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a  b  s  t  r  a  c  t

Early  identification  of  illness  and/or  presence  of  environmental  and/or  social  stressors  in free-ranging
and  domestic  cetaceans  is  a priority  for marine  mammal  health  care  professionals.  Incorporation  of
leukocyte  gene  transcript  analysis  into  the  diagnostic  tool  kit  has  the potential  to  augment  classical
diagnostics  based  upon  ease of  sample  storage  and  shipment,  inducible  nature  and  well-defined  roles
of transcription  and  associated  downstream  actions.  Development  of  biomarkers  that  could  serve  to
identify  “insults”  and  potentially  differentiate  disease  etiology  would  be of  great  diagnostic  value.  To  this
end,  a modest  number  of  peripheral  blood  leukocyte  gene  transcripts  were selected  for  application  to
a  domestic  killer  whale  population  with  a focus  on  broad  representation  of  inducible  immunologically
relevant  genes.  Normalized  leukocyte  transcript  values,  longitudinally  acquired  from  232  blood  samples
derived  from  26  clinically  healthy  whales,  were  not  visibly  influenced  temporally  nor  by  sex  or  the  specific
Park in  which  they  resided.  Stability  in leukocyte  transcript  number  during  periods  of  health  enhances
their  potential  use  in  diagnostics  through  identification  of  outliers.  Transcript  levels  of  two  cytokine  genes,
IL-4 and  IL-17,  were  highly  variable  within  the  group  as  compared  to  the other  transcripts.  IL-4  transcripts
were  typically  absent.  Analysis  of  transcript  levels  on the  other  genes  of  interest,  on  an  individual  animal
basis,  identified  more  outliers  than  were  visible  when  analyzed  in  the  context  of  the entire  population.
The  majority  of outliers  (9 samples)  were  low,  though  elevated  transcripts  were  identified  for  IL-17
from  2 animals  and  one  each  for Cox-2  and  IL-10.  The  low number  of  outliers  was  not  unexpected  as

sample  selection  was  intentionally  directed  towards  animals  that  were  clinically  healthy  at  the  time  of
collection.  Outliers  may  reflect  animals  experiencing  subclinical  disease  that  is transient  and  self-limiting.
The  immunologic  knowledge  derived  from  longitudinal  immunologic  studies  in killer  whales,  as  was the
target  of  the  present  study,  has  the potential  to improve  diagnostics  and  health  related  decision  making
for this and  other  domestic  and  free-ranging  cetacean  species.

© 2016  Published  by  Elsevier  B.V.
. Introduction

Infectious disease, physical injury and stress can all contribute to

orbidity and mortality in domestically-housed and free-ranging

etaceans. Resulting disease can be difficult, if not impossible,
o identify in the early stages of compromised health. Timely

∗ Corresponding author.
E-mail address: jlstott@ucdavis.edu (J.L. Stott).

1 Present address: Department of Animal and Veterinary Sciences, University of
ermont, 570 Main Street, Burlington, VT, USA.

ttp://dx.doi.org/10.1016/j.vetimm.2016.04.011
165-2427/© 2016 Published by Elsevier B.V.
treatment that can mitigate disease progression and develop-
ment of any sequelae relies on early and accurate identification
of the insult. As in all other medical and veterinary health models,
the identification and diagnosis of infectious and other diseases
encountered by cetaceans are routinely dependent upon diagnos-
tics including hematology, serum biochemistry and microbiology.
Interventional strategies, treatment for infectious disease, com-
monly involve the appropriate use of broad spectrum antimicrobial

treatment. While treatment protocols are selected based upon the
diagnosis, empirical therapies based on clinical indexes of suspicion
may  be initiated prior to the determination of a specific diagnosis.
Leukocyte transcriptional biomarkers have potential to facilitate

dx.doi.org/10.1016/j.vetimm.2016.04.011
http://www.sciencedirect.com/science/journal/01652427
http://www.elsevier.com/locate/vetimm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vetimm.2016.04.011&domain=pdf
mailto:jlstott@ucdavis.edu
dx.doi.org/10.1016/j.vetimm.2016.04.011
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Table 1
Animal samples.

Animal Sex Age range of animala (years) Nb Date range of samples

1 F 1–2 8 2006–2008
2  F 1–4 4 2006–2009
3  F 1–3 2 2006–2007
4  F 2 1 2006
5  F 2 2 2008
6  M 2–7 13 2003–2008
7  M 2–4 5 2004–2006
8  F 2 1 2009
9  M 3–5 6 2003–2006
10 F 3 2 2005
11 M 4–10 18 2003–2009
12 M 5–10 9 2003–2008
13 F 7–12 6 2004–2008
14 M 8–11 7 2003–2006
15 M 10–14 8 2004–2007
16 M 12–16 15 2004–2009
17 M 12–18 16 2003–2009
18 F 12–17 8 2003–2008
19 F 14–19 14 2003–2008
20 F 15–21 18 2003–2009
21 F 16–21 10 2003–2009
22 F 19–21 5 2004–2006
23 M 24–27 14 2004–2008
24 M 25–30 11 2003–2009
25 F 29–34 13 2004–2009
26 F 29–34 16 2004–2009
 T. Sitt et al. / Veterinary Immunolog

iagnostic and/or prognostic assessment of cetacean health, similar
o those currently being pursued in human and veterinary medicine
Chaussabel, 2015; Irwin and Cole, 2011).

Cells of the immune system respond to stimuli by communi-
ating with each other via differential expression of cell surface
roteins (receptors and ligands) and secretion of soluble messen-
ers. While many of these genes can be transcriptionally-induced
y multiple and varied insults, the literature would support the
ypothesis that insults could be differentiated based upon the
sum” of unique genes which are up- and/or down-regulated. The
nterest in applying real time quantitative PCR to measure leuko-
yte gene transcription for diagnostic purposes has resulted in the
alidation of techniques for both rapid fixation of mRNA in clini-
al blood samples and generation of reproducible quantitative data
Davis, 2005; Futh et al., 2004; Rainen et al., 2002; Stordeur et al.,
003). A multitude of published studies have described identifica-
ion of unique leukocyte gene transcript/expression signatures in

ammals associated with stress, physical trauma, microbial infec-
ion, vaccination and autoimmune disease (Cole et al., 2011; Ferrari
t al., 2013; Fonfara et al., 2007; Kennerly et al., 2008; Muller
t al., 2013; O’Loughlin et al., 2011; Powell et al., 2013; Sitt et al.,
010; Yahaya et al., 2013). Diagnostic utility has been demonstrated
hrough application of modules of genes that have been enriched
or activities related to biological functions including inflamma-
ion, viral response and signaling within B and T lymphocytes and
eutrophils. Application of this approach to Staphylococcus aureus
S. aureus) infections in humans has demonstrated increased tran-
cription of genes associated with neutrophils and inflammation
nd decreased transcripts associated with B lymphocytes and cyto-
oxic cells (Chaussabel et al., 2008). A parallel approach using
nalysis of human peripheral blood-derived cells with multiple
xes, each containing probes specific for co-regulated gene tran-
cripts, demonstrated utility in longitudinal characterization of
linical incidents and had potential to evaluate pre-clinical risk of
isease (Preininger et al., 2013).

A modest number of gene transcripts were selected for appli-
ation to the killer whale population in the current study with a
ocus on broad representation of inducible immunologically rel-
vant genes. While many of the selected genes encode cytokines
ith varied and pleotropic actions, the general approach was  to
easure transcripts representing the following activities: i) pro-

nflammatory features (TNF� and IL-17) (Coussens et al., 2004;
olls and Linden, 2004; Sutherland et al., 2009; Pappu et al.,
011), ii) phagocyte and vasodilative activity (Cox-2) (Claria,
003; Morita, 2002), iii) early T lymphocyte activity (CD69)
González-Amaro et al., 2013), iv) TH1 activity (IFN�) (Evaristo
nd Alegre, 2013), v) TH2 activity (IL-4) (Gadani et al., 2012),
i) regulatory/anti-inflammatory features (IL-10) (Trifunović et al.,
015), vii) apoptosis (FADD) (Curtin and Cotter, 2003) and viii) anti-
iral activity (MX-1) (Haller and Kochs, 2011). The gene encoding
he ribosomal subunit S9 was selected as a house-keeping marker
o establish normalized transcript values (Bowen et al., 2007; Sitt
t al., 2008). Similar and related approaches and applications of
eukocyte transcript analyses in whales and dolphins has been
eviewed (Beineke et al., 2010), and has also been employed in other
ildlife species (Bowen et al., 2015, 2012)

The current study represents the first longitudinal leukocyte
ranscript analysis in cetaceans; individual animals were repeat-
dly collected and analyzed over an extended period of time. Such
n approach has the added attribute of allowing an animal to serve
s its’ own baseline, thus potentially increasing the ability to iden-
ify outlier events. The data collected from this study in killer

hales may  provide a foundation for the application of transcrip-

ional biomarkers as diagnostic tools for this and other domestically
oused and free-ranging cetacean species.
a Ages of the animals during the sampling period.
b N = number of total samples per animal.

2. Materials and methods

2.1. Animals

Twenty six domestic killer whales (Orcinus orca), ranging in age
from one to 34 years and including a mix  of females (15) and males
(11), were housed in three different marine parks with similar hus-
bandry practices (Table 1). Varying numbers of aliquots (1–18)
were made available for experimental leukocyte transcript anal-
ysis at different intervals (single time point − six years) (Table 1).
As sample acquisition was  opportunistic (dependent upon when
veterinarians sampled the animals and whether FedX shipment
for transcript analysis was  feasible), experimental design, from the
perspective of establishing optimal animal numbers and frequency
of analysis for the study, was not incorporated into this pilot pro-
gram.

Blood samples were collected by Park veterinarians as part of
their routine veterinary care program (i.e. routine CBC and chem-
istry); thus an IACUC protocol was not required. The population of
killer whales described here (largest collection in the world) was
particularly well suited for this study as all animals are trained
to voluntarily present their flukes at pool-side for blood collec-
tion. This conditioned behavior is part of the overall animal health
and wellness program. As such, it not only facilitates acquisition
of peripheral blood from whales presenting with potential illness,
but also minimizes the impact of stress on the animals and on the
associated data derived from routine blood sampling.

2.2. Sample collection

Blood samples were collected in PAXgeneTM Blood RNA tubes
(PreAnalytiX, Switzerland) containing a proprietary additive which
stabilizes RNA and prevents its’ degradation. Samples were oppor-

tunistically taken (as described in Section 2.1) from 2003 through
2009 (Table 1). Following collection, blood tubes were shipped the
same day to the laboratory overnight where they were frozen at −
80 ◦C until extraction of RNA.
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13.3

21.7

30.0

IL4 IL10 IL17 CD69 Cox2 IFNg TNFa MX1 FADD
Genes of interest

Normalized  
Ct value

Fig. 1. Distribution of average cycle threshold (CT) values across genes targeted by
the panel of nine primer sets. Blood was sampled from 26 captive killer whales. Bars
range from the 10th to the 90th percentile of values for each gene; lines represent
T. Sitt et al. / Veterinary Immunology

Samples used in the current analysis were restricted to those
efined as being from “clinically healthy” killer whales. “Clinically
ealthy” was  defined as any animal that had normal hema-
ology/chemistry as determined by the attending veterinarian.
amples were additionally retrospectively screened by excluding
ollections from animals that experienced urgent blood collec-
ions due to potential health concerns, either the month before,
he month after, or during the month in which the sample in ques-
ion was obtained. In total, 232 individual samples from a total of 26
nimals were analyzed. As such, there was a wide range of samples
umbers per animal and varying sampling intervals.

.3. RNA extraction and cDNA synthesis

Samples collected in PAXgeneTM tubes are stable for up to
 years when kept frozen (PreAnalytiX, Switzerland). RNA was
ypically extracted within a month of arrival to the laboratory.
eukocyte RNA was isolated using the PAXgeneTM blood RNA
it (PreAnalytiX, Switzerland), according to manufacturer’s stan-
ard protocols, which included an on-column DNase treatment
o remove contaminating genomic DNA (silica-based microspin
echnology) and stored at −80 ◦C until cDNA synthesis. cDNA was
ynthesized as previously described using a QuantiTect Reverse
ranscription® Kit (Qiagen, Valencia, CA), diluted 1:5, and stored
t −20 ◦C until further analysis (Sitt et al., 2010).

.4. Real-time PCR

Real-time PCR analysis was as previously described (Sitt et al.,
010, 2008). Genes analyzed were chosen based upon their

mmunologic relevance and the primer sequences were as previ-
usly described (Lee, 2010) (Table 2). Briefly, 5 �l of diluted (1:5)
DNA was added to individual master mixes containing 12.5 �l
f QuantiTect SYBR Green® Master Mix  [5 mM Mg2+] (Qiagen,
alencia, CA), 1 �l each of forward and reverse sequence specific
rimers, 0.5 �l of Uracil-N-Glycosylase (Invitrogen, Carlsbad, CA),
nd 5.0 �l of RNase-free water; total reaction mixture was 25 �l.
amples were loaded into 96 well plates in duplicate and sealed
ith optical sealing tape (Applied Biosystems, Foster City, CA).
eaction mixtures containing water, but no cDNA, were used as
egative controls. Amplifications were conducted on a 7300 Real-
ime Thermal Cycler (Applied Biosystems, Foster City, CA). Reaction
onditions were as follows: 50 ◦C for 2 min, 95 ◦C for 15 min, 40
ycles of 94 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 31 s, an extended
longation phase at 72 ◦C for 10 min, followed by a dissociation step.
roduct specificity was monitored by analysis of melting curves
nd periodically confirmed by sequencing the amplified products.
hreshold crossing (CT) values for “immunologic” gene transcripts
f interest were normalized to the S-9 ribosomal gene.

.5. Real-time PCR analysis

Analysis of real-time quantitative PCR data was conducted using
ormalized values (NV); housekeeping gene threshold-crossing
in real-time quantitative PCR, the point at which amplification
s exponential) subtracted from the gene of interest threshold-
rossing for each animal (McLoughlin et al., 2006; Sitt et al., 2010).

.6. Statistical analysis

Mixed effects statistical models were used to simultaneously
stimate and account for multiple influences on gene transcription

evels, which make them appropriate for the multiple uncontrolled
actors that occurred as a result of opportunistic samples acquired
or this study (i.e. vastly different numbers of samples per individ-
al, different sample intervals, unequal geographic representation).
maximum and minimum values for each gene, normalized to the S9 housekeep-
ing gene for each animal. Circles represent 5th and 95th percentile outliers (NCSS,
Statistical and Power Analysis Software, 2007, Kaysville, UT, USA).

Distribution of normalized values was examined across genes tar-
geted by the panel of nine primer sets (Table 2). Bars range from
the 10th to the 90th percentile of values for each gene, normal-
ized to the S9 housekeeping gene for each animal (Figs. 1 and 2).
Circles represent 5th and 95th percentile outliers. We  used linear
mixed effects models to analyze the influence of park, sex, age,
and year on each gene transcription level. Park, sex and age were
treated as categorical fixed effects while animal ID and year were
treated as random intercept effects. Parameter estimates for all
model effects were calculated using the lme4 package in R 2.8.1
(R Development Core Team, 2012). We  then used principal compo-
nent analysis (PCA) to identify orthogonal factors among the gene
transcription levels and which of the gene transcription variables
loaded highly in each factor (R Development Core Team, 2012).
We used Spearman correlations (NCSS, Statistical and Power Anal-
ysis Software, 2007, Kaysville, UT, USA) to identify relationships
between gene transcript and hematology parameters. Additionally,
data were subjected to hierarchical clustering with complete link-
age disequilibrium (Genesis, Graz, Switzerland) to generate a heat
map  of gene transcripts (Fig. 3). Due to the high number of sam-
ples with values exceeding the threshold limit of 40 cycles, IL-4 and
IL-17 were omitted from the heat map  analysis.

3. Results

3.1. Box plot analysis

Box plots were used to illustrate relative levels of individual
gene transcripts within the population (Fig. 1) (NCSS, Statistical
and Power Analysis Software, 2007, Kaysville, UT, USA). The 95th
percentiles appeared to be independent of the sampling time span,
indicating that the dynamic ranges did not depend upon the dura-
tion of sampling (Table 1, Fig. 1). The number of samples taken per
individual did affect the 95th percentiles, but only in those animals
from which only a single sample was obtained. Modest variation in
transcript levels was apparent for IL-10, CD69, Cox-2, IFN�,  TNF�,
Mx-1 and FADD. In contrast transcript levels for IL-4 and IL-17
tended to be much more variable and with higher NVs. Aside from
the many outliers recorded for IL-4 (relatively high transcript lev-
els) within the entire population, the only other transcript outliers
were high NVs (relatively low transcript levels) for IFN� and TNF�.
Box plots illustrating transcript levels on an individual animal
basis are represented in Fig. 2; IL-4 and IL-17 were not included.
Animals are arranged on the X axis as a function of age with the
youngest being #1 and the oldest being #26. A few outliers were
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Table  2
Orcinus orca specific primers.1

Gene Primer sequence (5′–3′) Direction Amplicon length (bp) Annealing temperature (◦C) Melting temperature (◦C)

IL-4 CATGGACACAAGTGCGATGTTAC AS 127 55 62.8
TATGAAGAAGCACAGTCCC S 62.3

IL-10  GACTTTAAGGGTTACCTGGGTTGC AS 158 55 57.8
TCCACCGCCTTGCTCTTGTTTTC S 60.2

IL-17 CCACCTCACCTTGGACTCTCCA AS 126 55 66.4
GCTCCCTTCGCAGGACCAG S 66.64

Cox-2 GGGAGGAAAGAGCTTCCTGATTCAA AS 146 55 58.6
GTCCACCCCATGGCTCTGTCC S 62.4

TNF� GAGGGAGAGTTCCCAACTGGCTA AS 78 55 60.2
CTGAGTACTGAGGTTGGCTACAAC S 57

CD69 GGTCCATTCAAGTTCCCATCCCAT AS 45 55 64.6
TACTGGCCCACTGATAAAGCAACG S 64.6

IFN�  GTGGGCCTCTTTTCTTAGAA AS 158 55 58.4
TCATCCAGTTTCTCAGAGCT S 58.4

Mx-1 CAGCCAGCCGACATTGAATATCA AS 138 55 62.8
CCACCTCCTGAGCCATGCG S 66.6

Fadd  GGAGCAGAACGAGATGAGCCG AS 152 55 66.5
AACGCTGCCCGCAGGTCTC S 66.6

S-9  GAGGATTTCTTGGAGAGACGCCTGC AS 129 55 61.3
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GAGAAGTCGATGTGCTTCTGGGAGTC S 

1 From (Lee, 2010).

bserved, but with the exception of elevated transcripts of Cox-2
or #25 and IL-10 for #6, the remaining outliers were relatively low
ranscripts. A cursory inspection of transcript variability across the
opulation, not including younger animals with few sample collec-
ions, identified relatively tight clustering of most transcripts for

ost animals with the exception of variable TNF� levels in animal
19 (Fig. 2).

.2. Mixed effects model analysis

The mixed effects models identified significant effects (age,
ear) on gene transcript levels (Table 3). The effects of park and
ex on gene transcription levels were not significant. Killer whale
ge and year of sampling influenced transcript levels of IL-10, Cox2
nd IFN�.  Transcript levels of MX-1 were only significantly influ-
nced by year of sampling, while transcript levels of FADD were
nly significantly influenced by killer whale age at time of sampling.

.3. Principal components analysis (PCA)

PCA revealed two principal components with eigenvalues
reater than unity that together explained 83.0% of the total vari-
nce within our dataset. The first principal component explained
8.7% of the total variance and had all negative loadings, there-
ore representing an overall magnitude of gene expression that

as nearly evenly loaded by all of the gene transcription variables
32.2–39.4%) with the exception of IFN� which had greater weight
53.4%). The second principal component explained another 14.3%
f the total variance and had only one negative but strong load-

ng by IFN� (80.6%) in contrast with smaller all positive loadings
y the other gene transcription variables (4.4–46.7%). The second
rincipal component measures the degree to which the IFN� gene
ranscription contrasts with, i.e. exceeds beyond, the other gene
ranscripts (Fig. 3).

.4. Correlation matrix

Although correlation matrices identified many strong corre-
ations within hematological and gene transcription parameters,

ew weak to moderate correlations were found between the two
ets of variables. IFN� was moderately well-correlated with cre-
tine kinase (r = 0.53, p = 0.00), ceratine (r = 0.42, p = 0.00), total
rotein (r = 0.45, p = 0.00), globulin (r = 0.42, p = 0.00) and alkaline
60.6

phosphatase (r = 0.40, p = 0.00). IL-10 was weakly correlated with
creatine kinase (r = 0.34, p = 0.00).

3.5. Heat map analysis

Hierarchical cluster analysis was  conducted using individual
killer whale transcript data (Fig. 3). Green represents relatively
high, red indicates relatively low and black represents relatively
neutral transcript levels. Differences were identified both among
individuals and within individuals between time points, yield-
ing three primary groups of killer whales clustered according to
transcript profile; primarily high, low and mixed transcript lev-
els. A large proportion (43.5%: 101/232 samples) of samples were
in the mixed category; 28.0% (65/232 samples) fell into the high
transcription profile and 28.4% (66/232 samples) fell into the
low transcription profile clusters (Fig. 3). Heat map analysis also
identified clusters among genes. IL-10 and Cox-2 appeared to be
tightly linked as did CD69 and FADD. In general, clusters contained
groupings of multiple individuals, parks, ages and sampling years.
However, one cluster contained a single individual killer whale
(#19). This animal presented with relatively high IFN� and Cox-2
and low TNF�, IL-10, MX-1 and CD69.

Varying amounts of high, low and mixed transcripts were iden-
tified in animals from parks 1, 3 and 4. Seventeen percent of park
1 transcripts fell into the high transcript cluster, while 59% were
mixed and 24% were low. Thirty one percent of park 3 transcripts
fell into the high transcription cluster while 37% were mixed and
32% were low. Thirty two  percent of park 4 transcripts fell into the
high transcription cluster while 41% were mixed and 27% were low.
Five killer whales were housed in more than one location with sam-
ples taken accordingly. Killer whales #9, #11, #15 and #20 were
sampled in parks 3 and 4 while killer whale #18 was sampled in
parks 1 and 3. Individuals clustered irrespective of which park they
were housed in at the time of sampling.

Age classes were not spread equally across all clusters. Only 5%
of transcripts from sexually immature animals (animals below 6
years of age) fell into the high transcript cluster, while 65% fell into
the low cluster and 30% were identified in the mixed transcript
cluster. Conversely, 33% of transcripts from sexually mature indi-

viduals were categorized in the high transcript cluster, 20% in the
low transcript cluster and 47% in the mixed transcript cluster.

Sexes were spread relatively similarly across all transcript clus-
ters. 25% of females fell into the high transcript cluster, while 28%
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4. Discussion
Killer whales (Orcinus orca) are members of the dolphin (Del-
phinidae) family and are the most widely distributed cetacean
species in the world (NOAA, 2015). Killer whales can be long-



12 T. Sitt et al. / Veterinary Immunology and Immunopathology 175 (2016) 7–15

F ples at
l  trans
s  color

l
a
p
b
r

ig. 3. Gene profiling: transcription matrix of nine target genes in killer whales sam
inkage  disequilibrium; Genesis, Graz, Switzerland). Green indicates higher relative
hows  cluster comprised solely of animal 19 (for interpretation of the references to

ived with life spans of some free-ranging female animals even

pproaching 100 (NOAA, 2015). Domestically-housed killer whale
opulations are largely maintained through natural and artificial
reeding programs and maintained in a unique aquatic envi-
onment that is characterized by high water quality standards.
 three marine parks between 2003 and 2009 (Hierarchical clustering with complete
cription levels and red indicates lower relative transcription levels. Expanded area

 in this figure legend, the reader is referred to the web version of this article.)

Maintenance of high water purity facilitates the maintenance

of visual clarity and minimizes animal exposure to water-borne
microbes. The impact of such management on development and
maintenance of the immune system is of special interest to animal
health care professionals.
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Table 3
Genes, effects, F values, and P values for ANOVA style general linear mixed models
used to analyze for influence of effects (park, sex, age, year) on gene transcription
levels. Park, sex and age were treated as fixed effects while animal ID and year were
treated as random effects. Parameter estimates for all model effects were conducted
using the lme4 package in R 2.8.1 (R Development Core Team, 2012).

Gene Effects F value P-value

IL-10 Park 1.31 0.28
Sex  4.17 0.06
Age 12.07 0.00
Year 10.15 0.00

CD69 Park 1.82 0.18
Sex  0.00 0.94
Age 1.87 0.19
Year 1.66 0.20

Cox2 Park 0.34 0.72
Sex 1.07 0.31
Age 4.56 0.04
Year 22.24 0.00

IFNg Park 3.00 0.06
Sex  0.03 0.86
Age 12.52 0.00
Year 11.36 0.00

TNF alpha Park 0.46 0.63
Sex 0.57 0.46
Age 2.87 0.10
Year 3.69 0.06

MX1  Park 1.12 0.34
Sex  2.18 0.16
Age 0.05 0.82
Year 9.63 0.00

FADD Park 1.26 0.30
Sex  0.07 0.79
Age 11.41 0.00
Year 0.92 0.34
T. Sitt et al. / Veterinary Immunology

The current study was conducted to further the understand-
ng of the cetacean immune system and ultimately attempt to
xpand the diagnostic tool kit being applied to free-ranging animals
nd routine monthly monitoring programs of domestically-housed
opulations. The ability to rapidly establish species-specific leuko-
yte gene primers/probes, ease of sample acquisition, storage (does
ot require immediate analysis of fresh blood) and shipment to
istant diagnostic laboratories, are attributes that favor their diag-
ostic utility, especially when working with free-ranging animals

n remote locations. As the killer whales in this study are trained to
oluntarily present their flukes at pool- side for blood collection,
otential stress associated with sample collection is decreased,
ecreasing the likelihood of seeing “capture- associated” changes

n transcription patterns, as have been described in wild dolphins
Mancia et al., 2008). Access to baseline leukocyte gene transcripts
n domestic counterparts would be of value in better interpret-
ng studies of free-ranging marine mammals. Correlation matrices

ere used to compare cytokine transcript numbers with standard
ematologic and serum chemistry values derived from the samples
ollected in this study. Although many strong correlations were vis-
ble within hematological and gene transcription parameters, few

eak to moderate correlations could be found between the two  sets
f variables. IFN� was moderately well-correlated with creatine
inase (r = 0.53, p = 0.00), creatine (r = 0.42, p = 0.00), total protein
r = 0.45, p = 0.00), serum globulins (r = 0.42, p = 0.00) and alkaline
hosphatase (r = 0.40, p = 0.00). IL-10 was weakly correlated with
reatine kinase (r = 0.34, p = 0.00). Attempts to interpret these mod-
st correlations between IFN� and serum chemistry values should
robably be avoided as they would be highly speculative at best.

n the absence of any clinical disease in the population from which
he samples were acquired, modest correlations and biologically
rrelevant changes in transcript number would be expected.

Relative transcript levels of TNF�, IL-17, Cox-2, CD69, IFN�, IL-4,
L-10, FADD and MX-1 were analyzed on both a population basis
nd an individual basis. The number of samples taken from an
ndividual animal did not appear to visibly impact the variability

ithin transcript values between animals. This latter feature was
xpected as samples were selected in a manner that favored healthy
onors as opposed to animals in poor health. Principal components
nalysis (Fig. 4) identified two components related to IFN� that
ogether explained the majority of the total variance in the data
et. IFN� can be produced by a number of leukocyte subsets includ-
ng NK, NKT, TH1 and CTLs; these variable sources could contribute
o its’ variance. Mixed effects model analysis was  used to iden-
ify potential effect(s) of park, sex, animal age and year of sample
cquisition. Neither the park of animal origin nor animal sex sig-
ificantly influenced gene transcript values. In contrast, transcript
alues were influenced by age and year of sample acquisition. Rel-
tive to age, younger animals had relatively fewer transcripts of
FN�, IL-10 and FADD, as compared to their older cohort (Table 3).
ncreasing age has been associated with increasing percentages
f peripheral blood lymphocytes with an effector/memory pheno-
ype as compared to percentages of naïve T lymphocytes numbers;
aïve T lymphocyte production begins to fall off with the onset of
hymic involution at puberty. Effector/memory lymphocytes have
een reported to maintain cytokine-encoding mRNA due to a com-
ination of increased transcription coupled with increased mRNA
tability (Març ais et al., 2006). Transcript values of IL-10, Cox2,
FN� and MX-1 were also influenced by the sampling year. The
asis of transcript variation as a function of year is unknown and
e cannot offer any substantive hypotheses as to an underlying

ause. Absence of park-associated differences in transcript levels

n the current study make it difficult to envision an environmental
omponent being responsible for the observation. The three Parks
rom which the killer whales resided have substantially different
environments (California, Texas & Florida) but yet presented with
undistinguishable leukocyte transcript numbers.

Transcript levels of two cytokine genes, IL-4 and IL-17, were
highly variable within the group as compared to the other tran-
scripts. IL-4 transcripts were typically absent (CT>40) with the
outliers ranging between 15 and 28 NV. An evidence-based expla-
nation for the absence of IL-4 in the majority of samples is lacking.
Given IL-4’s understood function in mammalian species, it is pos-
sible that relative absence of IL-4 transcripts could be genetically
influenced and/or due in part to minimal TH2 anti-parasitic activ-
ity. The fact that samples with measurable IL-4 transcripts appeared
in at least one sample from each of 15 different animals suggests
minimal genetic influence. Interestingly, killer whale #19 had
detectable IL-4 transcription in half of its samples. Five of the six
highest transcript levels of IL-4 were in two animals, #11 and #16.
By way  of speculation, the animals presenting with measurable IL-4
transcript levels might either be experiencing allergies, respond-
ing to unidentified environmental parasites or merely the result of
“innocent bystander” stimulation. The authors find the hypothesis
that the higher IL-4 levels might be due to atopy an interest-
ing possibility, given their hygienic environment, anti-helminthic
treatment protocols and high quality food. Variability in transcript
numbers encoded by the IL-17 gene was also evident and some-
what resembled IL-4 in that several samples had no detectable
transcripts (data not shown). Similarly, we  would speculate that the
relative absence and/or variability of IL-17 transcription could be
genetically influenced, a reflection of the relatively clean environ-
ment in which the animals live and/or high quality food. Transcript

levels of the remaining seven biomarkers were relatively stable
within the population as a whole (Fig. 1).
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ig. 4. Principal component analysis (PCA) using the normalized transcription val
es  greater than unity that together explained 83.0% of the total variance within

oading = −0.81).

Analysis of transcript levels on an individual basis (excluding IL-
 and IL-17 due to their extensive variability on a population basis)

dentified both high and low outliers that were not visible when
nalyzed in the context of the entire population (Fig. 2). The major-
ty of outliers (9 samples) were relatively low in transcripts (high
Vs) and included 4 samples from 4 different animals for IFN�, and
ne each for Cox2, IL-17, FADD, IL-10 and MX-1. Four additional
utliers (excluding IL-4) had relatively elevated transcript levels

ncluding IL-17 for 2 animals and one each for Cox-2 and IL-10. The
ow number of outliers was not unexpected as sample selection was
ntentionally directed towards animals that were clinically healthy
t the time of collection. The presence of elevated outliers (low NVs)
ould be indicative of early subclinical disease that could then be
urther described when each animal is analyzed as a function of
heir own baseline. Animal #21 had the highest transcript level of
FN� at the same time we recorded the highest level of MX-1; this
ould be suggestive of an immune response to a subclinical infec-
ion with an intracellular pathogen, potentially a virus (Haller et al.,
998; Sadler and Williams, 2008).

An unusual profile of highly variable TNF� transcript levels was
isible for whale #19 with a median number for all samples being
ower than those recorded for the other 25 whales (Fig. 2). Inter-
stingly, this animal was also remarkable as a unique cluster in the

eat map  analysis of all data (Fig. 3). Based upon the clinical records
here is no clear evidence that this animal was experiencing infec-
ious or inflammatory disease. However, the relatively unusual
r seven genes of interest. PCA revealed two principal components with eigenval-
ataset. Both principal components were related to IFN� (PC1loading = −0.53, PC2

transcript profile could possibly be attributed to mild, “subclinical”
disease. Alternatively, the changes might not be disease-related at
all but rather represent a normal response to social stressors in the
environment. Studies described by Powell et al. (2013) identified
associations between social stress and unique patterns of leuko-
cyte gene transcripts which were highlighted by upregulation of
inflammatory gene expression. While #19’s leukocyte transcript
profile does not parallel these human studies (i.e. elevated TNF�
transcripts), this whale’s heat map  profile does identify relatively
high levels of Cox-2 and IFN�.

Within the longitudinal transcript analyses, minimal varia-
tion within transcript patterns would suggest more consistent
health whereas those animals with extensive variation within the
biomarkers (either individual or multiple biomarkers) would be
consistent with infectious or inflammatory events and/or environ-
mental/social stressors; the authors would propose that this type of
analysis offers the potential to serve as ‘early indicators’ of disease.

To summarize, this longitudinal study was designed as a pre-
liminary inquiry as to the potential for immune-gene transcript
analysis to serve as a tool for assessing immediate and/or longitu-
dinal health of domestic killer whales. Sampling was  opportunistic
and thus developing associations between transcript levels and
animal health were not possible.
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. Conclusion

Application of blood leukocyte transcript analysis to mam-
alian wildlife species is a viable approach to augment diagnostics.

eukocyte gene transcripts encoding cell-surface and secreted mes-
engers are under tight transcriptional control and exhibit short
alf-lives, and thus can serve as sensitive and real-time measures
f immunologic perturbations. The present data provides the basis
or developing preliminary baseline leukocyte transcript levels for
he targeted killer whale genes and justifies expansion of studies
o develop diagnostically useful associations with both immediate
nd long-term health.
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