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Antihelminthic treatment alters cellular, but not humoral immune components in
Magellanic penguin (Spheniscus magellanicus Forster, 1781) chicks

D’Amico V.L. |, Palacios, M. G., Bertellotti, M.?

Abstract

We evaluate whether helminth parasites affect both cellular and humoral components
of the immune system of Magellanic penguin (Spheniscus magellanicus Forster, 1781)
chicks. We measured immune components after the administration of an antihelminthic
drug to remove parasites. Cellular immune components included the complete white
blood cell count (WBC) and the in vivo skin-swelling response to phytohemagglutinin
(PHA). Humoral aspects assessed were the ability of plasma to agglutinate foreign
particles and the bactericidal capacity of plasma. Antihelminthic treatment resulted in
lower total WBC counts supporting the role of circulating leukocytes in fighting
macroparasites. Deparasitized chicks showed a reduction in all types of leukocytes.
Contrary to our expectation deparasitized Magellanic penguin chicks showed lower
response to PHA injection than control chicks. The swelling response was positively
correlated with body condition and with total WBC in circulation. We hypothesize that
the specific helminth community naturally occurring in Magellanic penguin chicks might
have an overall immunostimulatory effect on the PHA response. Antihelminthic
treatment did not alter the innate humoral immune parameters measured. Our results
support the prediction that, given their relatively low costs of use and maintenance,
innate humoral components would not be as affected by antihelminthic treatment as

more costly cellular responses.
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Introduction

Birds act as hosts for a large diversity of parasites that can be important causes
of morbidity or mortality (Wakelin and Apanius 1997). Infected individuals face the
challenge of diverting resources, which would otherwise be allocated to critical life-
history functions such as growth or reproduction, to anti-parasite defense (Lochmiller
and Deerenberg 2000). Activation of anti-parasite defenses themselves, particularly
immune responses, can lead to additional costs in terms of increased metabolic rate or
immunopathology (Lochmiller and Deerenberg 2000; Maizel et al. 2012). Moreover,
some parasites, such as gastrointestinal helminths, can impose further costs to their
hosts through direct competition for nutrients in their digestive tracts (Colditz 2008;
Maizel et al. 2012). Clearance of helminths by the immune system is complex and does
not rely on one particular cell type or killing mechanism; instead, it depends on the
interaction of multiple innate and adaptive immune components and pathways that
disable, degrade, and dislocate parasites resulting in their expulsion (Maizel et al.
2012). These components include, but are not limited to, immune cells such as
monocytes or macrophages, granulocytes (eosinophils, heterophils, basophils), and
lymphocytes (mainly T-helper 2 and B-cells), as well as humoral components such as
the complement system and neutralizing antibodies (Moreau and Chauvin 2010; Maizel
et al. 2012).

Among birds, penguin species are host to a diverse array of helminth parasites
(Fonteneau et al. 2011; Vidal et al. 2012; Diaz et al. 2013; Rezende et al. 2013;), which
infect individuals primarily through infected food items in their diet (Diaz et al. 2013).
Several studies have reported negative effects of these parasites on fitness-related
parameters. For example, the presence of Contracaecum pelagicum (Johnston and
Mawson, 1942) is associated with ulcerative gastric lesions in Humboldt penguins
(Spheniscus humboldti Meyen, 1834) (Yanez et al. 2012). In this regard, adult Little
penguins (Eudyptula minor Forster, 1781) found dead at coastal areas showed renal

and intestinal coccidiosis, intestinal cestodiasis, and gastric ulceration associated with
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Contracaecum sp. (Harrigan 1991). In addition, two recent experimental studies using
antihelminthic treatments provide evidence of sublethal fitness costs of helminth
parasitism in two Antarctic penguin species. Chinstrap penguin (Pygoscelis antarctica,
Forster, 1781) chicks treated with antihelminthic drugs grew more and had better body
condition than untreated, control chicks (Palacios et al. 2012), an effect likely to impact
fitness due to the strongly size-biased mortality of chicks soon after independence
(Moreno et al. 2001). Deparasited Gentoo penguin (Pygoscelis papua Murphy, 1947)
chicks showed altered cell-mediated immunity, suggesting that these parasites can
result in an immunological burden for penguin chicks (Bertellotti et al. 2016).

Given the diversity of immune components involved in defense against helminth
parasites (Maizel et al. 2012), humoral effectors, in addition to cellular ones, might be
altered in parasitized individuals. Thus, the objective of this study was to evaluate
whether helminth parasites affect humoral as well as cellular components of the
immune system of penguin chicks, using as a model the Magellanic penguin
(Spheniscus magellanicus Forster, 1781), a species that shows greater helminth
parasitism than Antarctic penguin species (D’Amico et al. 2014). Magellanic penguins,
which breed along the Patagonian coast of South America between 33°-54° S
(Bertellotti 2013), show high prevalence, abundance, and intensity of several species
of helminths, including Nematoda, Cestoda, Digenea, and Ancantocephala, with major
taxa being Contracaecum sp., Cosmocephalus sp., Corynosoma sp., Tetrabothrius sp.
and Cardiocephaloides sp. (Diaz 2006; Diaz et al., 2010). Helminth-associated
mortality has been reported in heavily parasitized individuals of this species (Diaz
2006). D’Amico et al. (2014) suggested that the relatively high helminth parasitism
could be the cause of some increased cellular immune components of adult Magellanic
penguins when compared to adult Antarctic penguins (P. antarctica and P. Adélie
Hombron and Jacquinot, 1841), but the potential effects of these parasites on chick

immunity has not been investigated.
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In order to evaluate whether helminth infection affects both cellular and humoral
immunity in Magellanic penguin chicks, we measured cellular and humoral immune
components after the administration of an antihelminthic treatment. Assessment of
cellular components included the complete white blood cell (WBC) count, also known
as leukocyte profile, and the in vivo skin-swelling response to phytohemagglutinin
(PHA). Humoral aspects assessed were the ability of plasma to agglutinate foreign
particles and the bactericidal capacity of plasma. The complete WBC count provides
information on increases or decreases in each leukocyte type and can be diagnostic of
infections and inflammatory conditions, including those mediated by parasites (Cambell
1995; Roitt et al. 2001). In particular, elevated eosinophil and monocyte counts are
commonly associated with gastrointestinal parasitic infections (Roitt et al. 2001;
Gebreselassie et al. 2012; Thrall et al. 2012). The PHA skin-swelling test is widely used
for estimation of cell-mediated immune response in vivo (Martin et al. 2006; Tella et al.
2008). This inflammatory response integrates the activity of various immune cells
involved in both innate (heterophils, eosinophils, basophils and monocytes) and
acquired (lymphocytes) cellular responses to parasites (Goto et al. 1978; Martin et al.
2006). The ability of humoral components in plasma to agglutinate foreign particles,
mediated mainly by natural antibodies, constitutes an important first line of defense
against invading pathogens (Ochsenbein and Zinkeragel 2000), whereas the
bactericidal capacity of plasma provides an index of complement system function
(Matson et al. 2006). Both aspects of humoral immunity have been implicated in
response to helminth infections (Moreau and Chauvin 2010; Maizel et al. 2012).

Medication approaches such as the one proposed in this study hypothesize that
the deparasitation treatment frees energetic and nutritional resources that will influence
immune function given the presumed costs of maintaining and/or using certain levels of
immune defenses (e.g. Tomas et al. 2007; Bertellotti et al. 2016). Given that costs of
maintenance and use vary among different immune components (Lee 2006), costly

components might be more affected than less costly ones by the antihelminthic
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treatment. Thus, based on the differential costs proposed by Lee (2006) we predicted
that: 1) treated chicks would display lower WBC counts, particularly of the immune cells
indicative of helminth infection (eosinophils and monocytes), because they should no
longer carry the parasites and, therefore, they should not need to maintain an immune
response to them, 2) treated chicks should be able to mount a stronger immune
response to a novel challenge (PHA) than control chicks, as the local inflammatory
response to PHA, which involves innate and adaptive immune cells, has a high cost of
use, and 3) treated chicks should display similar (or slightly higher) values of bacterial
agglutination and bactericidal capacity of plasma than controls, because the costs of

maintaining and using innate humoral components is thought to be relatively low.

Materials and methods
Study site

The study was conducted at the Magellanic penguin colony of San Lorenzo
(47°S, 63°W) in Peninsula Valdés, Chubut, Patagonia, Argentina, during early
February 2013 of the breeding season. At this colony, chicks hatch in late November
and reach their independence around early March (Bertellotti 2013). Given that the
experiment involved 3 captures of each individual, we randomly selected 40 chicks
(most of which were likely between 7 and 8 weeks of age) in order to guarantee an
adequate sample size at the end of the experiment. Chicks were marked with a velcro
ring around one of their flippers to allow individual identification during the sampling

period. Rings were removed at the end of the experiment.

Experimental treatment

Following Bertellotti et al. (2016), we performed the experimental deparasitation
of 20 chicks with an oral dose of 50 mg/kg of Albendazole and 5 mg/kg of Praziquantel
diluted in purified water according to veterinarian deparasitation protocols (Tucker et al.
2007; Kahn 2010). Another set of 20 chicks was kept as control and received an equal

6
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volume/kg of water as placebo. Benzimidazole and pyrazinoisoquinoline antihelminthic
drugs (as the ones used in this study) are common in public health and veterinary
medicine and are rapidly absorbed and effective producing tetanic contraction of the
parasite’s musculature and rapid vacuolization of the integument within minutes to a
few hours of administration (Lacey 1990; Dayan 2003; Kahn 2010). Killing efficacies
greater than 90% for nematodes and cestodes have been reported in chickens (Tucker
et al. 2007; Saeed 2007). Because of their rapid action and efficiency, these drugs
have also been used as antihelminthic method of choice in studies in wild birds
(Grimes et al. 1989; Bustnes et al. 2007; Hanssen et al. 2003; Palacios et al. 2012;
Bertellotti et al. 2016). Helminth parasite loads of penguin chicks were not assessed in
the present study because this cannot be effectively performed by coprological
methods (Palacios et al. 2012), even when using molecular probes (Vidal 2014).
Nevertheless, we are confident that most individuals were parasitized based on
previous work reporting 100% prevalence of helminth parasites in Magellanic penguins
at our study site (Diaz 2006; Diaz et al. 2013). A blood sample was collected from all
chicks immediately before the antihelminthic treatment to assess their general health
status (i.e., body condition and hematological parameters). Individuals were then
weighed, measured (wing length, bill length), marked without distinction between

control and treatment, and then released at the site of capture.

PHA test, blood sampling, and WBC analyses

The skin-swelling response to the injection of PHA was performed 24 h after the
deparasitation treatment. Chicks (12 control and 16 deparasitized) were recaptured
and injected with 0.1 ml of a 2 mg/ml solution of phytohemagglutinin (PHA, Sigma,
L2646) in sterile phosphate buffered saline (PBS) at a marked site on the interdigital
membrane of the right foot (Moreno et al. 1998; Bertellotti et al. 2016). The thickness of
the foot web was measured with a digital thickness gauge with constant pressure

(Schwyz, model EDB-13) with an accuracy of 0.01 mm at the injection site just before



and 24 h after injection. The average of three thickness measures made by the same
person (MGP) was considered. The swelling caused by PHA was calculated as the
difference between both measurements (Smits et al. 1999). The remaining chicks (8
control and 4 deparasitized) could not be relocated at the time of the PHA test and
were therefore dropped from the experiment. On the third capture (i.e., 48 h after
deparasitation treatment and 24 h after PHA injection), a second blood sample was
collected before measuring the swelling response. All individuals injected with PHA
were recaptured the next day, thus the final sample sizes for the experiment were 12
control and 16 deparasitized chicks.

Blood samples were collected from the metatarsal vein with a 3-ml syringe,
within 5 min of capture of the individuals to minimize capture and handling stress
(Davis et al. 2008). Blood smears were immediately prepared and air-dried. Blood (~1
ml) was placed in heparinized eppendorf tubes and into microcapillary tubes. In the
laboratory, smears were fixed in ethanol for 3 min and stained with Tincién 15 ©
(Biopur). Eppendorf tubes were centrifuged and plasma was separated, stored, and
frozen at -20 °C until further analysis. Blood smears were examined under a light
microscope to obtain the complete WBC count. Total WBC was estimated by counting
all cell types in 10 consecutive 400x monolayer fields (D’Amico et al. 2014). The
proportion of each cell type was obtained from a sample of 100 WBC under 1000x (oil

immersion) classified into basophils, heterophils, eosinophils, lymphocytes, and

monocytes (Campbell 1995). The latter proportions were multiplied by the total WBC to

obtain the corresponding total counts for each type of cell. The heterophil/lymphocyte

ratio (H/L), described as a good measure of stress in birds (Davis et al. 2008), was also

obtained. Ten smears were randomly selected for analysis of repeatability. Three

consecutive counts were made using the described counting method for each of the 10

smears. Repeatability was calculated following Lessells and Boag (1987) for total WBC

counts, heterophils, eosinophils, lymphocytes, and monocytes. Repeatability ranked
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between 74 and 98%. Basophils were not included in statistical analyses because of

the presence of many zeros. All white blood cell counts were made by VLD.

Humoral immune analyses

The ability of plasma components to agglutinate foreign particles, which provides an
index of the constitutive levels of natural antibodies in circulation (Matson et al. 2006),
was performed using a standard bacterial strain (Escherichia coli Migula, 1895, ATCC
8739) as foreign particles. A bacterial agglutination protocol previously developed for
use in penguins was followed (D’Amico et al. 2014). Briefly, bacteria were grown in
tryptic soy (TS) broth and then fixed in 1% formalin overnight at 4 °C. Fixed bacteria
were washed three times with PBS and adjusted to a concentration of approx. 1 x 10°
bacteria/ml. Plasma samples (20 ul) were added to the first column of a 96-well plate
and serially two-fold diluted along the rows with PBS. A negative control (PBS instead
of plasma) was included in each plate. Then, 20 pl of fixed bacteria were added to all
wells. Plates were vortexed, incubated at 40 °C for 60 minutes, and then left overnight
at room temperature (~25 °C). Agglutination titers were determined as -log2 of the
highest dilution showing agglutination. Enough plasma for this assay was not available
for 3 control and 2 deparasitized individuals, so sample sizes for bacterial agglutination
were lower than for the remaining immune parameters.

The bactericidal capacity of plasma, which provides and index of the integrated
killing ability of complement and other constitutive innate humoral factors, was
performed following the original protocol by Matson et al. (2006) with modifications for
use in penguins. Briefly, Escherichia coli (ATCC 8739) were suspended in PBS to
produce a working solution containing approximately 200 colony-forming bacteria per
10 pl. All plasma samples were diluted 1:10 with sterile PBS, and sample reactions
were prepared by adding 10 ml of the bacterial working solution to 90 ul of the diluted
plasma samples. All sample reactions were incubated for 8 min at 40 °C to provide

adequate time for bacterial killing to occur. Control reactions were prepared by adding
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10 pl of the bacterial working solution to 90 pl PBS, and were plated before, midway,
and after plating the sample reactions. All sample reactions and controls were plated
using 50 pl aliquots on 4% tryptic soy agar and incubated overnight at room
temperature. The number of bacterial colonies on each plate was then counted, and
the percentage of colonies on each plate per the mean number of colonies in control
plates was calculated. This percentage was subtracted from 100 to obtain the

percentage of bacteria killed.

Statistical analyses

To test for the effects of experimental treatment on chick response variables,
we used general linear models (GLM) that included treatment (deparasitized vs.
control) as a fixed effect and the corresponding pre-treatment measurement as a
covariate to control for initial values, with the exception of PHA response that was only
measured post-treatment. Body condition (residuals of the regression of body mass on
structural size) was evaluated as a potential additional covariate in all models but was
kept in the final models only when significant. Structural size was estimated as the first
component of a principal component analysis (PCA) that combined wing and bill
lengths and explained 81% of variation in the data. Residual plots from the GLMs were
visually inspected and no signs of non-normality were observed with the exception of
lymphocyte counts, which were therefore log.,-transformed before analysis. We
decided to run univariate GLMs to maximize sample sizes for each dependent variable.
However, given that some immune measures were intercorrelated (Table S1), we also
performed a MANOVA including all immune measures to assess a multivariate anti-
helminthic treatment effect. All statistical analyses were performed using JMP Pro

11.0.0 (SAS 2012). Raw data are depicted in tables and figures for visual clarity.

Ethical Considerations
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Given the ethical and social responsibility that involves the scientific and
technological activity, this study neither committed nor affected to human rights, nor did
it cause any harm to the environment, animals and / or future generations. This study
was carried out with the permits granted by the province of Chubut (Wildlife and
Natural Resources and Conservation and Protected Areas offices) and considering the
Nuremberg Code, the Helsinki Declaration and its amendments, and Universal
Declaration on Human Genome and Human Rights adopted by the General
Conference of UNESCO, 11/11/1997. This study followed the guidelines on the care
and use of wildlife (Canadian Council on Animal Care, 2003 ISBN: 0-919087-39-6) and
also this study did not compromise any rare, endangered or in extinction animal

species.

Results

None of the variables measured before the administration of the treatment (i.e.,
body mass, bill length, wing length, body condition, leukocyte profile, bacterial
agglutination titer, and bactericidal capacity of plasma) differed significantly between
the control and the deparasitized group (ANOVA models for pre-treatment
measurements, effect of treatment, all P > 0.05). Pre-treatment values of chicks
(control and deparasitized groups pooled together) are presented in Table 1 as
reference values for the species.

Univariate analyses showed that after antihelminthic treatment, total WBC
counts were significantly lower in deparasitized than control chicks (F; 5= 25.4; P <
0.0001), resulting in a significant decrease in the total counts of all leukocyte types in
response to the treatment (H: F; 5= 16.21; P = 0.0005; log+oL: F1 5= 8.03; P = 0.009;
E: Fi,5=16.43; P=0.0004; M: F; ;5= 35.10, P < 0.0001; Figure 1 a-d, respectively).
H/L ratios did not show statistical differences between groups (F; 5= 0.08, P = 0.78).
Contrary to our prediction, antihelminthic treatment resulted in significantly smaller foot-
web swelling responses to PHA injection in deparasitized than in control birds (F; 5=

11



24 .18, P < 0.0001; Figure 2a). In addition, PHA response increased significantly with
chick body condition independently of treatment (F; 5= 7.25, P = 0.013; Figure 2b).
Furthermore, a positive relationship was found between foot-web swelling response to
PHA and total WBC count after treatment administration (Linear regression: R = 0.5, P
< 0.0001, Figure 2c), with no evidence of significant slope differences between groups
(ANCOVA, interaction term: P > 0.05). On the other hand, antihelminthic treatment
showed no effects on the two innate humoral immune components assessed: bacterial
agglutination by natural antibodies (F;.,0 = 2.76, P = 0.11, Figure 3a) and bactericidal
capacity of plasma components (F;,s = 0.13, P = 0.72, Figure 3b). The MANOVA
analysis showed a significant multivariate main effect for treatment (F; 15 = 6.48, P =
0.0012). Given the significance of the overall test, univariate tests were analyzed and
supported the findings of the separate GLMs with only one exception: the effect of
treatment on total eosinophil count did not reach statistical significance (F;,; = 3.70, P

= 0.068).

Discussion

As predicted, antihelminthic treatment resulted in lower total WBC counts in
Magellanic penguin chicks. This result is consistent with other studies where
experimental parasitization with helminths led to an increase in total WBC counts, such
as in Red jungle fowl (Gallus gallus, L., 1758) (Johnsen and Zuk 1999) and two
species of gulls, the Great black-backed (Larus marinus, L., 1758) and the Herring gull
(Larus argentatus Pontoppidan, 1763), which showed 1.5-fold increase in total WBC
counts when infected (Kuklina 2007). These results support the role of circulating
leukocytes in fighting macroparasite infections (Roitt et al. 2001) and are also in line
with the idea that species facing greater challenges from helminth parasites should
invest in higher number of circulating leukocytes (Bordes and Morand 2009). As usually
found in birds (Campbell 1995), including penguins (D’Amico et al. 2014; D’Amico et al.
2016), heterophils and lymphocytes were the most abundant leukocytes, being

12
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basophils, eosinophils, and monocytes in lower counts. Leukocyte profiles obtained
before the experimental treatment serve as baseline data for Magellanic penguin
chicks (Table 1).

Gastrointestinal helminth infection is usually associated with an increase of
eosinophils (eosinophilia) and monocytes (monocytemia) in peripheral blood (Campbell
1995; Thrall et al. 2012;). In accordance with this, deparasitation treatment in Gentoo
penguin chicks resulted in a reduction in these two leukocyte types (Bertellotti et al.
2016). Similarly, we observed a reduction of eosinophils (only significant in the GLM)
and monocytes in deparasitized Magellanic penguin chicks, however, these chicks also
had a decrease in heterophil and lymphocyte counts (Figure 1). Involvement of multiple
effector cells in immune defense against helminths, including the five leukocyte types,
has been reported (Falcone et al. 2001; Harris and Gause 2001; Maizel et al. 2012).
Different parasites, however, may activate specific immune responses (Gause et al.
2003), perhaps contributing to the diversity in results observed among studies
concerning the leukocyte types most associated with infection. For instance, helminth
parasitism increased eosinophil and heterophil counts in Red jungle fowl, but
decreased basophil numbers and did not affect lymphocytes and monocytes (Johnsen
and Zuk 1999). Likewise, it has been suggested that helminth parasites could explain
the increased heterophil counts in Gentoo penguins at northern sites of Antarctica
(D’Amico et al. 2016).

Given the relatively high costs of mounting a cell-mediated inflammatory
response to PHA (e.g. Martin et al. 2003; Lee 2006), we had predicted that
antihelminthic-treated chicks, ridden of the burden of parasites, would be able to
respond more strongly than controls. In fact, this was the observed result in Gentoo
penguin chicks subjected to the same experimental treatment in Antarctica (Bertellotti
et al. 2016) and is in accordance with the finding of a weaker response to PHA in Red
jungle fowl experimentally parasitized with helminths (Johnsen and Zuk 1999).
Nevertheless, in the present study, contrary to our expectation and the latter results,
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deparasitized Magellanic penguin chicks showed lower response to PHA injection than
control chicks (Figure 2a). In addition, the swelling response increased with body
condition independently of treatment (Figure 2b), a relationship commonly documented
in avian species (e.g., Navarro et al. 2003), including adult male Magellanic penguins
(Moreno et al. 2001). Interestingly, the swelling response was also positively correlated
with total WBC counts in circulation after the experimental treatment (Figure 2c); that
is, individuals having higher numbers of WBC in circulation (i.e., control chicks) were
the ones that mounted stronger inflammatory responses to PHA. Thus, the reduction in
WBC counts in deparasitized chicks could have resulted in their lower skin-swelling
responses.

Another potential explanation for the lower swelling response in antihelminthic-
treated chicks could be linked to the particular helminth fauna of Magellanic penguins,
as the specific composition of the helminth community can influence the response to
PHA. For instance, swelling was not related to total helminth intensity in shrews
(Crocidura russula Hermann, 1780), but instead it was negatively related to cestode
intensity and positively related to nematode intensity, suggesting a potential
immunosuppressive effect by the former and an immunostimulatory effect by the latter
worm type (Goly de Bellocq et al. 2007). On the other hand, experimental
parasitization of Red jungle fowl with an intestinal nematode (Ascaridia galli Schrank,
1788) had a suppressive effect on the PHA response (Johnsen and Zuk 1999),
highlighting that a suppressive or stimulatory effect might depend on the specific
parasite species, host, or host-parasite combination. Thus, we hypothesize that the
natural helminth community in Magellanic penguin chicks has an overall
immunostimulatory effect on the PHA response, such that antihelminthic treatment
results in reduced swelling with respect to controls. Nematodes, cestodes, and
digeneans are found in high prevalence and intensity in Magellanic penguins (Diaz et
al. 2010), thus further studies are warranted to evaluate the relationship between the
specific helminth community and host immunity.

14
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Contrary to the changes observed in cellular immunity, antihelminthic treatment
did not alter the innate humoral immune parameters measured in Magellanic penguin
chicks (Figure 3). The selected assays, despite using bacteria as foreign particles,
integrate the activities of several innate humoral factors known to participate in defense
against helminths, including neutralizing natural antibodies and components of the
complement cascade. Regardless, our result supports the prediction that, given their
relatively low costs of maintenance and use (Lee 2006), innate humoral components
would not be as affected by antihelminthic treatment as more costly cellular responses.
This finding is in accordance and complements those by other researchers regarding
acquired humoral immune components, which are also thought to have relatively low
cost of use (Lee 2006). For instance, experimental parasitization with helminths had no
effect on immunoglobulin G (IgG) levels in Red jungle fowl (Johnsen and Zuk 1999)
and antihelminthic treatment did not affect specific antibody production against sheep
red blood cells (SRBC, primary and secondary responses) by village chickens showing
natural helminth infections (Sassa et al. 2014). Further support for the differential costs
of mounting cellular versus humoral responses comes from our finding of condition-
dependence of the PHA swelling response (Figure 2b) but not of humoral components,
as has also been reported for other bird species (e.g. Mgller and Petrie 2002; Palacios
et al. 2009).

Our results suggest that treatment to remove helminth parasites has an impact
on cellular but not on innate humoral components of the immune system of Magellanic
penguin chicks. This differential response follows predictions based on the relative
costs of use and maintenance of these immune components, with more costly cellular
responses being more affected than less costly humoral ones. Our study contributes to
the knowledge on the diversity of responses of immune defenses to antihelminthic
treatment in birds, showing contrasting results even within relatively closely related

taxa such as different penguin species. The possibility of an immunostimulatory effect
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on the swelling response to PHA by the specific helminth community in Magellanic

penguins deserves further study.
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Table 1. Morphometric, hematological, and immune parameters of 7-8 week-old

Magellanic penguin (Spheniscus magellanicus Forster, 1781) chicks at the

reproductive colony of San Lorenzo. All values correspond to pre-treatment

measurements pooling control and deparasitized chicks (n = 40). Leukocyte counts

represent the number of each type of leukocyte in 10 consecutive microscope fields at

400x. WBC= white blood cells; H/L ratio= heterophil/lymphocyte ratio; BC= bactericidal

capacity of plasma; AGG= bacterial agglutination.

Mean * Standard Range
Parameters Median

Deviation Minimum-Maximum
Mass (g) 2446.3 + 426 2475 1600 - 3500
Bill length (mm) 452+ 3 45.8 40 - 51
Wing length (mm) 184.0+ 8 184 170 - 198
Total WBC 74.4 +23 69 41-137
Total Basophils 0.1 £0.03 0 0-1
Total Eosinophils 7557 6.3 0-29
Total Heterophils 35.5+15.8 31.8 13-78
Total Lymphocytes 23+7.5 23.2 9-43
Total Monocytes 8214 7.3 3-20
Basophils (%) 02104 0 0-2
Eosinophils (%) 996 9.1 0-25
Heterophils (%) 46.7 + 11 46.9 27 -70
Lymphocytes (%) 3199 32.8 16 - 51
Monocytes (%) 11314 11.3 5-24
H/L ratio 1.7+ 1 1.3 1-4
BC (%) 68.5 £ 31 82 10 - 100
AGG (titer) 6.6 £1 6.5 6-8
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Figure captions

Figure 1. Leukocyte profiles of control (C) and deparasitized (DP) Magellanic penguin
(Spheniscus magellanicus Forster, 1781) chicks after antihelminthic treatment. a)
heterophil counts, b) lymphocyte counts, c¢) eosinophil counts, d) monocyte counts.
Leukocyte counts represent the number of each cell type in 10 consecutive fields at
400x. Box plots depict medians (horizontal lines inside boxes), 25 and 75 percentiles
(edges of boxes), and extreme values (whiskers). Asterisks indicate significant

differences between treatment groups based on the GLMs.

Figure 2. Phytohemagglutinin response (foot-web swelling) of control (C) and
deparasitized (DP) Magellanic penguin (Spheniscus magellanicus Forster, 1781)
chicks after antihelminthic treatment. a) Box plots depict medians (horizontal lines
inside boxes), 25 and 75 percentiles (edges of boxes), and extreme values (whiskers).
Asterisk indicates significant differences between treatment groups based on the
GLMs., b) residual foot-web swelling (controlling for treatment group) as a function of
chick body condition, c) foot-web swelling as a function of total white blood cell (WBC)

counts of chicks.

Figure 3. Innate humoral immune parameters of control (C) and deparasitized (DP)
Magellanic penguin (Spheniscus magellanicus Forster, 1781) chicks after
antihelminthic treatment. a) bacterial agglutination titer, b) bactericidal capacity of
plasma (% bacterial killed). Box plots depict medians (horizontal lines inside boxes), 25

and 75 percentiles (edges of boxes), and extreme values (whiskers).
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Figure 2
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Table 1. Morphometric, hematological, and immune parameters of 7-8 week-old

Magellanic penguin (Spheniscus magellanicus Forster, 1781) chicks at the

reproductive colony of San Lorenzo. All values correspond to pre-treatment

measurements pooling control and deparasitized chicks (n = 40). Leukocyte counts

represent the number of each type of leukocyte in 10 consecutive microscope fields at

400x. WBC= white blood cells; H/L ratio= heterophil/lymphocyte ratio; BC= bactericidal

capacity of plasma; AGG= bacterial agglutination.

Mean * Standard Range
Parameters Median

Deviation Minimum-Maximum
Mass (g) 2446.3 + 426 2475 1600 - 3500
Bill length (mm) 452+ 3 45.8 40 - 51
Wing length (mm) 184.0+ 8 184 170 - 198
Total WBC 74.4 +23 69 41-137
Total Basophils 0.1 £0.03 0 0-1
Total Eosinophils 7557 6.3 0-29
Total Heterophils 35.5+15.8 31.8 13-78
Total Lymphocytes 23+7.5 23.2 9-43
Total Monocytes 8214 7.3 3-20
Basophils (%) 02104 0 0-2
Eosinophils (%) 996 9.1 0-25
Heterophils (%) 46.7 + 11 46.9 27 -70
Lymphocytes (%) 3199 32.8 16 - 51
Monocytes (%) 11314 11.3 5-24
H/L ratio 1.7+ 1 1.3 1-4
BC (%) 68.5 £ 31 82 10 - 100
AGG (titer) 6.6 £1 6.5 6-8
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