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Abstract: Marine mammals, now more than ever, are exposed to environmental and anthropogenic
stressors. A better understanding of stress physiology in marine mammals is warranted in order to
assist in conservation efforts. This study screened gene expression profiles (cytokines, stress-response
markers) in blood samples collected opportunistically under controlled conditions from aquarium
belugas during transport and introduction to a novel environment (T/NEnv), participation in out-of-
water examinations (OWE) and from wild belugas during live capture–release health assessments
(WLCR). Quantitative-PCR was used to measure gene expression involved in physiological and
immune responses at different time scales. Linear mixed models with repeated measures and
pairwise comparisons were used for analysis. Overall, a generalized down-regulation of relative gene
expression when compared to samples collected under behavioral control from aquarium whales
or to pre-assessment samples of wild whales was observed, with genes IFNγ, IL2, TGFβ and Nr3c1
displaying the largest significant (p < 0.05) changes. Significant (p < 0.05) negative associations of
inflammatory gene expression with norepinephrine suggest inhibitory effects of catecholamines on
the inflammatory response. Overall, this study contributes to our understanding of the physiological
response to stressors at the molecular level in belugas, and the genes suggested here can further be
utilized as additional tools in beluga health assessments and monitoring.

Keywords: beluga; gene expression; quantitative PCR; immune system; health; stress; whale;
cetacean; blood

1. Introduction

There is a growing concern for cetaceans (dolphins, whales and porpoises) as they are
increasingly exposed to anthropogenic and environmental stressors. For example, their
exposure to increasing amounts of pollutants and toxic substances eventually results in
immunosuppression, leading to more severe and large-scale mortalities or stranding [1–4].
Cumulative effects of stressors are also a concern for health and fitness [5–9].

The interaction of the immune system with the neuroendocrine system is essential for
the proper functioning of organisms. While the nervous, endocrine and immune systems
release different soluble mediators (neurotransmitters, hormones and cytokines), they influ-
ence each other’s activity by expressing their receptors to facilitate cross-talk between one
another [10,11]. Immune cells are able to release cytokines and contain receptors for neuro-
transmitters, and hormonal signals of the endocrine system can influence both nervous
and immune systems [11]. Catecholamines (e.g., epinephrine—EPI; norepinephrine—NE)
are the neurotransmitters of the sympathetic nervous system and are involved in the fight-
or-flight response. Glucocorticoids (e.g., cortisol—CORT) are steroid hormones that are
released by activation of the hypothalamic–pituitary–adrenal (HPA) axis in response to
stressor events and play a key role in the physiological response [10].

It is difficult to study stress physiology in cetaceans. While valuable information is
gained from live capture–release studies of wild cetaceans, the chase, capture and restraint
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can induce physiological responses [12–14]. Studying cetaceans in aquaria removes many
confounding factors associated with sample collection in the wild environment and allows
for measurement of endocrine and immune responses under controlled conditions without
chase and capture [15]. Moreover, there are opportunistic events that take place for whales
under human care which bring about a normal, anticipated physiological response. Exam-
ples of these events include, transport and introduction to novel environments (T/NEnv)
and out-of-water (OWE) events such as veterinary examinations. These opportunistic
events allow for investigation of neuroendocrine and immune system parameters in a
controlled manner allowing for quantification, timing and duration of physiological re-
sponses [16–18].

Many of the previous studies on stress physiology in cetaceans have primarily focused
on the response at the organ system or cellular levels. However, there is also a need and
advantages towards an understanding of the physiological response at the molecular level.
Studies at the molecular level do not need large amounts of blood requiring prolonged
restraint, and given RNA and DNA preservatives, molecular components can be preserved
immediately without the need for immediate processing and freezing at ultra-low tem-
peratures. Molecular methods such as quantitative PCR (qPCR) require relatively small
amounts of blood that can be kept at room temperature for up to three days. Molecular
biomarkers therefore have the potential to become practical tools to assess a variety of
physiological changes following a stressor event, immune challenge and/or toxic exposure.
In fact, molecular technologies are increasingly being used in clinical laboratories and
research facilities due to their excellent sensitivity, specificity and speed [12,19–23].

Specifically, cytokines, heat shock proteins and acute phase proteins have been utilized
to identify the physiological response to stressors in cetaceans [14,24–29]. Cytokines
include interleukins, interferons and growth factors with one or more functions including
lymphocyte proliferation, inflammation, innate and humoral immunity [30]. Heat shock
proteins are also potentially influenced by anthropogenic stressors as they are known to
increase in circulation in response to heat stress, exposure to heavy metals and various other
stressors [31]. Applications of quantitative PCR (qPCR) in cetaceans have demonstrated
the usefulness of this method to address the influence of stressors on the immune system
and health of cetaceans [21,23,32–35].

The goal of this study was to investigate the beluga physiological response at the
molecular level to opportunistic challenges in a controlled environment, through quantifi-
cation of mRNA expression levels of immune and stress relevant genes. These markers
can then be utilized with a variety of sample types, such as skin biopsies, blow and feces,
once validated in each, that can potentially be collected from free-ranging animals without
introducing acute confounding factors.

The targeted genes are known to be important mediators of the immune system, and
quantification of their mRNA transcripts will contribute to an understanding of the beluga
physiological response to stressors at the molecular level. Importantly, once validated on
aquarium belugas, these molecular biomarkers have the potential to contribute additional
health information that can be utilized in conjunction with routine clinical measures to
study and monitor the health status in both stable and endangered beluga populations.

2. Materials and Methods
2.1. Animals and Samples

Blood samples for this study were collected from whales from three separate events
(Table 1). For the first event, the samples were collected from seven belugas (four adult
females, one adult male, one juvenile female, one juvenile male) that were transported
and temporarily relocated to the Mystic Aquarium (T/NEnv study) (August 2008–May
2009), while samples from three resident whales (two adult females, one adult male)
were obtained throughout the introduction of the novel whales as described in Spoon
and Romano [18]. Briefly, for transported whales, blood samples were collected upon
arrival at Mystic Aquarium while on the transport stretcher (Tr-1 arrival), and during
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their stay for 8–9 months at multiple time points under behavioral control (Tr acclimation).
Whales were also sampled at the end of their stay and immediately before transport back to
their home institution (Tr-2 pre) and then again upon arrival (Tr-2 arrival), approximately
14 h apart while on the transport stretcher. Baseline samples for the transported whales
were not available for the gene expression analysis, acclimation samples were available
at 1–2 time points and all arrival (Tr-1 arrival, Tr-2 arrival) and pre-transport (Tr-2 pre)
samples were available at one time point. For resident whales, blood samples were collected
under behavioral control at three days prior to arrival of the transported whales (resident
baseline), within four days of arrival of the transported whales (resident arrival) and
during the introduction and acclimation period of the transported whales within 2 weeks
to 2 months of their arrival (resident acclimation).

Table 1. Blood samples utilized for the current study for three separate events, transport and novel environment (T/NEnv),
out-of-water examination (OWE) and wild beluga live capture–release health assessments (WLCR). Numbers of individual
whales (n), markers measured, time points for each event, total number of blood samples collected, and sample dates
are indicated.

Events Sample Group Markers Measured Time Points Sample No Sample Date

T/NEnv
(Aquarium

whales)

Transported whales (n = 7)
IFNγ, IL2, IL12, COX2,

TGFβ, Nr3c1, IL10,
TLR4, HSP70

Transport-1 arrival
Transport acclimation

Transport-2 pre
Transport-2 arrival

5 August–September 2008
September 2008–April 2009

April–May 2009
April–May 2009

6
7
5

Resident whales (n = 3) IFNγ, IL2, COX2,
TGFβ, Nr3c1

Resident baseline
Resident arrival

Resident acclimation

3 July–August 2008
August–September 2008
October–November 2008

2
4

OWE
(Aquarium

whales)

OWE-1 (n = 3)
OWE-2 (n = 2)
OWE-3 (n = 1)

IFNγ, IL2, IL12, IL18,
TLR4, COX2, TGFβ,

Nr3c1, HSP70

Baseline/OWE/Post-OWE
Baseline/OWE/Post-OWE

OWE/Post-OWE

22 May–June 2011
April 2013
May 2013

11
3

WLCR
(Wild whales)

Bristol Bay 2014 (n = 10)
Bristol Bay 2016 (n = 9)

IFNγ, IL12,
TGFβ, AHR

Pre- and post-assessment
Pre- and post-assessment

19 September 2014
September 201615

For the second event, samples were collected from the same two resident whales (two
adult females) and an additional resident whale (juvenile male) before, during and after
out-of-water examinations (OWE). OWE samples were collected from the three resident
whales 1–7 days before the examination (baseline), during the examination when the
whales were out of the water on the exhibit beach (0–30 min) and at time points post OWE
(1, 24, 48, 72, 96 h). Since baseline and post-OWE samples were taken under behavioral
control, sampling was reliant on their participation in the behavior, resulting in only two
whales (Whale-1 and Whale-2) participating in the 72 h blood draw. Moreover, samples
during the examination were collected at 0 min from Whale-1 only, and at 20 min from
Whale-2 and Whale-3 only due to logistical constraints. Whale-1 participated in three OWE,
Whale-2, two OWE, and Whale-3, one OWE.

For the third event, blood samples were collected from wild belugas in Bristol Bay
during September 2014 and 2016 as a part of beluga live capture–release health assessments
(WLCR) [14,36,37] (National Marine Fisheries Service Scientific Research Permit #14245).
The data obtained from 2014 health assessments have previously been reported [14]. Blood
samples were collected from a total of 19 whales (4 adult females, 15 adult males), and 15
of these were paired samples. A pre-blood sample was taken immediately after capture
before health assessments, and a post blood sample right before release (average time
between pre to post exam sampling = 73 min, range = 49–92 min). Capture and handling
methods are described in detail by Norman et al. [36].

This study was conducted under Institutional Animal Care and Use Committee
(IACUC) approved protocol #04006 from Mystic Aquarium and IACUC approved protocol
#09-13 from Shedd Aquarium. Blood samples were collected via venipuncture from the
fluke vessels into PAXgene®, sodium heparin, EDTA or serum separator tubes. Sodium
heparin, EDTA and serum tubes were centrifuged at (1837× g) for 10 min. The white blood
cell layer removed in sodium heparin tubes was mixed with RNAzol® for gene expression
analysis. EDTA tubes were processed for differential blood cell counts. The plasma and
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serum layers were frozen at −80 ◦C for hormone analysis as described below. PAXgene®

RNA and RNAzol® white blood cells were stored at −20 ◦C and −80 ◦C respectively until
further processing.

2.2. RNA Extraction and qPCR Quantification

Quantification of gene expression was carried out following protocols established in
our laboratory for belugas [14]. Briefly, total RNA was extracted by using either PAXgene®

Blood RNA kit IVD (PreAnalytiX Qiagen/BD, Hombrechtikon, Switzerland) or by RNAzol®

RNA extraction protocols. The quantity and quality of total RNA was assessed by using
spectrophotometry and agarose gel electrophoresis. Complementary DNA (cDNA) samples
were generated by using QuantiTect™ Reverse Transcription Kit (Qiagen, Hilden, Ger-
many), and amplifications were carried out in triplicates on a 7300 Real-Time PCR System
(Applied Biosystems, Waltham, MA) using QuantiTect™ SYBR® Green PCR Kit (Qiagen).

Previously published primers for belugas [14,28] were used for amplifications of ten
target genes (IFNγ, IL2, IL12, IL18, COX2, TGFβ, Nr3c1, IL10, TLR4, HSP70) along with two
reference genes (Glyceraldehyde 3-phosphate dehydrogenase—GAPDH and Ribosomal
protein S9—RPS9). For validation of each target and reference gene, 1:5 or 1:10 fold serial
dilutions were prepared and amplification efficiencies were calculated from the slope of
the standard curves according to the formula E = 10(−1/slope) [38]. Due to limitations with
the amount of RNA extracted, the number of target genes measured differed between
different events.

2.3. Hematology and Hormone Analysis

Blood hematology and catecholamine analysis were conducted at Mystic Aquarium
as described in Spoon and Romano [18]. Total WBC and differential counts were measured
with an automated hematology analyzer (VetScan HM2, Abaxis Inc., Union City, CA, USA)
or counted manually. Catecholamines were measured using high-performance liquid
chromatography with electrochemical detection. Adrenocorticotrophic hormone (ACTH)
and cortisol (CORT) analysis were conducted at the Animal Health Diagnostic Center,
Endocrinology Laboratory at the College of Veterinary Medicine at Cornell University
(Ithaca, NY, USA) as previously described [17,18,39].

All of the blood differential counts were available to use in association analysis for the
current study; however, the hormone data available differed among the three events. For
the T/NEnv study, the previously published EPI and NE concentrations [18] were utilized
in mixed model analysis with additional return transport time points. While NE, ACTH
and CORT were utilized for both OWE and WLCR studies, additional EPI measurements
were utilized for the WLCR study.

2.4. Analyses and Statistics

Samples obtained from different events were analyzed for changes in gene expression
across sampling time points for individual events. Analysis was performed using the
target and reference genes denoted in the methods. Expression values of each target gene
were normalized to a reference gene to obtain the normalized expression value (∆Cq), and
pre-processing and subsequent data analyses were carried out based on the comparative
Cq method with efficiency correction [40,41] using GenEx 6.1.0 (MultiD Analyses AB)
software. Relative quantification of the genes was carried out in relation to either baseline
values or average expression across all samples. The current Minimum Information for
Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines were followed
for all quality control steps and data analysis [42]. Normality of the gene expression data
(∆Cq) was assessed using the Shapiro–Wilk test [43], and non-parametric Wilcoxon or the
Mann–Whitney test were used to identify the significant (p < 0.05) differences. Gene-to-
gene relationships were investigated using linear regression analysis and scatter plots,
incorporating Durbin–Watson statistic to test for independence of observations, assessment
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for homoscedasticity (equal variances of residuals) and the normality test of the residuals
of the regression line using SPSS Statistics v27 (IBM Corp., Armonk, NY, USA).

Gene expression analysis of the T/NEnv blood samples was carried out for the resident
whales including baseline, arrival and acclimation of the novel transported whales while
gene expression was analyzed for pre-transport, post-transport and acclimation samples for
the transported whales. For the transported whales, relative gene expression values were
reported in relation to the average gene expression since baseline data was not available.
For the resident whales, relative gene expression values were reported in relation to the
baseline values. While nine target genes (IFNγ, IL2, IL12, COX2, TGFβ, Nr3c1, IL10, TLR4,
HSP70) were successfully quantified for the transported whales, only five genes were
quantified for resident whales (IFNγ, IL2, COX2, TGFβ, Nr3c1) due to limitations with
RNA quantity and quality. OWE samples were analyzed for nine target genes (IFNγ, IL2,
IL12, IL18, COX2, TGFβ, Nr3c1, TLR4, HSP70) for baseline, OWE and post-OWE samples.
Wild beluga blood samples collected from Bristol Bay health assessment studies were
analyzed for four target genes (IFNγ, IL12, TGFβ, AHR) on two paired time points pre-
and post-health assessment as a part of an ongoing study.

Linear Mixed Model (LMM) analysis with repeated measures and Maximum Like-
lihood Estimation (MLE) implemented in SPSS v27 were used to evaluate the significant
(p < 0.05) changes in the expression of target genes across the time points sampled, with
normalized gene expression values (∆Cq) included as the dependent variable, and time
of sampling and subject included as fixed effect factors. Scaled Identity covariance type
was selected as the best fit option for the mixed model based on the Akaike information
criterion (AIC) [44]. The significant effects (p < 0.05) of time were reported as F statistics
based on the linearly independent pairwise comparisons among estimated marginal means.
Posthoc pairwise comparisons were carried out based on the estimated marginal means
with confidence interval adjustment using a multiple test correction [45].

Relationships between expression of genes and blood analytes (hematology, cate-
cholamines and hormones) that were collected within the framework of other studies were
also investigated whenever available utilizing ∆Cq values. LMM with repeated measures
was utilized to estimate the significant (p < 0.05) main effects of gene expression on blood
parameters using SPSS v27 as described above.

3. Results
3.1. Transport and Novel Environment (T/NEnv) Study

The transported whales displayed significant (p < 0.01) changes in eight out of nine
target genes tested throughout arrival and their stay at Mystic Aquarium (Figure 1). Base-
line samples were not available for the whales that were transported, therefore the change
in gene expression in relation to the average expression value for each gene across all
samples were investigated. Significant changes were observed for overall gene expression
across all time points for IFNγ (F3,24 = 9.573, p < 0.001), IL2 (F3,24 = 10.620, p < 0.001), COX2
(F3,24 = 6.083, p = 0.003), TGFβ (F3,24 = 7.910, p = 0.001), Nr3c1 (F3,24 = 13.865, p < 0.001),
IL10 (F3,22 = 14.979, p < 0.001), TLR4 (F3,24 = 8.164, p = 0.001) and HSP70 (F3,24 = 9.533,
p < 0.001) (Figure 1). Posthoc pairwise comparisons that were carried out in relation to
the acclimation samples as the behavioral control samples displayed significant (p < 0.05)
changes mostly at Tr-1 arrival and/or Tr-2 arrival time points (Figure 1). While all three
time points (Tr-1 arrival, Tr-2 pre and Tr-2 arrival) significantly differed (p < 0.05) from the
acclimation sample for the IL2 gene, IL12 gene expression did not significantly change
(p > 0.05) for any of the time points tested for this sample set. Despite the variability in the
magnitude of change in gene expression, the whales displayed significant up-regulation
during the acclimation period for IFNγ, IL2, COX2, TGFβ, Nr3c1, TLR4 and HSP70 (Pair-
wise posthoc test, p < 0.05) (Figure 1). While down-regulation between acclimation and
Tr-2 pre was significant for only IL2, down-regulation between acclimation and Tr-2 arrival
was significant for IFNγ, IL2, Nr3c1, IL10 and HSP70 (Figure 1).
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Additionally, down-regulation between Tr-2 pre and Tr-2 arrival samples was also
significant for IFNγ, TGFβ, Nr3c1, IL10 and HSP70 (Pairwise posthoc test, p < 0.05) for the
average of five whales sampled (not shown in Figure 1). On the other hand, the arrival
samples obtained during the first transport (Tr-1 arrival) displayed similar gene expression
to the arrival samples obtained during the second transport (Tr-2 arrival) with no significant
changes, with the exception of IL10 (p = 0.003).

The three resident whales displayed more subtle changes throughout the introduction
and stay of the novel whales with a significant overall change (Tests of fixed effects, p < 0.01)
among baseline, arrival and acclimation samples for TGFβ (F3,9 = 12.854, p = 0.001) and
Nr3c1 (F3,9 = 7.484, p = 0.008). Posthoc pairwise comparisons carried out in relation to the
baseline samples displayed a significant (p < 0.05) increase at acclimation for TGFβ and
Nr3c1; however, there were no significant changes upon arrival of the transported whales
(Figure 2).

3.2. Out-of-Water Examination (OWE) Study

Significant changes (p < 0.01) were observed in average gene expression of IL18
(F9,28 = 4.601, p = 0.001), TLR4 (F9,28 = 17.091, p < 0.001), COX2 (F9,34 = 8.423, p < 0.001),
TGFβ (F9,34 = 107.443, p < 0.001), Nr3c1 (F9,21 = 11.812, p < 0.001) and HSP70 (F9,33 = 2.499,
p = 0.027) for the three resident whales across all time points (Figure 3). The two baseline
values (B1 and B2) significantly (p < 0.01) differed from each other for TGFβ, but not for
any other gene, based on the posthoc pairwise comparisons. In general, gene expression
values showed a generalized down-regulation, or no change in relation to the average
baseline values. The three resident whales showed variable responses to OWE, resulting in
large variability in gene expression (Figure 3). TGFβ and TLR4 genes showed the most
significant changes across the time points tested based on posthoc pairwise comparisons in
relation to baseline values. Both COX2 and TGFβ showed a consistent down-regulation
until 1 h post-OWE, followed by a recovery phase reaching baseline values by 72 h. IL18
and Nr3c1 showed the largest significant change at 48 h represented as down-regulation
followed by a consequent recovery back to baselines values at 72 h. While TLR4 showed
subtle but significant down-regulation across most time points tested, HSP70 displayed
significant down-regulation at 30 m only (Figure 3).
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Figure 3. Average relative gene expression changes (Log2 fold-change, y-axis) across the time points (x-axis) for the study
in relation to the average baseline values (y = 0) for three aquarium whales. B1 indicates the average value for the baseline
samples taken 7 days prior, and B2 indicates the average value for the baseline samples taken 1 day prior to OWE event.
Samples taken during the OWE are in minutes: 0 m, 20 m, 30 m; and post-OWE are in hours: 1 h, 24 h, 48 h, 72 h, 96 h.
Error bars represent the standard error of means. Statistically significant differences from the average baseline values are
indicated with asterisks (Posthoc pairwise test with Sidak correction * p < 0.05).

3.3. Wild Beluga Live Capture–Release (WLCR) Study

Relative comparison of paired pre-examination (pre) and post-examination (post)
blood samples obtained from live capture-release whales displayed significant down-
regulation in post-exam samples for IFNγ (Wilcoxon paired test, p < 0.001) and TGFβ
(p = 0.005), reaching a five-fold down-regulation for IFNγ (Figure 4). Out of 15 total
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individuals where paired pre vs post data were available, 14 whales displayed down-
regulation for IFNγ and 13 whales for TGFβ. The changes in IL12 and AHR was not
significant even though IL12 displayed down-regulation between pre and post samples
(Figure 4).
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Figure 4. Comparison of relative gene expression changes of paired pre-health assessment (WLCR
Pre) and post-health assessment (WLCR Post) blood samples (n = 15) obtained from live capture-
release whales from Bristol Bay. The genes that are significantly different from pre are indicated
with asterisks. Error bars represent the standard error of means. The relative quantification values
were obtained by normalizing the ∆Cq values to the average expression for each gene across all the
samples obtained from wild belugas. Genes that showed significant variation between pre and post
samples are indicated with asterisks (Wilcoxon paired test, ** p <0.01).

3.4. Relationships with Other Variables

All of the blood differential counts and available hormone data were utilized in LMM
analysis along with gene expression data to investigate relationships. Blood differential
counts and hormones from the T/NEnv study [18], and CORT from the OWE study [39]
have previously been reported. In the WLCR study, the blood hormones NE (p = 0.004),
EPI (p = 0.01) and ACTH (p = 0.018) displayed a significant decrease in post-blood samples
whereas CORT did not significantly differ (data not shown). Among the white blood cell
populations from the WLCR study, only LYMP showed a significant change, displaying
downregulation in post-blood samples (Wilcoxon paired test, p = 0.020).

Among the hormones and blood differential counts tested, LYMP, NEUT, NE, ACTH
and CORT displayed significant relationships (p < 0.05) with gene expression data (Table 2).
In general, the significant main effects of gene expression were negative for NE and posi-
tive for NEUT. Significant negative associations were observed between NE versus IFNγ

(F1,85 = 15.266, p < 0.001), IL2 (F1,56 = 8.089, p = 0.006), IL18 (F1,25 = 5.194, p = 0.031) and
COX2 (F1,56 = 4.182, p = 0.046) gene expression. Negative associations were also observed
between ACTH versus IL2 (F1,34 = 4.805, p = 0.035) and COX2 (F1,34 = 6.709, p = 0.014)
gene expression. While CORT showed positive associations with IL12 (F1,66 = 4.467,
p = 0.038) and AHR (F1,33 = 35.250, p < 0.001), LYMP showed negative associations with
IL12 (F1,86 = 9.344, p = 0.003) and AHR (F1,34 = 11.148, p = 0.002). Additionally, NEUT
showed positive relationships with IFNγ (F1,91 = 4.4281, p = 0.041), IL12 (F1,83 = 8.587,
p = 0.004) and COX2 (F1,56 = 11.141, p = 0.001) (Table 2).
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Table 2. Significant associations (p < 0.05) of blood parameters with normalized averaged cycle quantification values (∆Cq)
reported as estimates of fixed effects using a Linear Mixed Model (LMM) Analysis with repeated measures for T/NEnv,
OWE and WLCR studies. The number of samples that are included in the model for each gene is indicated as a range (N),
and p-values for each significant association are indicated in parentheses. Positive values indicate increasing gene expression
with increasing blood parameter concentrations (i.e., positive relationship), while negative values indicate decreasing gene
expression with increasing concentrations or vice versa (i.e., negative relationship).

Gene N NE
(102× pg/mL)

ACTH
(10× pg/mL)

CORT
(µg/dL)

NEUT
(103/µL)

LYMP
(103/µL)

IFNγ 85–94 −0.656 (<0.001) n.s. n.s. 0.223 (0.041) n.s.
IL2 34–61 −0.496 (0.006) −0.555 (0.035) n.s. n.s. n.s.

IL12 66–86 n.s. n.s. 0.571 (0.038) 0.464 (0.004) −0.365 (0.003)
IL18 25–28 −0.582 (0.031) n.s. n.s. n.s. 0.218 (0.033)

COX2 33–61 −0.684 (0.046) −1.557 (0.014) n.s. 0.377 (0.001) n.s.
AHR 30–34 n.s. n.s. 4.557 (<0.001) n.s. −1.730 (0.002)

The associations with largest estimates of fixed effects observed were for AHR display-
ing a positive relationship with CORT (Estimate = 4.557, p < 0.001) and negative relationship
with LYMP (Estimate = −1.730, p = 0.002), and COX2 displaying a negative relationship
with ACTH (Estimate = −1.557, p = 0.014). Associations were not significant for EPI, MON
or EOS and gene expression (data not shown).

Genes that showed similar expression profiles were further investigated for the pres-
ence of linear relationships using linear regression analysis and scatter plots. Among
those that met the test assumptions for independence of observations (Durbin–Watson test
statistic >1 and <3), homoscedasticity and normal distribution of residuals, a strong and sig-
nificant linear relationship was observed between IFNγ and IL2 (R2 = 0.649; F1,64 = 118.322,
p < 0.001), and between TGFβ and Nr3c1 (R2 = 0.679; F1,52 = 109.821, p < 0.001) (data
not shown).

4. Discussion

This study demonstrates gene expression changes over the course of different op-
portunistic events that trigger or elicit a physiological response in belugas [14,17,18]. The
physiological responses to three opportunistic events ranged in time scale and duration
from 0 to 30 min (OWE) to a couple hours (WLCR), and up to ~14 h (T/NEnv transport).
Overall, the time scale of these events had a significant effect in most of the genes tested,
as expected. However, a large variability in the magnitude and timing of these responses
were observed among the whales, indicative of their individual behavior and physiology.
Moreover, the presence of significant associations of gene expression values with other
blood parameters including the catecholamine NE, stress hormones CORT and ACTH, and
blood differentials NEUT and LYMP, provides evidence of relationships of gene expression
with changes in hormones and cellular immune responses to stressor events.

The bidirectional link between the sympathetic nervous system and neuroendocrine
systems with the immune system and the generation of a physiological response to dis-
turbances in cellular homeostasis has been a focus of research in many organisms, in-
cluding marine mammals [12,46–53]. Overall, a generalized down-regulation of relative
gene expression when compared to baseline (OWE) or acclimation samples (T/NEnv)
was observed for these events, potentially reflecting the interaction of catecholamines
and glucocorticoids on the immune system [10,11]. The release of catecholamines and
glucocorticoids has previously been documented in marine mammals as a response to
handling or transport [12,13,18,51]; however, the relationship with gene expression is not
fully understood.

The current study contributes to the understanding of this response by reporting the
changes in gene expression at multiple time points during and following such events. The
relationship with gene expression is not straightforward due to the differences in timing
of events. While the T/NEnv study took place over the course of months, including an
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acclimation and two transport events, the OWE study took place within 30 min, followed
by up to 96 h post-monitoring, and the WLCR study took place over the course of an
average of 73 min (range = 49–92 min) following chase and capture. Despite the variability
in timing of events, consistent gene expression changes were observed across these events
as described below. Moreover, significant temporal changes for multiple genes have been
observed across the time scales tested for each event. Among these genes, cytokines play
a central role in generating a cascade of interactions with other molecules in response
to different stimuli, resulting in a physiological response [54–56]. However, due to the
pleiotropic nature of cytokines acting on a variety of cell types and sharing similar functions,
it is not possible to identify the effect of a particular cytokine [56].

Among the markers tested, the T-helper cell type I (Th1) cytokines IFNγ and IL2
displayed the largest changes in gene expression and, along with the immunomodulatory
cytokine TGFβ and glucocorticoid receptor gene Nr3c1, showed variable levels of down-
regulation to opportunistic stressor events, except for the resident whales with addition of
the transported novel whales to the habitat (T/NEnv study), as described in detail below.
Moreover, IFNγ and IL2 displayed very similar profiles, as reflected in a strong linear
relationship (R2 = 0.649), in agreement with the previously reported synergistic functions
of these two pro-inflammatory cytokines.

4.1. T/NEnv Event

The up-regulation observed among three of the transported whales during the acclima-
tion period for which the samples were obtained under behavioral control was consistent
for most of the genes tested, reflecting the cellular changes occurring during acclimation.
This increase in gene expression observed for these whales during acclimation coincides
with a previously reported corresponding decrease in EPI, NE and CORT accompanied
by an increase in phagocytic activity [18]. IFNγ, the primary activator of macrophages
and a major natural-killer cell cytokine, is a key player in systemic immune system ac-
tivation, taking part in a positive feedback loop and amplifying the immune response
through increased phagocytosis, and increased cytokine secretion with the help of other
inflammatory cytokines including IL2 [56–58]. TGFβ is an immune modulator balancing
inflammation. The previously reported significant increase in phagocytic activity for the
transported whales between Tr-1 arrival and acclimation samples [18] coincides with a
significant increase in IFNγ and IL2 gene expression reported in this study, however the
expected decrease in TGFβ was not observed.

Moreover, the significant and consistent down-regulation of IFNγ and TGFβ between
Tr-2 pre and Tr-2 arrival samples during the second transport might be indicative of a phys-
iological response to the duration of the transport possibly indicating the inhibitory effect
of glucocorticoids on both pro- and anti-inflammatory cytokines [54,58,59]. Additionally,
with the exception of IL10, the lack of significant differences in gene expression observed
during the first (Tr-1) and the second transport (Tr-2) arrival samples indicate that the level
of gene expression in the two arrival samples were similar. However, it is not possible to
compare the responses to the two transport events in the absence of pre-transport samples
for the first transport.

It is important to note that the differences observed could be influenced by the timing
and method of sample collection upon arrival of the transported whales. While the samples
from transported whales were collected upon arrival and on the stretcher, the samples
from resident whales were collected within four days after the transport under behavioral
control. Introduction of novel whales to the habitat was hypothesized to generate a smaller
physiological response than transport based on prior data [18]. Moreover, since acute gene
expression changes occur relatively quickly, often within minutes to a day, it is likely that
the physiological response to the introduction of the novel whales had already occurred by
the time blood samples were collected from resident whales.
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4.2. OWE Event

Gene expression changes observed during the OWE event are representative of an
acute stressor phase (0–30 min) when the samples were taken on the stretcher, followed by a
post-OWE phase when the samples were taken under behavioral control (1–96 h). The data
overall indicate that the effect of a short term stressor on gene expression is highly variable
among pro-inflammatory and regulatory markers, possibly depending on their periods
of action and interactions with each other and generation of a cascade of physiological
events as described in sections below. While a general down-regulation was apparent and
consistent with the changes observed in the T/NEnv study, the cytokines involved in the
acute response, IFNγ and IL2 did not significantly change during the OWE, whereas the
inflammatory COX2 and regulatory TGFβ showed a gradual decrease in the first hour
post-OWE. A large variability among individuals was also observed, indicating different
coping mechanisms. Whale-1 also seemed to have much lower levels of CORT than the
other two whales, reaching peak values of approximately 6 µg/dL versus 10 µg/dL as
observed in Whales-2 and -3 [39]. While it is not possible to pinpoint the reasons behind
this change within the scope of this study, it is interesting to note that the differences
observed for Whale-1 coincided with lower levels of CORT, possibly indicating a less
robust physiological response.

While cytokines are known to be involved in macrophage responses, receptor proteins
like AHR and TLR4, in addition to HSPs, are also reported to change in response to
monocyte and macrophage counts [60,61]. Interestingly, stress hormones are known to
suppress the response of macrophages through down-regulation of TLR4, effecting a gene
cascade through its signaling pathway [62], which is consistent with our findings of TLR4
down-regulation observed during the OWE event.

Most of the genes showed large individual variability in response to OWE as the
opportunistic stressor event, in agreement with other studies where these genes show large
expression changes in response to a stressor event [28,34,61]. The differences in individual
response in terms of timing and magnitude are expected due to inter-individual variation
of sex, age and/or behavioral traits among the whales [39,53,63].

The gene expression differences observed during T/NEnv and OWE events were
not comparable in the absence of baseline (pre-transport) samples for the first transport.
Interestingly, the CORT levels were similar in whales for both of these events, ranging
between approximately 1–10 µg/dL. The physiological response observed throughout
these events could potentially be due to multiple factors involving the timing and duration
of events, as well as the differences in their habitat. The whales subject to OWE were
housed in an outdoor habitat where they are routinely exposed to different environmental
factors (e.g., microbes airborne particles), whereas the transported whales were housed
in an indoor environment. These results indicate that the original habitat of the whales
(indoor vs outdoor), the method of blood collection (voluntary vs. stretcher) and/or the
type of event all have the potential to effect gene expression, even though the exact cause of
change cannot be determined based on the samples analyzed within the scope of this study.

4.3. WLCR Event

This event provided the opportunity to investigate gene expression responses of paired
pre and post health assessment samples, upon capture and initial restraint and before
release after an average of 73 min (range = 49–92 min) of restraint as part of live capture–
release health assessments of wild belugas in Bristol Bay, AK carried out in 2014 and 2016.
While the WLCR study does not include a baseline sample, each individual whale acts as
its own control through comparison of pre- vs post-assessment samples. While the changes
in hormones, differential counts and gene expression during the time period between pre-
and post-sampling are reported, it should be kept in mind that whales experienced chase
and capture beforehand, which could have potentially influenced the results. A significant
down-regulation of IFNγ and TGFβ from pre to post was observed along with a significant
reduction in LYMP, EPI, NE and ACTH, indicating a physiological response to the duration
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of the restraint. Gene expression analysis of the samples collected from 2014 has already
been reported previously, displaying significant down-regulation between pre and post
samples for IFNγ, TGFβ and AHR [14]. With the addition of 2016 samples, IFNγ and TGFβ
remained down-regulated; however, AHR did not significantly change.

The results are in agreement with a previous study of dolphin live capture–release
health assessments that showed significant decrease of EPI between pre and post sam-
ples, likely indicative of a physiological response to capture followed by restraint and
handling [12]. Unlike the previous study, a significant decrease in NE and ACTH, in
addition to EPI, was also observed in this study. These differences in hormone values could
be indicative of a species-specific or population-specific response, as the previous study
included two different populations with somewhat different responses [12]. However,
contrary to the previous study, adjustments for age and sex were not carried out for the
current study, and the number of individuals was much smaller, which might have also
influenced the results.

4.4. Relationship of Gene Expression with Hormones and Hematology

During an acute stressor event, the activation of the sympathetic nervous system
results in immediate release of the catecholamines [64]. NE and subsequently EPI are
synthesized and released as a part of this quick and short response. NE and EPI are
shown to inhibit pro-inflammatory cytokine production associated with natural-killer cell
cytotoxicity; however, their effect is likely dependent on the duration of exposure [10].
The reduced IFNγ and IL2 expression for Tr-1 and Tr-2 arrival samples in relation to
acclimation coinciding with elevated NE and EPI, and negative associations of these genes
with NE, support these findings, indicative of the suppressive effects of NE and EPI on
pro-inflammatory cytokine production and gene expression [10,54,58].

In contrast, both EPI and NE decreased between pre and post samples in the WLCR
study, along with decreasing levels of IFNγ expression, in agreement with previous stud-
ies [12,14]. This could be the result of the differences in timing of sample collection for
opportunistic events. The time elapsed between Tr-1 arrival and acclimation samples for
T/NEnv study ranged over 14 days to 7 months, whereas the time between WLCR pre-
and post-exam samples was an average of 73 min (range = 49–92 min). Importantly, while
Tr-1 arrival samples were taken on the stretcher (i.e., under restraint) at one time point only,
WLCR samples were taken under restraint at two time points (pre- and post-examination).
As compared to glucocorticoids, catecholamines have a much shorter half-life [12,65]. It
is likely that CORT was still exerting its suppressive effect on IFNγ, resulting in down-
regulation, even when EPI and NE were both reduced between pre and post samples.

Glucocorticoids in general have also been shown to have inhibitory effects on the
production of most cytokines, including the pro-inflammatory IFNγ, IL2, IL12 and anti-
inflammatory IL10 and TGFβ [54,58,59]. They exert this action through glucocorticoid
receptors coded by the Nr3c1 gene, which bind to glucocorticoids to generate a negative
feedback loop within the hypothalamic–pituitary–adrenal axis and regulate the neuroen-
docrine response to stressors [64,66]. Moreover, glucocorticoids are shown to modulate
TGFβ production [59]. The generalized down-regulation observed in this study for all of
these genes in relation to baseline or acclimation samples, along with a strong positive
linear relationship observed between Nr3c1 and TGFβ (R2 = 0.679), are in support of
these findings.

While negative associations were not observed between gene expression and CORT,
IL2 negatively associated with ACTH, possibly indicating suppression during ACTH re-
lease. The reduction in gene expression of IFNγ and IL2 in relation to baseline was not
observed in resident whales (T/NEnv), possibly due to the timing of arrival sampling (i.e.,
four days after the arrival of transported whales) coinciding with the lack of significant
increases in CORT. Contrary to the previously published findings [54,58], a significant
reduction in expression of IL12 with increased levels of CORT was not observed in any
of the events described in this study. In fact, IL12 displayed a positive relationship with
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CORT in association analysis, indicating an increase in IL12 with increased CORT levels
but the change was not significant. Therefore, our findings of reduced IFNγ during the
course of all three opportunistic stressor events, and reduced IL2 expression, as observed
in T/NEnv (Tr-1 arrival, Tr-2 pre and Tr-2 arrival), along with the significant negative
association with ACTH, support previous studies and demonstrate a physiological re-
sponse triggering catecholamine and glucocorticoid release and associated gene expression
changes [14,34,58,67].

In addition, a significant decrease in LYMP in the WLCR study was observed between
pre and post samples, along with the previously reported significant decrease in LYMP for
transported whales of the T/NEnv study, as expected [18]. Hematological changes have
been reported to occur in blood parameters of transported animals, typically resulting in an
increase in NEUT, along with a decrease in LYMP [67–69]. An increase in NEUT was also
observed for both studies, although not statistically significant. An increase in IFNγ has
previously been reported to occur as a result of polymorphonuclear NEUT activation [57].
Moreover, in this study, both IFNγ and IL12 were positively associated with NEUT, and
IL12 was negatively associated with LYMP. These findings indicate that the changes in
expression of both IFNγ and IL12 might be reflecting the changes in blood hematology
parameters associated with the physiological response to a stressor event.

4.5. Limitations

While these opportunistic events allow for more controlled investigations on the phys-
iological response to stressors in belugas and provide the first information of its kind, the
limitations are recognized. The small sample size, and given that it was not possible to get
samples from all whales at the targeted time points due to individual behavior, may have
confounded the results. Moreover, the sample set was not male/female balanced, which
could potentially confound the results due to sex-related differences in gene expression;
however, it is not possible to address this issue given the limited number of individuals
sampled for this study. The variability among the baseline values for TGFβ expression
during OWE is also recognized as a limitation of this study pointing out the importance of
including multiple baseline measurements for future studies. Additionally, two different
RNA preservatives were used in the study, as RNAzol® was replaced with PAXgene®

blood RNA tubes when this more efficient technology became available. However, the
relative quantification method utilized in this study essentially eliminates most inherent
variability, as the samples were first normalized to an internal control, and then to the
average expression value (for T/NEnv and WLCR studies) or baseline values (for OWE
study) in an attempt to capture the true variation.

5. Conclusions

This study contributes to a better understanding of the physiological response to
stressors through opportunistic events in a controlled environment as a first step towards
understanding the impact of stressors on belugas. Specifically, the results add to our
understanding of gene expression changes at multiple time points before, during and
after a stressor event, using a relatively small amount of blood (2.5 mL). This study also
highlights the coupling of gene-based and classical veterinary diagnostics to improve the
interpretation of immune function and health in belugas. Importantly, IFNγ, IL2, TGFβ and
Nr3c1 gene expression showed promise in investigation of the physiological response across
different stressor events, and can potentially be utilized as a complementary measure for
assessing and monitoring the physiological response to stressors in wild belugas. Overall,
the real-time PCR quantification method and panel of genes used in this study demonstrate
promise in assessing the physiological response to different stressor events and have the
potential to be utilized as additional assessment tools for the health and welfare of belugas
and other cetaceans.
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Abbreviations

EPI Epinephrine
NE Norepinephrine
CORT Cortisol
ACTH Adrenocorticotropic hormone
HPA Hypothalamic–pituitary–adrenal
NEUT Neutrophil absolute counts
LYMP Lymphocyte absolute counts
MON Monocyte absolute counts
EOS Eosinophil absolute counts
OWE Out of water examination
T/NEnv Transport and Novel environment
Tr Transport
Tr-1 First whale transport
Tr-2 Return transport of the whales
WLCR Wild live capture-release
PCR Polymerase chain reaction
qPCR Quantitative polymerase chain reaction
mRNA Messenger RNA
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Cq Cycle quantification (threshold) values for qPCR
∆Cq Delta Cq representing reference gene normalized values
MIQE Minimum Information for Publication of Quantitative Real-Time PCR Experiments
CI Confidence intervals
LMM Linear Mixed Model
VIF Variance Inflation Factor
MLE Maximum Likelihood Estimation
IFNγ/IFNg Interferon gamma
IL2 Interleukin-2
IL10 Interleukin-10
IL12 Interleukin-12
IL18 Interleukin-18
COX2 Cyclooxygenase-2
TGFβ/TGFb Transforming growth factor beta
Nr3c1 Glucocorticoid receptor
TLR4 Toll-like receptor-4
HSP70 Heat shock protein 70
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
RPS9 Ribosomal protein S9
Th1 T-helper cell type I
Th2 T-helper cell type II
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