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Abstract
Wild mammals in ex situ captivity experience substantially different environmental conditions compared to free-ranging 
conspecifics, e.g., in terms of diet, climatic conditions, social factors, movement space, and direct anthropogenic disturbance. 
Moreover, animals in captivity frequently undergo management interventions such as medical treatments which may influence 
pathogen pressure. Captivity is known to affect immunological responses in some terrestrial and marine mammals; however, 
it is unclear whether this can be generalized to other taxa. Furthermore, little is known about how energetically costly life 
history stages such as lactation influence the immune system in wildlife. We measured expression of components of the 
constitutive and induced innate immunity and of the adaptive immune system in plains and mountain zebras (Equus quagga 
and E. zebra), including lactating and non-lactating individuals. As a proxy for general immune function, we screened for 
lytic equine herpesvirus (EHV) infection, a common and often latent pathogen which is reactivated in response to stress and 
immune challenge. Both energetically cheap markers of the constitutive innate immunity were lower in captive than in wild 
zebras, whereas energetically costly markers of the induced innate immunity were more highly expressed in captive zebras. 
Lactation was associated with higher titers of natural antibodies and lysozyme. Lytic EHV infection was not significantly 
correlated with any of the measured immune markers. Our results suggest that captivity and lactation may influence immune 
functions in zebra mares.
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Introduction

Maintaining captive wildlife populations has become an 
important conservation strategy for many species (Schulte-
Hostedde and Mastromonaco 2015). For some species, life 
in captivity is not detrimental, whereas it can have negative 
effects on well-being, health, and fecundity of others (Mel-
lor et al. 2018). Negative impacts of captivity can strongly 
constrain the success of captive breeding programs (Mason 
2010); therefore, for in situ and ex situ conservation strate-
gies to be effective, knowledge on a species’ physiological 
requirements and resilience is vital. Resistance to pathogens 
conferred by the immune system represents one of the most 
important physiological functions in long-lived animals, 
and various environmental factors are known to modulate 
immune functions (Bowden 2008; Buehler et  al. 2008; 
Ewenson et al. 2001; Tung et al. 2012). Ex situ captivity 
reflects a substantial deviation from the natural environment 
for many free-ranging wildlife species, with key differences 
such as diet, climate, social factors, or movement space 
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(Boyd 1986; Morgan and Tromborg 2007; Schulte-Hostedde 
and Mastromonaco 2015), all of which may affect immune 
functions. Moreover, anthropogenic interventions such as 
medical care and prophylaxes may affect pathogen pressure. 
Intestinal parasites, for example, are typically less abundant 
in captive animals due to prophylaxes and treatment schemes 
(Wambwa et al. 2004). The multiple differences between ex 
situ captivity and natural settings could be expected to alter 
immune functions.

Mammalian immunity is complex, and measuring any 
single immune marker is insufficient to draw conclusions 
on overall immune function (Ruoss et al. 2019). Further-
more, immune markers do not necessarily co-vary; therefore, 
it is vital to measure multiple components of the immune 
system (Heinrich et al. 2017; Lee 2006; Pap et al. 2010; 
Peck et al. 2016). In vertebrates, immune defense consists 
of two branches—the innate and the adaptive immune sys-
tem. Innate immunity refers to immune functions that are 
non-specific and, thus, do not require previous exposure to 
a given pathogen; these unspecific responses to infection 
serve to eliminate and prevent spreading of potential patho-
gens within the organism, and to initiate an inflammatory 
response (Janeway et al. 2001). The innate immune system 
is subdivided into constitutive and induced responses. The 
constitutive factors such as lysozyme and natural antibod-
ies are present without immediate exposure to pathogens 
(Janeway et al. 2001). Lysozyme is an integral part of anti-
bacterial constitutive immunity and is, thus, an important 
biomarker of the innate immune response. Natural antibod-
ies, which bind non-specifically to various antigens, have 
important roles in opsonization, and their concentration can 
rapidly increase following infection (Boes 2001). In equids, 
the majority of natural antibodies are accounted for by IgM 
(Borghesi et al. 2014). In contrast to constitutive innate 
immunity, the induced innate immune response (e.g., acute 
phase response) is only activated due to invading pathogens 
(Janeway et al. 2001). Acute phase proteins (APPs), such as 
haptoglobin and serum amyloid A (SAA), are vital compo-
nents of the acute phase response in equids (Belgrave et al. 
2013; Cray et al. 2009; Cray and Belgrave 2014); they are 
part of the early response of the innate immunity which is 
elicited by inflammation, infection, stress, or trauma. In 
contrast to innate immunity, adaptive immunity is charac-
terized by highly specific antigen recognition that induces 
responses to pathogens that have been previously encoun-
tered (Janeway et al. 2001). Immunoglobulin G (IgG) is the 
most abundant circulating antibody serotype—it is the main 
effector of the humoral adaptive immunity and specifically 
binds antigens that are recognized upon initial exposure 
(Janeway et al. 2001).

Mounting an immune response can be energetically costly 
(Lee 2006) and can also involve immuno-pathological con-
sequences, e.g., during inflammatory reactions (Lochmiller 

and Deerenberg 2014; Rauw 2012; Sandland and Minchella 
2003). Constitutive innate immunity is typically associated 
with relatively low energetic cost (e.g., lysozyme and natural 
antibodies), whereas induced innate responses (e.g., APPs) 
entail higher energetic costs (Rauw 2012). There is evidence 
that in various animal species, an increase in energetic costs 
elsewhere (e.g., investment in growth or reproduction) may 
lead to a trade-off in terms of reduced immunity (French 
et  al. 2007; Lee 2006; Peck et  al. 2016; Sandland and 
Minchella 2003). Several studies on various mammalian 
species reported increasing parasite loads during lactation, 
which is likely due to a down-regulation of the immune 
system as a consequence of increased energy expenditure 
due to milk production (East et al. 2015; Lloyd 1983; Shel-
don and Verhulst 1996). In contrast to this assumed general 
down-regulation of immunity, lactation also serves as pas-
sive immunization of the offspring via the milk (Borghesi 
et al. 2014; Moffett and Loke 2006) and has been shown to 
be associated with increased expression of certain adaptive 
and innate immune markers such as IgG, haptoglobin, and 
lysozyme (Budzyńska 2002; Veronesi et al. 2014).

Numerous studies have been performed on the immune 
function of captive animals. However, the results are not 
necessarily generalizable to free-ranging conspecifics (Ped-
ersen and Babayan 2011; Tian et al. 2015). For example, 
the immune system of free-ranging rodents is more active 
(e.g., higher immunoglobulin levels) and more antigen-
experienced (e.g., higher effector than naïve lymphocytes) 
than that of laboratory rodents (reviewed in Viney and Riley 
2017). In contrast, proliferative and cytokine responses are 
typically lower in wild rodents (reviewed in Viney and Riley 
2017). Species with different life histories invest differently 
in homeostasis (e.g., immune function, stress response; Pap 
et al. 2015), and therefore, more pronounced differences in 
captivity-associated immune phenotype may be predicted for 
large mammals, compared to small rodents. To our knowl-
edge, only two studies have compared the immune functions 
of captive large mammals with free-ranging individuals. 
Flies et al. (2015) showed that in spotted hyenas (Crocuta 
crocuta), the concentrations of certain immunoglobulins 
(IgG, IgM, and natural and auto-antibodies) were signifi-
cantly lower in captive than wild individuals, whereas no 
difference was observed in the overall function of the con-
stitutive innate immunity measured by the bacterial killing 
capacity of the serum. Common bottlenose dolphins (Tur-
siops truncatus) also showed that various immune markers 
(e.g., IgG, lysozyme, and cytokines) were less expressed 
in captive than in free ranging animals (Fair et al. 2017), 
whereas major APPs were variably expressed (Cray et al. 
2013). These results suggest that the elevated immune 
response in free-ranging wildlife reflects higher exposure to 
pathogens; however, further studies in other mammal spe-
cies are needed to understand the physiological requirements 
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and resilience of animals in in situ and ex situ conservation 
programs.

The objective of this study was to compare expression 
of several immune markers between free-living and cap-
tive zebras. Furthermore, we compared these markers 
between lactating and non-lactating zebra mares, as the 
energetic costs of lactation may affect immune functions. 
We measured concentrations of these immune markers in 
free-ranging zebra mares from two African national parks 
and in mares held in ex situ captivity (European zoos). The 
measured immune factors included two markers of the 
constitutive innate immune system (natural antibodies and 
lysozyme, which are considered energetically cheap), two 
markers of induced innate immunity (haptoglobin and SAA, 
which are energetically costly), and one marker of the adap-
tive immune response (total IgG). Furthermore, during acute 
infection, immunosuppression or acute stress, latent viruses 
such as herpesviruses are often reactivated (Marenzoni 
et al. 2015; Seeber et al. 2018a; White et al. 2012); there-
fore, this opportunistic re-activation of otherwise latent viral 
infections, termed lytic infection, may be associated with a 
decrease in general immunocompetence in latently infected 
organisms. We screened for lytic equine herpesvirus (EHV) 
infections and assessed seroprevalence of specific antibodies 
against two clinically important strains (EHV-1, and EHV-9) 
using a peptide-based enzyme-linked immunosorbent assay 
([ELISA]; Abdelgawad et al. 2015).

Materials and methods

Sample collection

Blood samples were collected from wild mountain zebras 
(Equus zebra) and plains zebras (E. quagga) in Etosha 
National Park, Namibia, in December 2015, and from plains 
zebras in Serengeti National Park, Tanzania, from the end of 
May to the end of June 2016 (Table 1). This corresponded 
to the late dry season in Namibia, and the early dry season 
in Tanzania. All wild animals sampled were adult mares 
(N = 29) that were categorized by their reproductive state 
as either lactating (when mares had a suckling foal at foot, 

N = 8) or non-lactating (N = 21). Lactating zebras were only 
sampled in Tanzania, and their foals were estimated to be 
between several weeks and 6 months of age, based on body 
size (Seeber et al. 2018b). Zebras were immobilized using 
a dart gun [as described by Costantini et al. (2018)]; blood 
samples were drawn from the jugular vein approximately 
15–30 min after darting and were collected in serum or 
EDTA tubes (S-Monovette Z, and S-Monovette K, respec-
tively, Sarstedt, Hildesheim, Germany). Serum was sepa-
rated from the clot after 15–30 min and placed in cryotubes. 
To screen for acute lytic EHV infection, we collected nasal 
swabs and blood samples for extraction of viral DNA. In the 
field, all samples were transported in a cooling box on ice 
packs and were then stored at − 20 °C until transported to 
the Leibniz Institute for Zoo and Wildlife Research where 
they were stored at − 80 °C until analysis.

Blood of captive adult female zebras was collected from 
plains and mountain zebras kept at four different zoologi-
cal collections in Europe (Réserve Africaine de Sigean, 
France; Zoo Antwerp, Netherlands; Zoo Landau, Germany; 
and Givskud Zoo, Denmark). Blood, serum, and swab sam-
pling were performed as described for wild animals. Cap-
tive zebras comprised 22 non-lactating mares (11 of each 
species; Table 1). No clinical signs of acute disease were 
observed in any of the captive or wild zebras.

Hemagglutination assay

Hemagglutination is characterized by the appearance of 
clumped red blood cells due to natural antibodies bind-
ing multiple antigens. Hemagglutination was measured in 
96-well microtiter plates as described by Heinrich et al. 
(2017). Briefly, samples were serially diluted from 1:1 to 
1:1,024 in PBS; 25 µL of 1% chicken red blood cells suspen-
sion was added; and then plates were vortexed and incubated 
at 37 °C for 90 min. After incubation, plates were tilted at 
a 45° angle to increase the visualization of agglutination 
and kept at room temperature for 20 min until measurement. 
Natural antibody titers are presented as the log2 of the recip-
rocal of the highest dilution (i.e., lowest concentration) of 
serum showing positive hemagglutination.

Lysozyme assay

To measure lysozyme concentration, a lysoplate assay was 
used (Heinrich et al. 2017): 25 μL plasma was inoculated 
in the test holes of a 1% Noble agar gel (Sigma Aldrich; # 
A5431-250G) containing 50 mg/100 mL lyophilized Mic-
rococcus lysodeikticus (Sigma Aldrich; # M3770-5G), a 
bacteria that is particularly sensitive to lysozyme con-
centration. Crystalline hen egg white lysozyme (Sigma 
Aldrich; # L6876; dilutions: 0.75, 1, 2, 3, 5, 7.5, 10, 15, 
and 30 µg/mL) was used to prepare a standard curve on 

Table 1   Distribution of samples by zebra species, environment, and 
geographical origin (site)

Species Environment Site N

Plains zebra Natural Namibia 5
Tanzania 17

Captive Zoos (Europe) 11
Mountain zebra Natural Namibia 7

Captive Zoos (Europe) 11
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each plate. Plates were incubated at room temperature 
(25–27 °C) for 20 h. During this period, as a result of 
bacterial lysis, a clear zone developed in the area of the 
gel surrounding the sample inoculation site. The diameters 
of the cleared zones are proportional to the logarithm of 
the lysozyme concentration. This area was measured three 
times digitally using the software ImageJ (version 1.48, 
http://image​j.nih.gov/ij/), and the mean was converted on 
a semi-logarithmic plot into hen egg lysozyme equivalents 
(in μg/mL) according to the standard curve (Rowe et al. 
2013).

Haptoglobin assay

Haptoglobin concentrations were measured using a commer-
cial kit (Tridelta Developments Ltd. distributed by Biorepair 
GmbH; #BR220) following the manufacturer’s instructions. 
Haptoglobin concentrations (mg/mL) in plasma samples 
were calculated according to the standard curve on each 
plate.

SAA assay

SAA concentrations were measured using a commercial 
solid phase sandwich SAA Multispecies ELISA kit (Tridelta 
Developments Ltd. sold by Biorepair GmbH; # BR230), fol-
lowing the manufacturer’s instructions. Serum samples were 
initially diluted 1:2,000 as per recommendation of the manu-
facturer for measuring horse samples, or higher when SAA 
concentrations were above the measurement range (up to 
1:16,000). The absorbance of the ELISA was measured with 
a standard spectrophotometer (Biotek; µ Quant Microplate 
Spectrophotometer) and SAA concentrations were calcu-
lated according to the standard curve on each plate. Most 
samples ranged from 111.71 to 381,630.7 ng/mL, however, 
in several samples (N = 9), SAA concentrations were too 
high for accurate measurement; these samples were assigned 
a maximum value (500,000 ng/mL) for statistical analyses. 
Several other samples (N = 25) produced SAA concentra-
tions too low for accurate measurement at the initial dilution; 
thus, an absolute minimum value (1 ng/mL) was assigned to 
these samples in the statistical analyses.

IgG assay

A commercially available highly sensitive two-site ELISA 
kit (Abnova, # KA2036) was used to quantify total IgG in 
serum. IgG concentration was determined by comparing 
measurements to a standard curve and adjusting for the dilu-
tion factor (1:200,000).

Detection of EHV antibodies

To investigate previous exposure to two of the most com-
mon equid alpha-herpesviruses, a peptide-based ELISA was 
employed for measuring EHV-1- and EHV-9-specific anti-
body titers, as described by Abdelgawad et al. (2015). Each 
serum sample was measured four times in total to assess 
mean antibody titers.

Lytic EHV infections

DNA was extracted from whole blood samples and nasal 
swabs using a commercially available kit (NucleoSpin Tis-
sue, Macherey–Nagel, Düren, Germany) according to the 
manufacturer’s instructions for the respective substrate 
(blood or buccal swab protocol, respectively). To test for 
lytic EHV infections, a nested PCR was performed as 
described by Kleiboeker et al. (2016) but using a modi-
fied thermocycling protocol (Seeber et al. 2017). Amplified 
products were visualized on an agarose gel (1.5%) and were 
purified using a kit (NucleoSpin Gel and PCR Clean-up, 
Macherey–Nagel, Düren, Germany) according to manufac-
turer instructions for subsequent Sanger sequencing. Purified 
PCR products were sequenced by LGC Genomics GmbH, 
Berlin, Germany, and virus strains were identified in Gen-
Bank (Benson et al. 2009) databases using BLAST searches. 
Zebras were considered to be in a state of lytic EHV infec-
tion when at least one of the samples (blood or nasal swab) 
was EHV positive.

Statistical analyses

A linear model was fitted for each immune marker as a 
response variable (natural antibody titer, lysozyme, and 
IgG concentrations, and log-transformed haptoglobin and 
log(x + 1)-transformed SAA concentrations) with the follow-
ing predictors: sampling site (Namibia, Tanzania, or ex situ 
captivity), reproductive state (lactating or non-lactating), 
lytic EHV infection (positive or negative PCR result), and 
species (plains or mountain zebra). Visual inspections of 
residual distributions and quantile–quantile plots of the mod-
els indicated no obvious violation of assumptions of normal-
ity and homogeneity of error variances. Variance inflation 
factors were calculated using the package “car” (Fox and 
Weisberg 2011) and were ≤ 2.6, suggesting no problem of 
multicollinearity in any of the models. To assess the statis-
tical significance of the predictor variables we used F-tests 
to compare the full model to reduced models in which the 
respective predictor was removed. Significant differences 
between predictor variables were analyzed post hoc by a 
Tukey’s Multiple Comparison of Means test. The differ-
ence in EHV-1 and EHV-9 seroprevalence between wild 
and captive animals was tested using a Fisher’s exact test. 

http://imagej.nih.gov/ij/
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No significant differences among zoos for any marker were 
observed using a Kruskal–Wallis test. Statistical analyses 
were performed using R version 3.2.5 (R Development Core 
Team 2016) and using the “multcomp” package (Hothorn 
et al. 2008) for post hoc tests. Statistical significance is 
reported at an α-level of p < 0.05.

Ethical standards

This study was approved by the Internal Committee for 
Ethics and Animal Welfare of the Leibniz-Institute for Zoo 
and Wildlife Research, approval number 2016-09-03. All 
protocols adhered to the laws and guidelines of Namibia, 
Tanzania, and Germany, respectively. Sampling in Namibia 
and Tanzania was performed with permission of the Envi-
ronment and Tourism (permit No. 2094/2016), and the Tan-
zania Commission for Science and Technology (permit No. 
2015-168-NA-90-130), respectively. Research in Tanzania 
was conducted with the support of the Tanzania Wildlife 
Research Institute and Tanzanian National Parks Author-
ity. Permission to export sample material from Namibia was 
granted by an MET export permit (No. 105336), and from 
Tanzania by the Tanzania Wildlife Research Institute. Sam-
ples were transported to Germany in full compliance with 
the Convention on International Trade in Endangered Spe-
cies (permit no. 108448) and in compliance with the Nagoya 
Protocol on Access to Genetic Resources.

Results

Mean values ± standard deviation of the measured immune 
markers in wild and captive lactating and non-lactating 
plains zebras and in wild and captive mountain zebras are 
shown in Table 2. Natural antibody titers and lysozyme con-
centrations were higher in free-ranging zebras than in captive 
animals, whereas haptoglobin concentrations were higher in 
captive zebras (Tables 2, 3). SAA concentrations were sig-
nificantly higher in captive animals compared to Namibian 
zebras (Tables 3, 4; Fig. 1). IgG was not affected by any of 
the predictors (Table 3). No differences between zebra spe-
cies were observed, apart from SAA, which was higher, on 
average, in plains zebras (mean 106,098 ± 201,537 ng/mL) 
than in mountain zebras (mean 4498 ± 10,910; Tables 2, 3).   

Lactating zebras showed higher concentrations of consti-
tutive innate markers (lysozyme and natural antibodies) than 
non-lactating zebras (Table 2; Fig. 2). Neither haptoglobin 
nor SAA was significantly different between lactating and 
non-lactating animals (Table 3).

The prevalence of lytic EHV infection as confirmed by 
PCR detection was similar in captive and wild animals (64% 
and 62%, respectively). Most EHVs belonged to the gamma-
herpesviruses (90%); active alpha-herpesvirus infections Ta
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included EHV-9 (N = 2) and EHV-1 (N = 1). Lytic EHV 
infection as detected by PCR, however, was not a significant 
predictor of any of the immune markers tested (Table 3). 
Applying the peptide-based antigen ELISA, the prevalence 
of EHV-1 and EHV-9 was higher in wild than in captive 
animals: EHV-1-specific antibodies were detected in 50% 

of captive and in 97% of wild zebras (p < 0.001) and EHV-
9-specific antibodies in 5% of captive and in 90% of wild 
zebras (p < 0.001).

Discussion

Due to the complexity of the mammalian immune system, 
it is necessary to measure various components representing 
all branches to draw conclusions on overall immune com-
petence (Ruoss et al. 2019). With this study, we provide 
reference values of five immune markers in two zebra spe-
cies, measured in individuals in their natural habitats and in 
ex situ captivity. Constitutive and induced innate immune 
markers differed significantly between captive and free-rang-
ing zebras, which is in line with previous immunological 
studies reporting that the immune system of free ranging 
animals is more active compared to that of captive conspe-
cifics (Fair et al. 2017; Flies et al. 2015; Viney and Riley 
2017). This may be due to higher levels of pathogen expo-
sure in free-living animals. No differences were observed 
between environments in the adaptive immunity marker IgG. 
However, the sample sizes in the current study were small, 
and lactation is a confounding variable. Therefore, a larger 
sample size may be necessary to determine potential effects 
of captivity on adaptive immunity.

Both markers of constitutive innate immunity (natural anti-
body titers and lysozyme concentrations) were lower in zebras 
in ex situ captivity than in free-ranging individuals; however, 
the specific physiological or environmental factor driving these 
differences could not be identified in this study. Infection pres-
sure, diet, and stress are among the most prominent factors 
shaping immune function (Martin et al. 2006). In wildlife hus-
bandry, disease prevention (e.g., vaccination) and parasite con-
trol constitute major management efforts (e.g., lower intestinal 

Table 3   Differences in the five immune markers regarding sampling 
site (Namibia, Tanzania, or ex situ captivity), lactation, lytic EHV 
infection, and species

Haptoglobin was log-transformed, and SAA concentrations were 
log(x + 1)-transformed
Significant effects in bold (at p < 0.05)

Response Predictor Df F p

Natural antibodies Site 2 14.8 < 0.001
Lactation 1 5.5 0.024
Lytic EHV infection 1 0.3 0.581
Species 1 0.2 0.694

Lysozyme Site 2 22.9 < 0.001
Lactation 1 27.3 < 0.001
Lytic EHV infection 1 0.1 0.767
Species 1 1.89 0.176

IgG Site 2 1.5 0.228
Lactation 1 0.0 0.877
Lytic EHV infection 1 0.7 0.402
Species 1 3.1 0.086

Haptoglobin Site 2 13.1 < 0.001
Lactation 1 1.2 0.301
Lytic EHV infection 1 3.4 0.071
Species 1 1.7 0.192

SAA Site 2 7.9 < 0.001
Lactation 1 0.1 0.764
Lytic EHV infection 1 0.2 0.663
Species 1 10.28 0.003

Table 4   Differences in immune 
markers between sampling sites, 
tested using a Tukey’s multiple 
comparison of means

Haptoglobin was log-transformed and SAA concentrations were log(x + 1)-transformed. Significant effects 
in bold (at p < 0.05)

Response Site Estimate Std. error t p

Natural antibodies Zoo → Namibia 1.29 0.37 3.47 0.003
Zoo →Tanzania 2.20 0.44 4.96 < 0.001
Namibia → Tanzania 0.92 0.50 1.84 0.163

Lysozyme Zoo → Namibia 1.48 0.31 4.73 < 0.001
Zoo →Tanzania 2.23 0.38 5.91 < 0.001
Namibia → Tanzania 0.74 0.42 1.75 0.194

Haptoglobin Zoo → Namibia − 1.17 0.25 − 4.73 < 0.001
Zoo →Tanzania − 0.92 0.29 − 3.19 0.006
Namibia → Tanzania 0.25 0.32 0.77 0.722

SAA Zoo → Namibia − 5.16 1.31 − 3.92 < 0.001
Zoo →Tanzania − 2.44 1.58 − 1.55 0.275
Namibia → Tanzania 2.72 1.78 1.54 0.279
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parasite burden in captive than in free-ranging plains zebras; 
Wambwa et al. 2004), which reduces infection pressure. Fur-
thermore, smaller population sizes and species diversity and 
resulting lower contact rates in captive zebras should result 
in lower pathogen transmission rates, which would further 
explain reduced investment in constitutive innate immunity. 
The plains zebra population of the Serengeti ecosystem is sub-
stantially larger than the mountain zebra population in Etosha 
National Park (IUCN 2017)—the frequency of pathogen trans-
mission likely increases with population density, which may, 
therefore, also explain higher constitutive immune markers in 
Tanzanian zebras compared to Namibian zebras.

In contrast to constitutive innate immunity, serum con-
centrations of induced innate immune markers were higher 
in captive than in wild zebras. The energetic costs of con-
stitutive innate immunity are generally considered low, 
whereas the two measured markers of induced innate immu-
nity are energetically costly (Lee 2006). In free-ranging 
wildlife (seasonal), nutrient shortages may result in energy 
deficiency and subsequent down-regulation of energetically 
costly immune factors, e.g., APPs (Sandland and Minchella 
2003). Wildlife in captivity typically do not suffer from (sea-
sonal) shortages of macronutrients, and the lack of ener-
getic constraints would, therefore, not restrict the activa-
tion of more costly immune factors (Ewenson et al. 2001). 
Free-ranging zebras were sampled in different climatic and 

Fig. 1   Innate immune markers in non-lactating zebra mares in three 
environments. Nam: Namibia (N = 12); Tan: Tanzania (N = 9); capt: 
ex situ captivity (N = 38); boxes indicate 1st and 3rd quartiles, center 
lines indicate median values, upper (and lower) whiskers extend to 

the highest (and lowest) value that is within 1.5 times the inter-quar-
tile range. Data points beyond the end of the whiskers are plotted as 
open dots. The p values refer to the respective post hoc tests on the 
complete data set

Fig. 2   Natural antibodies and lysozyme concentrations in free-rang-
ing zebra mares that were either lactating or non-lactating. Lact: 
lactating (N = 8); non: non-lactating (N = 21). Boxes indicate 1st and 
3rd quartiles, center lines indicate median values, upper (and lower) 
whiskers extend to the highest (and lowest) value that is within 1.5 
times the inter-quartile range. Data points beyond the end of the 
whiskers are plotted as open dots. The p-values refer to the respective 
post hoc tests on the complete data set
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vegetation zones and during different seasons (in the late dry 
season in Namibia and in the early dry season in Tanzania); 
more adequate nutrient supply in the early than in the late 
dry season may also explain the intermediate levels in acute 
phase proteins in zebra mares from the Serengeti ecosystem, 
relative to zebras in Namibia and in captivity, even though 
all zebras in the wild exhibited good body condition.

Acute phase protein (haptoglobin and SAA) concentra-
tions were generally higher in captive than in wild zebras. 
Concentrations of APPs can increase rapidly (by up to three 
orders of magnitude) during an inflammatory response or 
in response to a short-term stressor (Heinrich et al. 2017; 
Pepys et al. 1989). It may be difficult to interpret their con-
centrations as single-point measurements rather than taking 
measuring over time. However, elevated APP concentrations 
typically indicate inflammatory processes, and chronic stress 
in captive environments associated with exposure to adverse 
stimuli and limited space and puts captive animals at risk of 
chronic inflammation (Boyd 1986; Mason 2010; Schulte-
Hostedde and Mastromonaco 2015), which may be another 
factor stimulating APP expression.

Budzyńska (2002) showed that in domestic horses, 
immune factors such as IgG, haptoglobin and lysozyme, 
increase significantly during late pregnancy and lactation. 
The epitheliochorial placenta of equids prevents intra-uterine 
passage of antibodies from mother to fetus; therefore, pas-
sive immunity transfer from mother to foal by colostrum is 
vital (Borghesi et al. 2014; Moffett and Loke 2006). The two 
constitutive immune markers (natural antibody and lysozyme 
concentrations) were significantly higher in lactating zebra 
mares than in non-lactating animals, whereas no differences 
in other immune markers were observed. However, a larger 
sample size may be required to assess potential effects of 
lactation in general. In equids, colostrum is produced within 
the last 2 weeks of pregnancy and contains antibodies such 
as IgG and IgM, the concentrations of which decline rapidly 
by 24 h post-partum (Acworth 2010; Veronesi et al. 2014). 
Absorption of maternal specific and natural antibodies by the 
foal’s intestinal epithelial cells is also only effective within 
about 32 h post-partum (Acworth, 2010); therefore, the effect 
of lactation on serum antibodies is likely limited to a compa-
rably narrow time window. The mares that were considered 
lactating in the present study had foals of an estimated age of 
up to 6 months, which may explain why no effect of lactation 
serum IgG was found. It has been shown that several domes-
tic mammals and laboratory animals have higher parasite 
loads during late pregnancy and lactation (East et al. 2015; 
Lloyd 1983). The significantly higher natural antibody titers 
we found in lactating mares likely reflect the mares’ active 
immune response, rather than an up-regulation for passive 
immunization of the foals. In contrast to antibodies, other 
immune-related compounds such as lysozyme in milk can 
still have a protective effect during later stages of a foal’s life 

(Veronesi et al. 2014). Thus, up-regulation of these com-
pounds should be detectable longer than antibodies during 
lactation, which was supported by our results.

Equine herpesviruses are endemic in equid populations 
throughout the world, with prevalences of over 90%, depend-
ing on the EHV strain (Ataseven et al. 2009; Barnard and 
Paweska 1993; Borchers and Frölich 1997; Ehlers et  al. 
1999; Guevara et al. 2018; Seeber et al. 2019). Contrary to 
our expectations, lytic EHV infection was not a significant 
predictor for general immune function and, thus, might not 
function as a proxy measure of general immune function in 
zebras. A primary herpesvirus infection would be expected to 
elicit increased IgG titers (Svansson et al. 2009); however, no 
significant effect of virus status on IgG titers was found. Thus 
EHV-positive animals may not have been primarily infected, 
but instead may have undergone EHV reactivation and, there-
fore, not experienced significant activation of immunity. Con-
sistent with previous studies such as Abdelgawad et al. (2015), 
significantly higher prevalence of EHV-1 and EHV-9 infection 
was found in wild zebras, compared to captive individuals. 
This result provides further support for lower infection pres-
sure in the captive environment. EHV reactivation may not 
trigger a strong immune reaction, and the high prevalence may 
indicate a long-term accommodation between virus and host 
that is not strongly influenced by captivity.

Conclusions

Our results suggest that both ex situ captivity and lactation 
affect distinct aspects of the immune system in zebra mares. 
Both energetically inexpensive markers of the constitutive 
innate immunity were lower in captive than in wild zebras, 
whereas energetically costly markers of the induced innate 
immunity were more highly expressed in captive zebras. Lacta-
tion was associated with higher titers of natural antibodies and 
lysozyme. Lytic EHV infection was not significantly correlated 
with any of the measured immune markers. Further research 
is needed to identify the factors (and possible interactions 
between them) that cause the observed differences. A com-
prehensive understanding of environmental effects on immune 
function may result in better individual health outcomes and 
reproductive success of wild equids in captive environments.
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