bears may experience more
stressful conditions, i.e., longer history of melting sea ice,
industrial development, and lower primary productivity,
than CS polar bears.

A positive correlation was found between transcription
of Gata3 and T-bet overall. From classical human im-
munology, negative correlation between these two genes is
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expected, as they are part of a negative feedback loop
regulating “opposing” branches of the immune system
(Parham 2014). However, interpretations derived largely
from studies on transcription in humans should be under-
taken with caution.

Accordingly, further investigation of a potential linkage
among transcription patterns, immune function, and phy-
sical condition is warranted. Examination of transcriptional
responses of additional genes that indicate organic expo-
sure and nutritional stress is also warranted, particularly
given the differences observed between CS and SB polar
bears. While both the CS and the SB have experienced
dramatic declines in the extent of summer sea ice habitat,
body size, condition, and recruitment indices are higher for
CS bears, indicating that the CS population appears to be in
better condition than SB bears (Rode et al. 2014). These
key differences may be mediated by geographic variation
in prey availability, exposure to contaminants, pathogens,
or both. Although melting sea ice may release globally
transported contaminants that distill into polar regions and
sequester in ice (Pfirman et al. 1995, 1997), there is no
strong indication of differential exposure to contaminants
or pathogens between CS and SB bears. By contrast, there
is evidence that SB polar bears are nutritionally stressed
when compared to CS bears: Cherry et al. (2009) estimated
that =22 % of adult females sampled in the Beaufort Sea
during the spring of 2005 and 2006 were fasting, whereas
Rode et al. (2014) found no evidence of fasting adult fe-
males sampled in the CS during 2008-2011. Increased
contaminant burdens in marine mammals can alter the
expression of genes associated with thyroid function,
xenobiotic metabolism, and immunological response
(Gregory and Cyr 2003; Buckman et al. 2011), and fasting
has been shown to augment those disruptive effects (e.g.,
Vijayan et al. 2006). Linking genes associated with con-
taminant exposure and nutritional stress to those examined
in our current study would refine interpretation of potential
effects of described stress-related conditions for the SB
population.

Our results represent a foundation upon which gene
transcription panels can contribute to comprehensive ana-
lyses that provide better interpretation of polar bear
population health and response to changing environmental
conditions, i.e., as effects of climate change become more
pronounced. Such an approach will enhance the sensitivity
and value of the polar bear as a sentinel species for marine
ecosystem health and provide a valuable tool for
monitoring the cumulative impacts of biotic and abiotic
stressors on vulnerable polar bear subpopulations (Von-
graven et al. 2012).
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