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Abstract

Canine distemper virus (CDV), Leptospira interrogans, and Toxoplasma gondii are poten-
tially lethal pathogens associated with decline in marine mammal populations. The Caspian
Sea is home for the endangered Caspian seal (Pusa caspica). In the late 1990s and early
2000s, CDV caused a series of mortality events involving at least several thousand Caspian
seals. To assess current infection status in Caspian seals, we surveyed for antibodies to
three pathogens with potential to cause mortality in marine mammals. During 2015-2017,
we tested serum samples from 36, apparently healthy, Caspian seals, accidentally caught in
fishing nets in the Caspian Sea off Northern Iran, for antibodies to CDV, L. interrogans, and
T. gondii, by virus neutralization, microscopic agglutination, and modified agglutination,
respectively. Twelve (33%), 6 (17%), and 30 (83%) samples were positive for CDV, L. inter-
rogans and T. gondii antibodies, respectively. The highest titers of CDV, L. interrogans, and
T. gondii antibodies were 16, 400, and 50, respectively. Frequencies of antibody to these
pathogens were higher in seals >1 year old compared to seals <1 year old. Two serovars of
L. interrogans (Pomona and Canicola) were detected. Our results suggest a need for addi-
tional studies to clarify the impact of these pathogens on Caspian seal population decline
and the improvement of management programs, including systematic screening to detect
and protect the remaining population from disease outbreaks.

Introduction

Caspian seals (Pusa caspica), inhabit the frozen areas of the Northern Caspian Sea from late
January to the end of April and the southern Caspian Sea shores from May to September. They
are the only marine mammal species living in the Caspian Sea [1]. Since the end of the 19
Century, the Caspian seal population has decreased from about one million perhaps a little
more than 100,000 [2].
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Although the events are poorly documented, at least several thousand Caspian seals died
during a series of mortality events due to canine distemper virus (CDV) in the late 1990s and
early 2000s [3]. Recently, too few data are available to demonstrate whether Caspian seal popu-
lations are continuing to decline. However, due to the relative decline compared to historical
abundance, and continued anthropogenic threats such as bycatch in fishing nets and habitat
loss, Caspian seals were listed as Endangered in the International Union for the Conservation
of Nature Red List of Threatened Species in 2008 [1, 4-6].

Infectious and noninfectious diseases with negative effects on longevity or reproductive
capacity can severely impact seal populations, especially when anthropogenic disturbances
cause immunosuppression [7]. Pathogens that are major causes of mortality in marine mam-
mals include: morbilliviruses (e.g., CDV), herpesviruses, influenza A virus, adenoviruses, cali-
civiruses, Leptospira spp., Brucella spp., and Toxoplasma gondii [8-10]. Despite recognized
mass mortalities caused by CDV, knowledge of the impacts of other potentially lethal patho-
gens on Caspian seals is very limited and the current status of CDV infection in Caspian seals
is unclear [3].

Leptospira interrogans is a bacterial species consisting of a wide variety of serovars that
cause leptospirosis in warm-blooded animals nearly worldwide. The great diversity of serovars
combined with the characteristic that the bacteria are excreted in the urine of infected animals
for long periods, means that there are many sources of L. interrogans, which have long survival
times in warm-moist environments with neutral pH. Direct transmission may occur through
contact with contaminated urine and indirect transmission from contaminated food, water, or
other substances. The primary routes of entry of the bacteria into the host body are through
broken skin, the conjunctiva, or through the placenta [11]. The Leptospira microscopic aggluti-
nation test (LMAT) is a well-established standard test for diagnosing leptospirosis in many
species of animals including some marine mammals such as the California sea lion (Zalophus
californianus) [12]. Despite deadly outbreaks of leptospirosis in California sea lions and north-
ern fur seals (Callorhinus ursinus), the signs of leptospirosis are not well known in most marine
mammal species [13, 14]. Depending on the immune system status of the host, interstitial
nephritis, dehydration, polydipsia, vomiting, depression, and abortion can be typical signs of
infection in marine mammals [14].

The zoonotic intracellular parasite, T. gondii, can infect probably any warm-blooded ani-
mal, but felids are the definitive hosts. Toxoplasmosis, can be deadly in immunosuppressed
hosts [15]. Infection with T. gondii in marine mammals can cause neonatal death [16]. It is
also an important cause of mortality in sea otters (Enhydra lutris nereis) with encephalitis and
it causes fatal toxoplasmosis in Pacific harbor seals (Phoca vitulina richardsi) [10, 17]. Sporadic
cases of lethal toxoplasmosis in marine mammals are frequently associated with immunosup-
pression resulting from morbillivirus infection [10]. T. gondii infection may indirectly lead to
death of marine mammals by affecting their behavior and increasing the risk of trauma and
death by hunters [17].

Transboundary migration of Caspian seals through the waters of the countries bordering
the Caspian Sea and the variability of migratory activities among individuals [18], combined
with the inadequate implementation of a systematic plan for recovery and maintenance of the
species, have hindered research into the diseases of Caspian seals. The status of infection or
disease in Caspian seals associated with the three important pathogens described above is
completely unknown. Baseline data about the susceptibility to, and frequency of these patho-
gens in these endangered seals is critical to improving captive care and recovery efforts of wild
populations. We used antibody screening to measure the frequency of exposure of Caspian
seals on the Caspian Sea coast of Northern Iran to CDV, L. interrogans, and T. gondii.
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Materials and methods
Ethics statement

Our research protocol was approved by the research and ethics committee of the Deputy of
Natural Environment of Golestan Province, Department of Environment (S1 Certificate, per-
mit number: 125/7894).

Sample collection and clinical examination

Caspian seals accidentally caught in fishing nets by fishermen near the coast of Northern Iran
were physically restrained and transported to Seal Treatment and Research Center (Ashoora-
deh Island, Golestan Province) by suitable vehicle during 2015-2017 [19]. Animals were han-
dled in strict compliance with the European Union legislation on the protection of animals
used for scientific purposes (EU Directive 2010/63/EU) [20].

In the rehabilitation center, seals were housed individually in a pool of fresh saltwater from
the Caspian Sea and provided with food, water, and any necessary medicines. Animal welfare
was monitored daily. After seals were treated and allowed to recover from any injuries and
from the stress of capture, blood collection and flipper tagging were performed under physical
restraint as described by Lynch and Bodley [19].

Sex, site of sampling, and clinical signs were recorded. Seals were assigned to one of two age
classes. The youngest seals captured were less than one year old, but older than 3-6 months
(because the first 3-6 months of life are spent in the Northern Caspian Sea) [1]. We refer to
this age class as “yearlings.” The “older” age class consisted of those seals greater than 1 year
old. The distinction between age classes was made on the basis of size, pelage, and appearance
of teeth. Blood samples were collected from the caudal gluteal vein using Venoject samplers
(Novingostar Co., Tehran, Iran). Blood samples were allowed to clot and centrifuged for 10
min at 3000 rpm. Sera were removed and stored at -20°C. The period of rehabilitation varied
from 1 to 4 weeks, but averaged about 3 weeks. Once rehabilitation was complete, flipper tag-
ging was performed using sheep ear tags (Part Imensill Co., Tehran, Iran) and animals were
released on the shore near the location they were captured.

CDYV antibody detection

We detected CDV antibody using the microplate virus neutralization test (VNT) as described
by Saliki and Lehenbauer [21]. The Onderstepoort vaccine strain of CDV was used as antigen.
After dilution of sera starting from 1:2, plates were incubated at 37°C in 5% CO, for 3-5 days.
A dilution of 1:8 was considered the VNT-positive cut-off point.

L. interrogans antibody detection

Sera were examined for six L. interrogans serotypes: Pomona, Grippotyphosa, Icterohae-
morrhagiae, Canicola, Hardjo, and Australis, by Leptospira microscopic agglutination test
(LMAT), in the Leptospira Research Laboratory, Faculty of Veterinary Medicine, University
of Tehran. The LMAT was run on sera in a dilution series from 1:100 to 1:2800. Positive

and negative standard samples were added to two wells of each micro-titration plate and the
plates were incubated at 30°C for 2 hr. The serum sample was considered positive for antibody
to a L. interrogans serovar if there was > 50% Leptospira agglutination at a serum dilution

of > 1:100 when observed by dark-field microscopy [12].
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T. gondii antibody detection

To detect T. gondii antibody, we used the Toxoplasma modified agglutination test (TMAT) as
validated by Dubey (1997). T. gondii tachyzoites were suspended in mercaptoethanol, and then
this suspension was used to dilute serum samples in a 2-fold series from 1:25 to 1:500 [22].
There are no data on the specificity and sensitivity of this test, nor is there an accurate cut-off
titer for Caspian seals. So, according to previous surveys by Aguirre et. al., > 1:25 dilution
(Titer > 25) was considered T. gondii antibody positive [23].

Statistical analysis

Results were entered into SPSS (v20) software and Chi square tests were used to determine the
significance of differences in antibody frequencies between age classes.

Results

All 36 Caspian seals tested during the study appeared healthy on clinical examination. Seven-
teen seals were male and 19 were female; 16 were yearlings (< 1 year old) and 20 were older.
Of the 36 serum samples, 12 (33%), 6 (17%), and 30 (83%) were antibody-positive to CDV, L.
interrogans, and T. gondii, respectively. The highest titers to CDV, L. interrogans, and T. gondii
were 16, 400, and 50 respectively. Two serovars of L. interrogans (Pomona and Canicola) were
detected in six serum samples (S1 Table). There were statistically significant differences in fre-
quencies of antibody between yearling and older seals and there were lower antibody frequen-
cies in yearlings than in older seals (CDV: X = 5.625, df = 1, p = 0.018, L. interrogans: X> =
5.760, df = 1, p = 0.016, T. gondii: X?=9,df=1, p = 0.003). Each positive serum had detectable
antibody to only one serovar of L. interrogans (Table 1).

Discussion
Exposure to CDV

Since the late 1980s there has been much evidence of mass mortality in marine mammals due
to morbillivirus infection [3, 24]. These viruses have been detected in cetaceans from the
North Pacific and many species of marine mammals from the Atlantic Ocean, Mediterranean
Sea, and Arctic waters, leading to at least eight epizootics [25-27]. The literature suggests that
morbillivirus infection has played a much deadlier role in marine mammal populations than
toxoplasmosis or leptospirosis.

CDV has been diagnosed in mass mortalities of Baikal seals and Caspian seals, and there
are a few reports of CDV antibody in other marine mammal species throughout the world [3,

Table 1. Frequencies and antibody titers detected in sampled Caspian seals by age class.

Pathogen Pos®/tested
CDhV 12/36

L. interrogans 6/36

T. gondii 30/36

*Pos = Positive

Pos/serovar/titer® Yearlings Pos/tested/(%) Older Pos/tested/(%)

6/8 2/16(12%) 10/20(50%)
6/16

3/Pomona/200 0/16(0%) 6/20(30%)
1/Pomona/400

1/ Canicola /100

1/ Canicola /200

24/25 10/16(62%) 20/20(100%)
6/50

PSerovars provided only for L. interrogans; titer expressed as reciprocal of highest dilution with positive result.

https://doi.org/10.1371/journal.pone.0196070.t001
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28]. Antibody to CDV was detected in 32 of 96 sampled crabeater seals (Lobodon carcinopha-
gus) and two of three leopard seals (Hydrurga leptonyx) from Antarctica [29], and in 12 of 40
harp seals (Pagophilus groenlandicus) from Greenland [29].

Our data indicate that CDV is still present in the Caspian seal population and that it is not
100% lethal. The moderate frequency of CDV antibody in Caspian seals and the currently low
population size argue against sustained, long-term, endemic infection in the population.
Although Kuiken et al. (2006) suggested that the Caspian seal population itself could be acting
as a reservoir for CDV, they based their calculations on a seal population size of 360,000
400,000, and an estimate that a population size of 120,000 was sufficient to maintain infection
[30]. The currently estimated population size of 104,000 to 168,000 makes endemic mainte-
nance less likely [5], but the population may still be above the estimated 120,000 necessary to
maintain endemic infection. An alternative source of CDV for Caspian seals may be persistent
infection in terrestrial carnivores along the Caspian Sea coast [3]. In the end, it is still impossi-
ble, at this time, to definitively implicate either endemic infection or spillover.

Exposure to L. interrogans

The 17% antibody frequency in our sample of apparently healthy Caspian seals suggests that
seals are commonly exposed to L. interrogans and that the infection is (at least) not 100% fatal.
Antibody frequency may actually be higher than 17%, as the LMAT has not been certified for
antibody detection in Caspian seals and sensitivity may be less than 100%. It is also possible
that antibody may become undetectable over time. Finally, LMAT may not detect some posi-
tive animals due to transient nature of bacteria and bacteria may be hiding in the kidney and
genital tracts of infected animals [15].

L. interrogans serovars Pomona and Canicola have been reported to infect other species of
marine mammals. Antibody to serovars Canicola and Pomona were detected in New Zealand
fur seals (Arctocephalus forsteri) [7] and antibody to serovars Hardjo, Bratislava, Grippoty-
phosa, Cynopteri, Bataviae, Ichterhaemorrhagiae, and Pyrogenes have been described in other
marine mammals [7, 31].

Some serologic studies on marine mammals using LMAT showed reaction to more than
one serovar. These results could have resulted from mixed infections or from cross reaction
among serovars on the LMAT [31]. However, in our study, all positive sera were reactive with
only one serovar.

Leptospira serovar dominance and antibody frequency in susceptible animals can vary
based on geographic area, susceptible species of terrestrial animals in each region, number of
animals tested, and the test used [15]. Because the common serovars in a given region may
vary over time, frequent screening and identification of serovars in each region has been sug-
gested to maintain effective control programs [32].

Because leptospires cannot survive in sea water, detection of Leptospira antibody in Caspian
seals suggests that the seals might have been in close contact with other infected animal species
on rookeries. Transfer of maternal antibody to pups may occur, however [15], and may or
may not be protective against infection. Finally, although leptospires do not survive in “sea
water”, the salinity of the Caspian Sea water is far lower (about one third) than the earth’s
oceans, varying between 1 part per thousand and about 13 parts per thousand. The lowest val-
ues are in the northern basin where the Volga and Ural rivers discharge [33]. To our knowl-
edge, it is not known how this low salinity might alter the survival of leptospires, if at all.

Dogs are a common maintenance host of L. interrogans serovar Canicola, and cattle, sheep,
and pigs are common maintenance hosts of serovar Pomona [34]. So, these domestic animal
species could be sources of exposure to Caspian seals, especially in Northern Iran, where seals
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are seen in the near-shore waters and even hauled-out near small villages where inhabitants
keep ruminants. These shoreline areas are heavily polluted and contaminated by human
refuse, roaming dogs and cats, and occasionally free livestock. Currently, these reports are only
anecdotal and specific studies are needed. In more remote areas, rodents or wild canids such
as wolves or jackals are another possible source. Serovars Canicola and Pomona are now the
most common L. interrogans serovars in some parts of Northern Iran [32]. It is also possible
that L. interrogans serovars could be maintained within the seal population and exposure to
contaminated seal urine/feces on haul-out sites would be a plausible route of intraspecific
transmission.

The migratory lifestyle of Caspian seals makes the Leptospira sources and the locations of
transmission sites difficult to determine [18]. However, vaccination of susceptible domestic
animals, when feasible, and restriction of contact between Caspian seals and other animals at
haul-out sites would likely prevent transmission of Leptospira to seals. Since, Leptospira shed-
ding in urine samples has not been investigated in Caspian seals, the possible role of seemingly
healthy seals in bacterial shedding remains unclear. Additional studies are needed to deter-
mine if Caspian seals can be maintenance hosts for L. interrogans serovars Canicola and
Pomona. Nevertheless, humans in contact with Caspian seals should be aware of the potential
risk of Leptospira shedding.

Our results provide basic data about the epidemiology of L. interrogans infection in Caspian
seals. Because other species of marine mammals have suffered mass die-offs due to Leptospira
infection, understanding the consequences of Leptospira infection in Caspian seal individuals
is critical to understand the possible impact of infection on their populations [31].

Exposure to T. gondii

The high frequency of T. gondii antibody in sampled Caspian seals can be explained by con-
tamination of the marine environment by freshwater runoff containing oocysts from felids
and the dissemination of these oocysts by currents. These oocysts can then become sporulated
and may remain infectious in seawater for as much as two years [35]. Similarly, Alvarado-
Esquivel et al. [36] reported T. gondii infection in 87% of captive Atlantic bottlenose dolphins
(Tursiops truncates gillii) in Mexico. Conversely, Aguirre [23] reported a low prevalence of T.
gondii antibody in Hawaiian monk seals (Monachus schauinslandi) in the northwestern
Hawaiian Islands. Bearded seals (Erignathus barbatus), walruses (Odobenus rosmarus), Califor-
nia sea lions (Zalophus californianus), ringed seals (Phoca hispida), and spotted seals (Phoca
largha) have also shown evidence of T. gondii infection [37].

Despite the absence of Caspian seals with clinical signs of toxoplasmosis in this study, the
high frequency of T. gondii antibody raises suspicion that T. gondii infection may be, or may
become, a health problem for this species, especially in immunosuppressed individuals [10].
After all, seriously diseased animals might quickly be removed from the sampling pool leading
to findings of lower T. gondii antibody frequencies in sampled seals. Management directed at
minimizing the exposure of Caspian seals to T. gondii oocysts, including restriction of seal con-
tact with felids would help prevent infection.

Frequencies of exposure to all three pathogens were lower in yearlings than older Caspian
seals. This is expected and is reflective of the very limited opportunities for exposure for seals
during the first year of life, half of which is spent in the northern Caspian Sea. It may be possi-
ble however that some infected yearlings may have died and thus were eliminated from the
sampling population. Results of some studies have differed. For example, Alvarado-Esquivel
[36] reported no significant variation in T. gondii antibody prevalence among age classes of
marine mammals. Nielsen et al. [38] found that PDV antibody prevalences in Atlantic walrus
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(Odobenus rosmarus rosmarus) were not associated with sex or age and that CDV antibody
prevalences increased with age in crabeater and leopard seals. Colagross-Schouten et al. [12]
reported greater L. interrogans serovar Pomona exposure in adult and subadult sea lions than
in juveniles.

Without much more extensive sampling, and an understanding of any pathogenic effects of
these pathogens on Caspian seals, it is impossible to predict the epizootic or endemic infection
of Caspian seals by these three pathogens, or the effects of such infection on the population.
The circulation of enzootic, host-adapted Leptospira serovars in California sea lions, for exam-
ple, has been cited to explain the high serum antibody prevalence, low antibody titers, and
absence of clinical signs of leptospirosis in pups [11]. In our case, the low titers for CDV (8-
16), T. gondii (25-50) and L. interrogans (100-400) in apparently healthy Caspian seals could
possibly indicate chronic exposure to these agents or simply decreasing titers over time follow-
ing previous exposure. Sample handling and an imperfect cold chain could also have contrib-
uted to the low titers observed.

Climatic conditions along the coasts of countries bordering the Caspian Sea are mostly
appropriate for the survival of the three pathogens we studied. For example, 35% of rice farms
and water canals, and 30% of rivers in Gilan Province, Iran, which borders the Caspian Sea,
are contaminated with Leptospira spp. [39]. However, seasonal movement of Caspian seals
shows the need for molecular and phylogenetic analyses on isolated pathogens in all countries
bordering the Caspian Sea to detect potential sources and regions of CDV, T. gondii, and L.
interrogans exposure to Caspian seals.

Our results provide basic data about the natural threats that may impact the Caspian seal
population. However, understanding the importance of antibody-positive animals without
clinical signs or isolation of the pathogens begs the important question of whether T. gondii
and Leptospira can lead to deadly disease. Because Caspian seals are highly susceptible to CDV
infection, emphasis should be placed on minimizing the risk of a new epidemic. On the basis
of our data we cannot predict if CDV will cause future outbreaks in Caspian seals. Systematic
screening for CDV (especially), L. interrogans, and T. gondii in surviving Caspian seals using
molecular techniques is also needed.

Although a Caspian Seal Conservation Action Plan developed by the United Nations Develop-
ment Program, Caspian Environment Program (http://projects.inweh.unu.edu/inweh/display.
php?ID=1057)) recommends “periodic health surveys” for Caspian seals, the plan lacks specifics.
It does not identify potentially important diseases, and has not been fully implemented. We
strongly encourage the careful planning and vigorous implementation of a plan that would estab-
lish long-term monitoring of the general health of Caspian seals in the remaining population,
identify the sources of CDV, L. interrogans, T. gondii, and other pathogens affecting Caspian seals,
and take steps to eliminate or reduce exposure of seals to these pathogens.

Supporting information

S1 Certificate. Approval certificate for Caspian seal project study.
(DOCX)

S1 Table. Antibody titers for sampled Caspian seals by age class, sex, and year of sampling.
(DOCX)

Acknowledgments

We acknowledge all those who helped in this project, especially Mr. Seyyed Mojtaba Hoseini
and Dr. Esmail Mohajer. We also thanks Dr. Abbas Barin and Gholamali Abdollahpoor for

PLOS ONE | https://doi.org/10.1371/journal.pone.0196070  April 26, 2018 7/10


http://projects.inweh.unu.edu/inweh/display.php?ID=1057
http://projects.inweh.unu.edu/inweh/display.php?ID=1057
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196070.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196070.s002
https://doi.org/10.1371/journal.pone.0196070

@° PLOS | ONE

Pathogen exposure in Caspian seals

helping with laboratory tests and Dr. Davood Mirshekar, Deputy for Marine Environment of
Department of Environment of the Islamic Republic of Iran, who helped us so much in getting
sampling permission.

Author Contributions

Conceptualization: Somayeh Namroodi, James N. Mills.
Data curation: Somayeh Namroodi, Amir S. Shirazi.
Formal analysis: Somayeh Namroodi.

Funding acquisition: Somayeh Namroodi, Amir S. Shirazi.
Investigation: Somayeh Namroodi, Amir S. Shirazi, Seyyed Reza Khaleghi, Vahid Kheirabady.
Methodology: Somayeh Namroodi, James N. Mills.
Project administration: Somayeh Namroodi.

Resources: Amir S. Shirazi.

Software: Somayeh Namroodi.

Supervision: Somayeh Namroodi.

Writing - original draft: Somayeh Namroodi, James N. Mills.

References

1. Harkonen T, Jessi M, Baimukanov M, Bignert A, Dmitrieva L, Kasimbekov Y, et al. Pup production and
breeding distribution of the Caspian seal (Phoca caspica) in relation to human impacts. AMBIO: A Jour-
nal of the Human Environment. 2008; 37(5):356—61.

2. Harkonen T, Harding KC, Wilson S, Baimukanov M, Dmitrieva L, Svensson CJ, et al. Collapse of a
marine mammal species driven by human impacts. PloS one. 2012; 7(9):e43130. https://doi.org/10.
1371/journal.pone.0043130 PMID: 23028446

3. Kennedy S, Kuiken T, Jepson PD, Deaville R, Forsyth M, Barrett T, et al. Mass die-Off of Caspian seals
caused by canine distemper virus. Emerging infectious diseases. 2000; 6(6):637. https://doi.org/10.
3201/eid0606.000613 PMID: 11076723

4. Dmitrieva L, Kondakov AA, Oleynikov E, Kydyrmanov A, Karamendin K, Kasimbekov Y, et al. Assess-
ment of Caspian Seal By-Catch in an lllegal Fishery Using an Interview-Based Approach. PloS one.
2013; 8(6):€67074. https://doi.org/10.1371/journal.pone.0067074 PMID: 23840590

5. Goodman S, Dmitrieva L. Pusa caspica. The IUCN Red List of Threatened Species 2016. 2016.

6. Wilson SC, Eybatov TM, Amano M, Jepson PD, Goodman SJ. The role of canine distemper virus and
persistent organic pollutants in mortality patterns of Caspian seals (Pusa caspica). PloS one. 2014; 9
(7):€99265. https://doi.org/10.1371/journal.pone.0099265 PMID: 24987857

7. Mackereth G, Webb K, O’keefe J, Duignan P, Kittelberger R. Serological survey of pre-weaned New
Zealand fur seals (Arctocephalus forsteri) for brucellosis and leptospirosis. New Zealand Veterinary
Journal. 2005; 53(6):428-32. https://doi.org/10.1080/00480169.2005.36588 PMID: 16317444

8. Visserl, Teppema J, Osterhaus A. Virus infections of seals and other pinnipeds. Reviews in Medical
Microbiology (United Kingdom). 1991; 2:105-14.

9. Higgins R. Bacteria and fungi of marine mammals: a review. The Canadian Veterinary Journal. 2000;
41(2):105. PMID: 10723596

10. Miller MA, Sverlow K, Crosbie PR, Barr BC, Lowenstine LJ, Gulland FM, et al. Isolation and characteri-
zation of two parasitic protozoa from a Pacific harbor seal (Phoca vitulina richardsi) with meningoence-
phalomyelitis. Journal of Parasitology. 2001; 87(4):816—22. https://doi.org/10.1645/0022-3395(2001)
087[0816:1ACOTP]2.0.CO;2 PMID: 11534647

11. Health SE, Johnson R. Leptospirosis. American Veterinary Medical Association 1994; 205 1518-23.

12. Colagross-Schouten AM, Mazet JA, Gulland FM, Miller MA, Hietala S. Diagnosis and seroprevalence of
leptospirosis in California sea lions from coastal California. Journal of Wildlife Diseases. 2002; 38(1):7—
17. https://doi.org/10.7589/0090-3558-38.1.7 PMID: 11838231

PLOS ONE | https://doi.org/10.1371/journal.pone.0196070  April 26, 2018 8/10


https://doi.org/10.1371/journal.pone.0043130
https://doi.org/10.1371/journal.pone.0043130
http://www.ncbi.nlm.nih.gov/pubmed/23028446
https://doi.org/10.3201/eid0606.000613
https://doi.org/10.3201/eid0606.000613
http://www.ncbi.nlm.nih.gov/pubmed/11076723
https://doi.org/10.1371/journal.pone.0067074
http://www.ncbi.nlm.nih.gov/pubmed/23840590
https://doi.org/10.1371/journal.pone.0099265
http://www.ncbi.nlm.nih.gov/pubmed/24987857
https://doi.org/10.1080/00480169.2005.36588
http://www.ncbi.nlm.nih.gov/pubmed/16317444
http://www.ncbi.nlm.nih.gov/pubmed/10723596
https://doi.org/10.1645/0022-3395(2001)087[0816:IACOTP]2.0.CO;2
https://doi.org/10.1645/0022-3395(2001)087[0816:IACOTP]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/11534647
https://doi.org/10.7589/0090-3558-38.1.7
http://www.ncbi.nlm.nih.gov/pubmed/11838231
https://doi.org/10.1371/journal.pone.0196070

@° PLOS | ONE

Pathogen exposure in Caspian seals

13.

14.

15.
16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Smith AW, Brown RJ, Skilling DE, Bray H, Keyes MC. Naturally-occurring leptospirosis in northern fur
seals (Callorhinus ursinus). Journal of Wildlife Diseases. 1977; 13(2):144—8. PMID: 864847

Gulland F, Koski M, Lowenstine LJ, Colagross A, Morgan L, Spraker T. Leptospirosis in California sea
lions (Zalophus californianus) stranded along the central California coast, 19818€“1994. Journal of
Wildlife Diseases. 1996; 32(4):572-80. https://doi.org/10.7589/0090-3558-32.4.572 PMID: 9359054

Greene CE. Infectious diseases of the dog and cat: Elsevier Health Sciences; 2006.

Roe W, Howe L, Baker E, Burrows L, Hunter S. An atypical genotype of Toxoplasma gondii as a cause
of mortality in Hector’s dolphins (Cephalorhynchus hectori). Veterinary parasitology. 2013; 192(1):67—
74.

Kreuder C, Miller M, Jessup D, Lowenstine LJ, Harris M, Ames J, et al. Patterns of mortality in southern
sea otters (Enhydra lutris nereis) from 1998a€“2001. Journal of Wildlife Diseases. 2003; 39(3):495—
509. https://doi.org/10.7589/0090-3558-39.3.495 PMID: 14567210

Dmitrieva L, Jessi M, Jessi |, Kasymbekov Y, Verevkin M, Baimukanov M, et al. Individual variation in
seasonal movements and foraging strategies of a land-locked, ice-breeding pinniped. Marine Ecology
Progress Series. 2016; 554: 241-56.

Michael L, Kate B. Phocid Seals. In: Gary W, Darryl H, Caulkett N, editors. Zoo Animal and Wildlife
Immobilization and Anesthesia. 1 ed. Ames, lowa, USA: Blackwell Publishing Professional; 2007. p.
459-68.

The European Parliament. The protection of animals used for scientific purposes. 2010; Directive 2010/
63/EU 33-79.

Saliki JT, Lehenbauer TW. Monoclonal antibody-based competitive enzyme-linked immunosorbent
assay for detection of morbillivirus antibody in marine mammal sera. Journal of Clinical Microbiology.
2001; 39(5):1877-81. https://doi.org/10.1128/JCM.39.5.1877-1881.2001 PMID: 11326007

Dubey J. Validation of the specificity of the modified agglutination test for toxoplasmosis in pigs. Veteri-
nary parasitology. 1997; 71(4):307—10. PMID: 9299699

Aguirre A, editor. Serological epidemiology of Hawaiian Monk Seals: Are Infectious Diseases Limiting
Population Recovery? The 10th International Symposium on Veterinary Epidemiology and Economics;
2003; Vina del Mar, Chile.

Osterhaus A, Vedder E. Identification of virus causing recent seal deaths. Nature. 1988; 335(6185):20.
https://doi.org/10.1038/335020a0 PMID: 3412456

Duignan PdJ, House C, Odell DK, Wells RS, Hansen LJ, Walsh MT, et al. Morbillivirus infection in bot-
tlenose dolphins: evidence for recurrent epizootics in the western Atlantic and Gulf of Mexico. Marine
Mammal Science. 1996; 12(4):499-515.

Van Bressem M-Fo, Raga JA, Di Guardo G, Jepson PD, Duignan PJ, Siebert U, et al. Emerging infec-
tious diseases in cetaceans worldwide and the possible role of environmental stressors. Diseases of
aquatic organisms. 2009; 86(2):143-57. https://doi.org/10.3354/dao02101 PMID: 19902843

Rijks JM, Van de Bildt MW, Jensen T, Philippa JD, Osterhaus A, Kuiken T. Phocine distemper outbreak,
the Netherlands, 2002. Emerging infectious diseases. 2005; 11(12):1945. https://doi.org/10.3201/
eid1112.050596 PMID: 16485486

Osterhaus A, Groen J, Uytdehaag F, Visser |, Bildt M, Bergman A, et al. Distemper virus in Baikal seals.
Nature: international weekly journal of science. 1989; 338(6212):209—-19.

Dietz R, Ansen C, Have P, Heide JA, Rgensen M. Clue to seal epizootic? Nature. 1989; 338
(6217):627. https://doi.org/10.1038/338627a0 PMID: 2704417

Kuiken T, Kennedy S, Barrett T, Van de Bildt M, Borgsteede F, Brew S, et al. The 2000 canine distem-
per epidemic in Caspian seals (Phoca caspica): pathology and analysis of contributory factors. Veteri-
nary Pathology. 2006; 43(3):321-38. https://doi.org/10.1354/vp.43-3-321 PMID: 16672579

Acevedo-Whitehouse K. Evidence of Leptospira interrogans infection in California sea lion pups from
the Guelf of California. Journal of Wildlife Diseases. 2003; 39(1):145-51. https://doi.org/10.7589/0090-
3558-39.1.145 PMID: 12685078

Abdollahpour G, Shafighi ST, Sattari Tabrizi S. Serodiagnosis of leptospirosis in cattle in north of Iran,
Gilan. Iranian Journal of Veterinary Medicine. 2009; 3(1):7-10.

Kosarev AN. Physico-geographical conditions of the Caspian Sea. The Caspian Sea Environment:
Springer; 2005. p. 5-31.

Bolin C, Brown C. Leptospirosis. Emerging diseases of animals. Washington: ASM Press; 2000. p.
185-200

Lindsay DS, Dubey J. Long-term survival of Toxoplasma gondii sporulated oocysts in seawater. Journal
of Parasitology. 2009; 95(4):1019-20. https://doi.org/10.1645/GE-1919.1 PMID: 20050010

PLOS ONE | https://doi.org/10.1371/journal.pone.0196070  April 26, 2018 9/10


http://www.ncbi.nlm.nih.gov/pubmed/864847
https://doi.org/10.7589/0090-3558-32.4.572
http://www.ncbi.nlm.nih.gov/pubmed/9359054
https://doi.org/10.7589/0090-3558-39.3.495
http://www.ncbi.nlm.nih.gov/pubmed/14567210
https://doi.org/10.1128/JCM.39.5.1877-1881.2001
http://www.ncbi.nlm.nih.gov/pubmed/11326007
http://www.ncbi.nlm.nih.gov/pubmed/9299699
https://doi.org/10.1038/335020a0
http://www.ncbi.nlm.nih.gov/pubmed/3412456
https://doi.org/10.3354/dao02101
http://www.ncbi.nlm.nih.gov/pubmed/19902843
https://doi.org/10.3201/eid1112.050596
https://doi.org/10.3201/eid1112.050596
http://www.ncbi.nlm.nih.gov/pubmed/16485486
https://doi.org/10.1038/338627a0
http://www.ncbi.nlm.nih.gov/pubmed/2704417
https://doi.org/10.1354/vp.43-3-321
http://www.ncbi.nlm.nih.gov/pubmed/16672579
https://doi.org/10.7589/0090-3558-39.1.145
https://doi.org/10.7589/0090-3558-39.1.145
http://www.ncbi.nlm.nih.gov/pubmed/12685078
https://doi.org/10.1645/GE-1919.1
http://www.ncbi.nlm.nih.gov/pubmed/20050010
https://doi.org/10.1371/journal.pone.0196070

o @
@ ’ PLOS | ONE Pathogen exposure in Caspian seals

36. Alvarado-Esquivel C, Sanchez-Okrucky R, Dubey J. Serological evidence of Toxoplasma gondiiinfec-
tion in captive marine mammals in Mexico. Veterinary parasitology. 2012; 184(2):321-4.

37. Dubey J, Zarnke R, Thomas N, Wong S, Van Bonn W, Briggs M, et al. Toxoplasma gondiii, Neospora
caninum, Sarcocystis neurona, and Sarcocystis canis-like infections in marine mammals. Veterinary
parasitology. 2003; 116(4):275-96. PMID: 14580799

38. Nielsen O, Stewart RE, Measures L, Duignan P, House C. A morbillivirus antibody survey of Atlantic
walrus, narwhal and beluga in Canada. Journal of Wildlife Diseases. 2000; 36(3):508—17. https://doi.
org/10.7589/0090-3558-36.3.508 PMID: 10941737

39. Issazadeh K, Amirmozaffari N, Mehrabian S, Oryan H. Assessment of distribution Leptospira spp. in
surface waters of Guilan province. World Journal of Zoology. 2009; 4(2):79-84.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196070  April 26, 2018 10/10


http://www.ncbi.nlm.nih.gov/pubmed/14580799
https://doi.org/10.7589/0090-3558-36.3.508
https://doi.org/10.7589/0090-3558-36.3.508
http://www.ncbi.nlm.nih.gov/pubmed/10941737
https://doi.org/10.1371/journal.pone.0196070

