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INTRODUCTION

The viral family Poxviridae includes several viruses
of veterinary and medical importance. Poxviruses
affect domestic and wild mammals, reptiles and birds.
In humans, the most notorious member, variola virus,
causes smallpox (Moss 1996, Murphy et al. 1999).
Aquatic mammals also are susceptible to poxvirus
infections. The susceptibility of pinnipeds to poxvirus

infections was first suspected in 1969, when a 1 yr old
sea lion was presented with pox-like lesions (Wilson et
al. 1969). The presence of a poxvirus has since been
confirmed in harbor seals Phoca vitulina (Wilson et al.
1972), northern fur seals Callorhinus ursinus (Hadlow
et al. 1980), gray seals Halichoerus grypus (Hicks &
Worthy 1987), northern elephant seals Mirounga
angustirostris (Hastings et al. 1989), South American
sea lions Otaria flavescens (Wilson & Poglayen-
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Neuwall 1971) and, more recently, in California sea
lions Zalophus californianus (Nollens et al. 2006).

Pox lesions in pinnipeds are seen as raised cuta-
neous nodules, reaching up to 3 cm in diameter (Hast-
ings et al. 1989), which may ulcerate and suppurate.
Pox lesions develop primarily on the head and neck,
but the thorax, abdomen and flippers can be affected.
In severe cases, the body of affected animals can be
covered by up to several hundred nodules (Wilson &
Poglayen-Neuwall 1971). Histologically, the pox nod-
ules are formed by epithelial hyperplasia and hyper-
trophy, with epithelial cells often containing large,
eosinophilic, intracytoplasmic inclusions consisting of
pox virions (Hadlow et al. 1980). Mortality in captive
pinnipeds is typically low, except in cases where nod-
ules develop on the eyes or in the oral cavity or nostrils,
where the infection impairs feeding or respiration.
However, the morbidity of poxvirus infections is typi-
cally high, especially in young animals. Captive pin-
nipeds with pox lesions are unsuitable for display, and
secondary parapoxvirus infections are likely to nega-
tively affect the physiology, prognosis and length of
hospitalization of animals in rehabilitation centers. The
seal poxvirus is also a zoonosis, and is therefore of
concern to animal care staff (Hicks & Worthy 1987).

Several early reports are available on the light
microscopic and electron microscopic appearance of
the pox lesions in different species of pinnipeds
(reviewed in Muller et al. 2003). More recent studies
have confirmed parapoxviruses as the etiologic agent
of this disease (Osterhaus et al. 1990, 1994, Nollens et
al. 2006). Previous knowledge on the epidemiology of
poxvirus infections in sea lions is limited to 1 study
conducted in hospitalized sea lions in a rehabilitation
center in California (Nollens et al. 2005). In that
study, readmission to a rehabilitation center, long
duration of hospitalization and high hospital caseload
were identified as risk factors that may predispose Cal-
ifornia sea lions to acquiring poxvirus infections during
hospitalization. While this epidemiologic information is
relevant for formulation, implementation and evalua-
tion of infection control measures to reduce risk of
nosocomial infections in hospitalized sea lions, the
prevalence of subclinical poxvirus in free-ranging
California sea lions is not known. Furthermore, no
serological test for detection of anti-parapoxviral anti-
bodies has been developed. Therefore, the objectives
of the present study were to (1) develop and validate
an enzyme-linked immunosorbent assay (ELISA) for
detection of antibodies against poxvirus in California
sea lions, (2) describe the antibody response of affected
and unaffected sea lions to parapoxviruses during
rehabilitation, and (3) estimate the seroprevalence of
parapoxvirus infections in free-ranging California sea
lions.

MATERIALS AND METHODS

Positive and negative reference serum samples. A
panel of 24 positive and 26 negative reference samples
was selected from the California sea lion Zalophus
californianus serumbank at The Marine Mammal Cen-
ter (TMMC) (37° 51’ N, 122° 31’ W) to optimize and
evaluate the diagnostic performance of the ELISA. The
24 positive reference sera were collected from 24 Cali-
fornia sea lions that had been found stranded on the
central California coast between 6 July 2002 and
19 September 2004 and were hospitalized in TMMC
for rehabilitation. Poxvirus infections in California
sea lions typically manifest as prominent dermal
nodules, 1 to 3 cm in diameter, that occur on the head,
neck, or flippers of the sea lions. The presence of
these dermal pox lesions is pathognomonic for the
presence of a poxvirus (Hastings et al. 1989). Sea
lions with dermal pox lesions were classified as
‘affected’. The 24 California sea lions developed
poxvirus lesions between 1 and 87 d (median = 20,
min. = 1, max. = 87) after hospitalization in TMMC.
One serum sample was collected from each of the 24
affected sea lions, on average 12 d after first clinical
signs (FCS) (median = 3, min. = 1, max. = 65). The neg-
ative reference sera were collected from 26 sea lion
fetuses that were aborted between 5 July 1998 and
3 July 2003 by adult female California sea lions
affected by domoic acid toxicosis. All sera were kept
frozen at –80°C until analysis.

ELISA procedure. Antigen production: A para-
poxvirus of California sea lions (Sea Lion Poxvirus 1;
SLPV-1) was previously isolated in our laboratory in
early-passage California sea lion kidney cells (Nollens
et al. 2006). Purified SLPV-1 was used as an antigen in
the whole virus–based, indirect ELISA system. For
purification, the virus was propagated in early-passage
California sea lion kidney cells. When >90% of the
monolayer showed cytopathic effect, the cells and
supernatants were harvested and freeze-thawed twice
and the virus was purified as previously described
(Nollens et al. 2006). Briefly, intracellular mature viri-
ons (IMV) were purified from the infected cell lysates
by high-speed centrifugation through a 40% sucrose
cushion followed by banding of the IMV on a 25 to
50% Na-diatrizoate density gradient. The virus was
resuspended in 10 mM Tris (pH 8.2) and stored at
–80°C until analysis. For use in the ELISA, the virus
was thawed, sonicated for 3 min and inactivated in 2%
paraformaldehyde for 30 min at approximately 22°C.
The protein concentration of the inactivated virus con-
centrate was determined using a modified Bradford
assay for ELISA, after which the inactivated virus was
diluted in phosphate-buffered saline (PBS) to the
desired coating concentration.

154



Nollens et al.: Sea lion pox seroepidemiology

Selection of secondary detection reagent: The abil-
ity of a panel of alkaline-phosphatase-labeled sec-
ondary reagents (N = 19; Protein G [Zymed]; Protein A,
goat anti-chicken whole IgG pAb, goat anti-mouse IgG
Fab pAb, goat anti-mouse whole IgG pAb, goat anti-
rat whole IgG pAb, goat anti-guinea pig Ig pAb, goat
anti-rabbit whole IgG pAb, goat anti-hamster IgG
[heavy and light chain] pAb, rabbit anti-horse whole Ig
pAb, rabbit anti-cow whole Ig pAb, rabbit anti-goat
whole Ig pAb, donkey anti-sheep Ig pAb [Sigma]; goat
anti-rabbit IgG Fab pAb, goat anti-rabbit IgG Fc pAb,
donkey anti-rabbit IgG [heavy and light chain] pAb
[Pierce]; rabbit anti-dolphin whole IgG [Bethyl Labora-
tories]; rabbit anti-dolphin whole IgG, rabbit anti-bat
whole IgG [University of Florida]) to react with Califor-
nia sea lion immunoglobulins was evaluated using
ELISA. Wells of a high protein-binding microplate
(Nunc Maxisorp, Fisher Scientific) were coated with
50 µl of whole California sea lion serum diluted 1:1000
in 1× PBS, and were left to adsorb overnight at 4°C.
After this and each subsequent step, all wells were
washed 3 times with PBS/Az and 0.05% PBS-T using
an automated microplate washer (BioTek Instruments).
After washing, the wells were blocked with 1% bovine
serum albumin (BSA; Roche Diagnostics), after which
each of the 22 secondary reagents (diluted 1:2000 in
1% BSA in PBS with 0.02% azide [PBS/Az]) was
applied to each of 2 wells. Each step of the ELISA was
left to incubate with gentle agitation (Nutator; Adams,
Fisher Scientific) for 1 h at approximately 22°C. Finally,
1.0 mg ml–1 P-nitrophenyl phosphate (PNPP; Sigma)
substrate was added, and the absorbance at 405 nM
(OD405) was recorded after 30 min using a Spectramax
250 microplate reader (Molecular Devices). Of the 22
reagents tested, Protein G (Zymed), Protein A, goat
anti-chicken Ig pAb, goat anti-rabbit Ig pAb, rabbit
anti-horse Ig pAb, goat anti-guinea pig Ig pAb, rabbit
anti-cow Ig pAb and donkey anti-sheep Ig pAb
(Sigma) appeared to crossreact with California sea lion
serum in ELISA format. The highest reactivity was
observed using Protein A (OD405 = 4.173), rabbit anti-
cow Ig pAb (OD405 = 4.100), donkey anti-sheep Ig pAb
(OD405 = 4.037) and Protein G (OD405 = 2.653).

Next, the specificity of Protein A, rabbit anti-cow Ig
pAb, donkey anti-sheep Ig pAb and Protein G for im-
munoglobulins of California sea lions was evaluated by
Na+ dodecylsulphate polyacrylamide gel electrophore-
sis (SDS-PAGE). California sea lion serum, diluted 1:10
in PBS, was separated (45 min at 200 V) by SDS-PAGE
under denaturing conditions, with a precast 10% (w/v)
polyacrylamide bis-tris Nupage gel and morpholine-
propanesulfonic acid (MOPS) running buffer (Invitro-
gen). Purified mouse and bovine IgG, diluted 1:10 in
PBS, were included as reference sera. The protein frac-
tions from all lanes were electrophoretically transferred

(60 min at 30 V) to a nitrocellulose sheet (Invitrogen)
using a Novex Western transfer apparatus. Tris-glycine
buffer (Invitrogen) in 20% methanol was used as the
transfer buffer. After transfer, the nitrocellulose was
blocked overnight using 5% nonfat dry milk in PBS/Az
at approximately 22°C. The nitrocellulose blot was
washed with PBS-T and placed into a Fast Blot–
Developer (Pierce). A total of 900 µl of each of the 4 sec-
ondary reagents was loaded into a channel each and
was left to incubate for 60 min at approximately 22°C
with gentle agitation (Nutator; Adams, Fisher Scien-
tific). Rabbit anti-mouse IgG polyclonal antibody (pAb)
and rabbit anti-bovine IgG pAb were loaded into the
mouse and bovine IgG reference lanes. After washing
3 times with PBS-Az, the blot was developed with NBT-
BCIP (nitroblue tetrazolium-5-bromo-4-chloro-3 in-
olyphosphate p-toluidine) substrate following the man-
ufacturer’s instructions (Sigma). All 4 reagents reacted
with a band comparable in size with the γ heavy chain
of mouse and bovine IgG (55 kDa). Overall, AP (alka-
line phosphatase)-labeled Protein A appeared to have
the highest affinity for immunoglobulins of California
sea lions on ELISA and reacted strongly with a band of
approximately 55 kDa on the SDS-PAGE blot. Conse-
quently Protein A was selected as the secondary detec-
tion reagent for the ELISA.

Optimization of ELISA parameters: Three randomly
selected positive and 3 randomly selected negative ref-
erence serum samples were used to optimize the
ELISA conditions. All assay parameters were varied
(working volume: 50 to 100 µl; coating concentration: 1
to 15 µg ml–1; California sea lion serum dilution: 1:20 to
1:2500; developing time: 15 to 60 min), and the assay
conditions with the highest ratio of the mean OD405 of
positive reference serum samples (N = 3) to the mean
OD405 of negative reference serum samples (N = 3)
were selected. The conditions of the optimized ELISA
protocol were as follows. Wells of high protein-binding
microplate were coated with 50 µl of inactivated whole
virus (SLPV-1) at 2 µg ml–1 in PBS, and were left to
adsorb overnight at 4°C. After this and each subse-
quent step, all wells were washed 3 times with PBS/Az
and 0.05% PBS-T using an automated microplate
washer. After washing, all wells were blocked with 1%
BSA in PBS/Az, after which the California sea lion sera
were applied (1:500 in 1% BSA in PBS/Az) to each of 2
wells. AP-labeled Protein A (1:2000 in 1% BSA in
PBS/Az) was applied as the secondary reagent for the
detection of bound sea lion antibodies. Each step of the
ELISA was left to incubate with gentle agitation (Nuta-
tor) for 1 h at approximately 22°C. Finally, 1.0 mg ml–1

PNPP substrate was added. The OD405 was recorded
30 min after addition of the substrate using a Spectra-
max 250 microplate reader. To correct for variation
between ELISA plates, the mean OD405 of each sample
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was divided by the OD405 of positive reference serum
California Sea Lion 5814b.

Diagnostic performance of ELISA: The sensitivity
(Se, proportion of affected California sea lions with pos-
itive test results), specificity (Sp, proportion of unaf-
fected California sea lions with negative test results),
positive predictive values (the fraction of California sea
lions that test positive that have truly been exposed to
poxviruses) and negative predictive values (the fraction
of California sea lions that test negative that have truly
not been exposed to poxviruses) of the ELISA were cal-
culated at different cut-off points using MedCalc 4.15c
software (F. Schoonjans). The selection of the cut-off
point to identify highest performance (combination
of high Se and high Sp) was made by means of a
receiver–operator characteristic (ROC) curve based on
the corrected OD405 of the 24 positive and 26 negative
reference samples using MedCalc 4.15c software.

Seroepidemiology of parapoxvirus infections. Cap-
tive sea lions: Hospitalized sea lions that developed
dermal pox lesions during their hospitalization were
classified as affected, whereas sea lions that did not
develop dermal lesions were classified as ‘unaffected’.
To evaluate the antibody response of these affected
and unaffected California sea lions to parapoxviruses
during rehabilitation, 56 serum samples were collected
opportunistically from 26 affected yearling and sub-
adult California sea lions at TMMC in Sausalito, Cali-
fornia. The 56 serum samples consisted of 20 initial
samples (collected from 16 sea lions prior to FCS), 18
acute samples (collected from 18 sea lions on the first
day of clinical signs) and 18 convalescent samples (col-
lected from 15 sea lions >1 d after FCS). On average
2.2 samples (median = 2, min. = 2, max. = 4) were avail-
able for each affected sea lion. The 20 samples col-
lected from the 16 affected sea lions prior to FCS were
collected on average 22 d after admission (median =
19, min. = 1, max. = 64) and 25 d prior to FCS (median =
17, min. = 1, max. = 85). The 18 convalescent sera col-
lected from the 15 affected sea lions were collected, on
average, 22 d after FCS (median = 14, min. = 2, max. =
65). A complete set of paired sera, consisting of at least
1 initial serum (prior to FCS) and at least 1 convales-
cent serum sample (≥1 d after FCS), was available for 8
sea lions. The initial (N = 10) and convalescent (N = 8)
sera were collected from these 8 sea lions on average
24 d (median = 16, min. = 1, max. = 69) prior to FCS and
17 d (median = 14, min. = 3, max. = 44) after FCS.

Additionally, 164 serum samples were collected
opportunistically from 74 unaffected yearling, sub-
adult and adult California sea lions, starting with a
sample obtained within 6 d of admission and ending
with samples just prior to release. On average, 2.2 sam-
ples (median = 2, min. = 2, max. = 5) were available for
each unaffected sea lion.

All California sea lions included in this study had
been found stranded on the central California coast
between 27 January 2002 and 19 September 2004 and
were hospitalized in TMMC for rehabilitation. The
presence of anti-parapoxviral antibodies in all serum
samples was determined using indirect ELISA as
described above. Reference Sera CSL5814b and F5200
were included on each ELISA plate as positive and
negative controls, respectively. Each serum sample
was analyzed in duplicate, and the corrected OD405

was calculated for each sample as described above.
The sea lion age classes were defined as follows: pup,
<1 yr; yearling, 1 to <2 yr; subadult male, 2 to 8 yr;
subadult female, 2 to 5 yr; adult male, >8 yr; and adult
female, >5 yr.

Free-ranging sea lions: A total of 551 serum samples
from 67 weaned (6 to 12 mo old) pups, 130 yearlings
(1 to 2 yr old), 188 juveniles/subadults and 166 adult
California sea lions were selected from the serum bank
at TMMC (Table 1). Only serum samples that were col-
lected within 6 d of admission to TMMC and from ani-
mals that had not previously been admitted to a reha-
bilitation center were included in the survey. Sea lions
that had been in captivity <6 d were considered sero-
logically representative of the free-ranging population.
All 551 California sea lions had been found stranded
on the central California coast between 3 January 2000
and 24 August 2004 and were hospitalized in TMMC
for rehabilitation. In addition, a second group of serum
samples from 150 pre-weanling pups (2 to 4 mo old)
and 60 adult male California sea lions from ongoing
population monitoring programs were selected and
tested for poxvirus antibodies. The sera from the pre-
weanling California sea lions were collected on San
Miguel Island, California (34° 2’ N, 120° 26’ W) during
September 2001, 2002 and 2003 and during October
2000 and 2004 (Table 2). The sera from adult male sea
lions were collected in Shilshole Bay, Washington
(47° 41’ N, 122° 24’ W) during April and October 2001
and May 2003. Forty-two (47%) of the adult males
were sampled just prior to the annual breeding season
(April to June). Seventy-seven (56%) of the adult
female sea lions were sampled during their hospital-
ization at TMMC, shortly after the breeding season
(July to September), whereas only 24 (18%) of the
adult females were sampled just prior to the breeding
season (April to June) (Tables 1 & 2). Each serum sam-
ple was analyzed in duplicate, and the corrected OD405

was calculated for each sample as described above.
Data analysis. Prevalence of exposure to anti-

parapoxviral antibodies was calculated as the number
of sea lions classified as seropositive divided by the
number of sampled and tested sea lions. Ninety-five
percent confidence intervals (95% CI) were estimated
to describe the precision of the point estimate (ob-
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served seroprevalence). Using a univariable analysis
approach, seroprevalence estimates were compared
between males and females, age groups, origin of sea
lions and months of sampling by using a chi-squared
test. Finally, a logistic regression model was used to

compare prevalence estimates after
controlling for the potentially con-
founding effects of gender, age, origin
and month of sampling. Interaction
effects between these variables were
not examined. A p-value of <0.05 was
used to establish statistical signifi-
cance.

RESULTS

Diagnostic performance of ELISA

Based on the ROC analysis of the
corrected OD405 of the positive and
negative reference sera, a positive:
negative cut-off value of 0.10 was
selected. California sea lion Zalophus
californianus serum samples for which
the corrected OD405 was ≤0.10 were
considered to have no antibodies
against SLPV-1 (negative). Samples
for which the corrected OD405 was
>0.10 were considered to contain anti-
bodies against SLPV-1 (positive or
exposed), whereas samples for which
the corrected OD405 was ≤0.10 were
considered not to contain detectable
antibodies against SLPV-1 (negative or
unexposed). Using this cut-off point,
the Se was 100% (95% CI = 86 to
100%) and the Sp was 100% (95%
CI = 87 to 100%). The calculated area
under the curve (AUC) was 1.0 (95%
CI = 0.92 to 1.00), indicating that the
test accurately identified all affected
and unaffected California sea lions
used in the evaluation. Based on the
lower 95% confidence limits of the
sensitivity and specificity and based
on a 91% prevalence of parapoxvirus
antibodies in California sea lions, the
predictive values for a positive and a
negative result were 98 and 39%, res-
pectively. A frequency histogram of all
corrected OD405 showed a bimodal
distribution of the ELISA readouts
(Fig. 1). A first peak (left peak) corre-
sponded with the negative or unex-

posed sample population, including the 26 negative
reference sera. A skewed, bell-shaped distribution
curve (right peak) corresponded with the positive or
exposed sample population, including the selected 24
positive reference sera (Fig. 1).
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Table 1. Zalophus californianus. Sample size (N), number of California sea lions
with anti-parapoxviral antibodies (positive), antibody prevalence (%) and 95%
confidence interval (95% CI) for each category of gender, age, sample location 

(origin) and month of sampling (month)

N Positive Prevalence 95% CI p
(%)

Gender 0.25
Female 342 307 90 87–93
Male 419 386 92 89–95

Age <0.01
Pre-weanling pup (2–4 mo) 150 147 98 95–100
Weanling pup (6–12 mo) 67 62 92 86–99
Yearling (1–2 yr) 130 121 93 89–97
Juvenile/Subadult 188 178 94 91–98
Adult 226 185 81 77–87

Origin <0.01
Shilshole Bay 56 40 71 60–83
Mendocino, Sonoma, 
Marin Co. 50 45 90 82–98
Alameda, Contra Costa, 
San Francisco, San Mateo Co. 81 76 93 88–99
Santa Cruz Co. 97 87 89 83–96
Monterey Co. 184 175 95 92–98
San Luis Obispo, Santa 
Barbara, Los Angeles Co. 139 121 87 81–93
San Miguel Island 150 147 98 96–100

Month <0.01
Jul–Sep 342 314 92 89–95
Oct–Dec 180 172 96 93–99
Jan–Mar 26 20 77 61–93
Apr–Jun 213 187 88 84–92

Total 761 693 91 89–93

Table 2. Zalophus californianus. Sample size (N), number of California sea lions
with anti-parapoxviral antibodies (positive) and antibody prevalence (%, in paren-
theses) per month of sampling and age category sea lions. na: no California sea 

lions belonging to that age category were available during these months

Age/Gender Jul–Sep Oct–Dec Jan–Mar Apr–Jun
N Positive N Positive N Positive N Positive

Adult male 12 9 (75) 30 25 (83) 5 4 (80) 42 29 (69)
Adult female 77 67 (87) 30 29 (97) 6 3 (50) 24 19 (79)
Adult 89 76 (85) 60 54 (90) 11 7 (64) 66 48 (73)
Juvenile/

Subadult 92 85 (92) 61 61 (100) 8 8 (100) 27 24 (89)
Yearling

(1–2 yr) 54 47 (87) 16 16 (100) 5 4 (80) 55 54 (98)
Weanling

(6–12 mo) na na na na 2 1 (50) 65 61 (94)
Pre-weanling

(2–4 mo) 107 106 (99) 43 41 (60) na na na na
Overall 

prevalence 342 314 (92) 180 172 (96) 26 20 (77) 213 187 (88)
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Seroepidemiology of parapoxvirus infections

Captive sea lions

A rise in circulating anti-parapoxviral antibodies was
observed in all sea lions (N = 8) for which at least 1 ini-
tial serum (collected prior to FCS) and at least 1 conva-
lescent serum sample (≥1 d after FCS) was available.
The intensity and the time of onset of the humoral
immune response in these 8 animals varied, but a rise
in circulating antibodies was detectable as early as 2 d
before FCS in 3 sea lions. The rise in circulating anti-
bodies was detectable in all convalescent sera col-
lected >1 d after FCS. On average and compared to the
corresponding initial serum sample, a 1.8-fold increase
in circulating antibodies was observed in sera col-
lected from sea lions on the first day of clinical signs
(N = 10 sea lions; x = 1.8-fold increase, SD = 0.6, min. =
1.2, max. = 3.0). On average and compared to the cor-
responding initial serum sample, a 3.6-fold increase in
the circulating antibody level was observed in all con-
valescent sera collected from sea lions >1 d after FCS
(N = 8 sea lions; x = 3.6-fold increase, SD = 2.3, min. =
1.7, max. = 7.6).

The corrected OD405 values of all serum samples (N =
20) collected from affected California sea lions prior to
developing pox lesions were >0.10 and were consid-
ered positive. Compared to sera collected upon admis-
sion, the level of circulating antibodies in 2 affected
California sea lions had not yet increased at 24 and
39 d after admission to the hospital. These 2 animals

developed clinical pox disease 70 and 58 d, respec-
tively, after admission to the hospital. Subsequently, a
2- to 3-fold increase in the level of circulating antibod-
ies was observed in sera collected on Days 73 and 75,
respectively, of hospitalization.

The corrected OD405 values of 63 (85%) serum sam-
ples collected from the 74 unaffected California sea
lions upon admission were >0.10 and were considered
positive. Of the 74 unaffected sea lions, 5 (7%) sea
lions also had 3.6-fold increased levels of circulating
antibodies (x = 4.3-fold increase, SD = 0.7, min. = 3.6,
max. = 5.0) prior to release in comparison to at admis-
sion. Of these 5 sea lions, 3 were maintained at the
rehabilitation center for 31, 32 and 88 d after the rise in
circulating antibodies was first detected, and no pox
lesions were observed.

Free-ranging sea lions

A total of 761 California sea lions were included in
the survey (Tables 1 & 2). The sample consisted of 419
males (55%) and 342 females (45%). Overall, the sero-
prevalence of anti-parapoxviral antibodies in the sam-
pled and tested population of free-ranging California
sea lions was 91% (95% CI = 89 to 93%). The preva-
lence of seropositive sea lions was not different
between females (92%) and males (89%) (Table 1).
The proportion of seropositive adult male sea lions
(75%) was higher than the proportion of seropositive
adult females (86%), whereas the proportion of
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Fig. 1. Zalophus californianus. Frequency distribution of anti-parapoxviral antibody levels (expressed as corrected OD405), show-
ing the bimodal distribution of antibody levels in California sea lions. Frequencies of antibody levels of positive and negative
reference samples are plotted against the left y-axis. Frequencies of antibody levels of the unknown samples are plotted against 

the right y-axis
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seropositive female sea lions was lower than that of
males in all other age categories. The prevalence of
seropositive sea lions was lower in animals from Shils-
hole Bay, Washington (71%), than that in animals at
any other location. In the univariable analysis
(Table 1), seroprevalence was significantly different
within age groups, origins and months of sampling (p <
0.05). In the multivariable analysis (Table 3), using
logistic regression, the odds of exposure to para-
poxviruses were higher in males, non-adult sea lions,
sea lions from areas other than Shilhole Bay, and sea
lions captured during October to December. No
adjusted odds ratio (OR) was calculated for the location
San Miguel Island, as the factor San Miguel Island was
too highly correlated with other independent variables
(age, month). The Hosmer–Lemeshow goodness-of-fit
statistic for the logistic regression model was 10.04,
with df = 8 and p = 0.26.

DISCUSSION

Our study results indicate that the newly developed
ELISA test is a useful tool for the serologic diagnosis
of poxvirus infections in California sea lions Zalophus
californianus. The area under the ROC
curve was 1.0, indicating that the
ELISA is highly accurate. The ROC
curve is a plot of the Se against the Sp
of a given test and, as a result, the
AUC is a measure of overall perfor-
mance of a diagnostic test at multiple
cut-off points (Greiner et al. 2003).
The AUC values ranged between 0
and 1, with 1 representing a hypothet-
ically perfect test (i.e. 100% sensitive,
100% specific). An AUC value of
0.5 indicates that the test is not infor-
mative, no better than a coin toss.
When a ROC analysis was applied to
the ELISA for the detection of anti-
parapoxviral antibodies in sea lions, a
cut-off point of 0.10 was associated
with a test Se and Sp of 100%. The
lower and upper limits of the 95%
confidence intervals for sensitivity and
specificity were 86 to 100% and 87 to
100%, respectively, indicating that the
precision of the calculated point esti-
mates for both parameters was low,
because our sample size was limited to
26 affected California sea lions and
26 unaffected sea lions; therefore, our
study results must be interpreted with
caution.

While the sensitivity and specificity are important
parameters used to measure the accuracy of a diagnos-
tic test, in the field, clinicians and wildlife managers
are interested in knowing if a sea lion that tests posi-
tively to a serologic test is indeed exposed, or if a neg-
ative test is indicative of absence of exposure. These
test characteristics are known as positive and negative
predictive values, respectively, and they are influ-
enced by disease prevalence. For example, based on
an observed disease prevalence of 91% and a test sen-
sitivity of 86% and a test specificity of 87%, the posi-
tive and negative predictive values are 99 and 39%,
respectively. If this ELISA test were used in a subpop-
ulation of sea lions where the observed disease preva-
lence was 50%, the positive predictive value would
decrease from 99 to 87% and the negative predictive
value would increase from 39 to 86%, respectively
(MedCalc 4.15c).

In the present study we observed that the onset and
the intensity of the humoral response of California sea
lions to parapoxviruses were variable, but a rise in the
level of antibodies was detectable in all California sea
lions with clinical signs. In some cases, anti-parapox-
viral antibodies were detected even before clinical
signs were first observed. These findings are very

159

Table 3. Zalophus californianus. Logistic regression analysis. Adjusted odds
ratio (OR), 95% confidence interval (95% CI) of exposure to parapoxvirus in
California sea lions by gender, age, sample location (origin) and month of sam-
pling (month). na: no California sea lions belonging to that age category were
available during these months; nd: not determined (San Miguel Island was too 

highly correlated with other independent variables)

OR 95% CI p

Gender
Female 1.00 Reference na
Male 1.94 0.94–3.99 0.07

Age
Pre-weanling pup (2–4 mo) 1.00 Reference na
Weanling pup (6–12 mo) 0.04 0.01–0.32 <0.01
Yearling (1–2 yr) 0.04 0.01–0.27 <0.01
Juvenile/Subadult 0.05 0.01–0.31 <0.01
Adult 0.03 0.01–0.13 <0.01

Origin
Shilshole Bay 1.00 Reference na
Mendocino, Sonoma, Marin Co. 3.54 0.92–13.66 0.06
Alameda, Contra Costa, 
San Francisco, San Mateo Co. 6.41 1.74–23.62 <0.01
Santa Cruz Co. 4.66 1.49–14.61 <0.01
Monterey Co. 9.31 2.81–30.80 <0.01
San Luis Obispo, Santa Barbara, 
Los Angeles Co. 5.28 1.71–16.30 <0.01

San Miguel Island nd nd nd

Month
Jul–Sep 1.00 Reference na
Oct–Dec 2.78 1.14–6.79 0.02
Jan–Mar 0.45 0.15–1.36 0.15
Apr–Jun 1.28 0.59–2.76 0.53
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similar to the serologic observations of orf virus infec-
tions (the protypal parapoxvirus, also known as scabby
mouth, contagious ecthyma) in sheep. The onset and
intensity of the antibody response is variable, an anti-
body response is present in all cases and, above all, the
appearance of antibodies coincides with the appear-
ance of FCS (Dales & Pogo 1981, Haig et al. 1997).
Because of the high similarity between the anti-para-
poxviral antibody dynamics of sheep and sea lions, it is
likely that the length of the incubation period (i.e. the
period between infection and FCS) is also similar.
Based on experimental transmission studies, the incu-
bation period of orf virus in sheep was determined to
be approximately 7 d (Dales & Pogo 1981, Haig et al.
1997). This suggests that the incubation period of para-
poxvirus infections in California sea lions may be
approximately 7 d as well.

Previous exposure of California sea lions to para-
poxviruses does not necessarily protect against rein-
fection. All serum samples that were collected prior to
clinical disease were seropositive and indicated prior
exposure to a parapoxvirus. Similarly, the acquired
immunity of sheep to parapoxviruses is short-lived and
reinfection can occur (Haig et al. 1997). The mecha-
nism behind this weak acquired protection of sheep is
poorly understood, but the characteristic localized
nature of a parapoxvirus infection may be in part
responsible for this. Parapoxviruses typically do not
cause a secondary, generalized viremia. If infections
are acute and restricted to epidermal cells, the immune
response may provide less protection. Localized infec-
tions may also go undetected for a longer time by the
immune system and pre-existing immunity may there-
fore have a limited effect (Haig et al. 1997). Con-
versely, some studies have suggested that para-
poxviruses do cause a secondary viremia, but this
remains unconfirmed (Iketani et al. 2002). Regardless
of the mechanism, the inability of the sea lions to be
protected following exposure to parapoxviruses sug-
gests that the usefulness of a vaccine may be as
ambiguous as orf virus vaccines are in sheep. The effi-
cacy of parapoxvirus vaccines for sheep is disputed, as
in some cases they fail to confer protection against a
challenge infection and in some cases even against a
homologous virus (Buddle et al. 1984, Pye 1990). Vac-
cine strain differences, adaptation of the vaccine virus
to cell culture and the antigenic diversity of wild orf
virus strains have been suggested as possible causes
for vaccination failures (Buddle et al. 1984, Pye 1990).
However, a potent anamnestic immune response of
sheep to orf virus reinfection has been reported (Haig
et al. 1997). This anamnestic response does leave
lambs susceptible to a second infection, but the lesions
are smaller and heal more rapidly (Nettleton et al.
1996). We do not know if the clinical signs on sea lions

become less severe as the animals are repeatedly
infected.

Two affected and 5 unaffected sea lions were
exposed to a parapoxvirus and developed anti-
parapoxviral antibodies during their hospitalization.
Likewise, the appearance of clinical signs after 60 d or
more does indicate that the infection was acquired
during hospitalization, as previous estimates of incuba-
tion period range between 2 and 5 wk (Hastings et al.
1989). No known poxvirus has the ability to establish a
latent infection, and reactivation of a previous infec-
tion is therefore not likely. As a result, it may be possi-
ble to reduce the incidence of poxvirus infections in
pinnipeds in rehabilitation centers by using prophylac-
tic measures. These measures should be aimed at min-
imizing the direct and indirect contact between ani-
mals, both during the incubation period and during
clinical disease. We observed a rise in circulating anti-
bodies in 5 unaffected animals as well. Of these 5 sea
lions, 3 were maintained at the rehabilitation center for
>1 mo after the rise in circulating antibodies was first
detected, and no pox lesions were observed. This indi-
cates that subclinical parapoxvirus infections can occur
in California sea lions, suggesting that prophylactic
measures should include minimizing all contact be-
tween unaffected animals as well. Since parapox-
viruses have the ability to persist in the environment
for months to years (Haig et al. 1997) and are resistant
to desiccation, thorough cleaning of the hospital pens
is advised. Effective cleaning practices should consist
of the thorough scrubbing of the pens to remove all
organic material, followed by bleaching or washing
with detergents with known virucidal activity.

A total of 693 of 761 (91%) of the sampled and tested
study population of California sea lions tested positive
to poxvirus antibodies. This high seroprevalence is
likely a reflection of the typical highly infectious nature
of poxviruses and the high rate of contact amongst wild
California sea lions (Odell 1975). Each spring all repro-
ductively active animals congregate in the California
Channel Islands (e.g. San Miguel Island, California) for
pupping and subsequent breeding (Odell 1975). The
exact reasons for the apparent lower antibody preva-
lence in adult males are unclear. Adult male California
sea lions occupy separate bachelor colonies near the
northern end of the range of their species (e.g. Shilshole
Bay, Washington), but male California sea lions return
to their bachelor colonies shortly after breeding and
have little contact with pup and yearling animals. If, in
free-ranging animals, the virus circulates particularly
among young sea lions, adult males could be less fre-
quently exposed. Alternatively, the lower antibody
prevalence in adult males could be accounted for by a
temporal bias in the sample set used for this serosurvey.
Most adult male sea lions (47%) were sampled just
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prior to the breeding season, whereas the majority of
adult female sea lions (56%) was sampled shortly after
the breeding season (Table 2). If the virus circulates
during the annual breeding congregation and if the
antibodies are short lived, antibody levels of adult male
sea lions may have dropped below the detection limit
by the time of sampling. Unfortunately, due to the low
number of samples collected during some parts of the
year, our sample set does not allow for further explo-
ration of a seasonal effect on antibody prevalence. Ide-
ally, a randomly selected sample set with stratification
for age, gender, season and location should have been
employed in this serosurvey. In the absence of such a
stratified sample, a convenience sample was used, and
inherent biases can therefore not be discounted. Also,
because our sample set is not weighted to reflect the
population structure of California sea lions, the overall
seroprevalence estimate needs to be interpreted with
caution. Although our data do indicate that the preva-
lence of anti-parapoxviral antibodies in free-ranging
California sea lions is high, the exact seroprevalence
estimate of 91% may not apply to the free-ranging
California sea lion population.

The high seroprevalence in nursing sea lion pups
(98 to 100%) was remarkable. The detected antibodies
may be in part maternal antibodies, or neonate sea
lions may be exposed to poxviruses within the first few
weeks of birth. Poxvirus lesions were not reported in
the free-ranging, nursing California sea lion pups sam-
pled for this study. However, the neonate infections
may have been mild or subclinical, or, since the pups
were sampled at 2 to 4 mo of age, any clinical pox
lesions may have resolved by the time of sampling.
Serial samples collected during the first several weeks
after birth would help clarify whether these antibodies
in dependent California sea lion pups are maternally
derived.

Finally, exposure to parapoxviruses appears to occur
frequently in the wild. As a result, the release of cap-
tive sea lions infected with parapoxvirus into the wild
should not increase the frequency of exposure of free-
ranging sea lions to the viruses. Therefore, the pres-
ence of pox lesions in fully rehabilitated California sea
lions should not preclude their return to the wild.
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