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Abstract

primary contact with the antigen.

ment against a new immune challenge.

Background: Plasmodium parasites are known to impose fitness costs on their vertebrate hosts. Some of these costs
are due to the activation of the immune response, which may divert resources away from self-maintenance. Plasmo-
dium parasites may also immuno-deplete their hosts. Thus, infected individuals may be less able to mount an immune
response to a new pathogen than uninfected ones. However, this has been poorly investigated.

Methods: The effect of Plasmodium infection on bird humoral immune response when encountering a novel
antigen was tested. A laboratory experiment was conducted on canaries (Serinus canaria) experimentally infected
with Plasmodium relictum (lineage SGS1) under controlled conditions. Birds were immune challenged with an intra-
pectoral injection of a novel non-pathogenic antigen (keyhole limpet haemocyanin, KLH). One week later they were
challenged again. The immune responses to the primary and to the secondary contacts were quantified as anti-KLH
antibody production via enzyme-linked immunosorbent assay (ELISA).

Results: There was no significant difference in antibody production between uninfected and Plasmodium infected
birds at both primary and secondary contact. However, Plasmodium parasite intensity in the blood increased after the

Conclusions: There was no effect of Plasmodium infection on the magnitude of the humoral immune response.
However, there was a cost of mounting an immune response in infected individuals as parasitaemia increased after
the immune challenge, suggesting a trade-off between current control of chronic Plasmodium infection and invest-
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Background
Avian malarial parasites can impose fitness costs on their
vertebrate hosts and several studies have shown that
infection can lead to decreased reproductive success [1],
decreased survival [2] or increased telomere degradation
[3]. Part of these costs may be mediated by the activation
of the host immune response which may be engaged in
several life history trade-offs with for example self-main-
tenance, reproduction and survival [4, 5].

Immune functions require energy. For example,
immune activation has been shown to depend on energy
storage [6, 7] and to affect host metabolism [7-10]. The
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immune response may also be harmful because of its
inherent propensity to cause auto-immunity and oxi-
dative stress, leading to host self-reactivity and dam-
age to somatic cells [11-13]. An increased susceptibility
to oxidative damage due to immune activation [14] has
also been linked to reduced survival [15, 16]. Therefore,
a trade-off may occur between mounting an immune
response and self-maintenance.

Parasites have also evolved evasion strategies to avoid
the host immune defence and to establish in their host
[17-19]. For instance, malarial parasites have been sug-
gested to adaptively immuno-deplete their human and
mouse hosts by interfering with immune signalling [20—
23]. Therefore, malarial parasites may impose an addi-
tional cost to their vertebrate host due to the depletion of
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immune functions which may increase host susceptibility
to other parasites and diseases.

In the present study, the effect of Plasmodium infec-
tion on the ability of hosts to mount an immune response
when encountering a new pathogen was investigated. A
laboratory experiment was conducted under controlled
conditions with experimental infections on non-breed-
ing canaries (Serinus canaria). Bird humoral immune
response was measured as the antibody production
after injection with a novel non-pathogenic antigen. A
novel antigen was used to test for the ability to mount an
immune response without the problem of unknown past
exposures and potential acquired immunity. Plasmodium
infected individuals were predicted to have an impaired
immune response when faced with a novel antigen.
Alternatively, if their immune response was not impaired,
they would pay a higher cost (in terms of higher anaemia
or weight loss) of immune activation.

Methods

Laboratory experiment

To compare levels of humoral immune response of Plas-
modium infected and uninfected birds under controlled
conditions, canaries (Serinus canaria) were experimen-
tally infected with Plasmodium relictum (lineage SGS1)
in the laboratory. Thirty-two 1-year old canaries (15
females and 17 males) were kept in randomized groups
of one to three individuals of the same sex per cage
(1 x 1 x 2 m) in the animal facility (14:10 day—night light
cycle, 20 °C, 55% humidity). Each of the 16 cages received
fresh food (mix of 24 g of seeds, Vitabalance, and 18 g of
couscous, Migros Bio) and fresh water (500 mL) daily,
as well as a vitamin mix (Océvit, Virbac, 1 mL per litre
of water) weekly. A first group of canaries (eight females
and nine males) were experimentally infected via intra-
peritoneal injection of 75 pL of a blood mix (prepared
from blood of canaries previously infected with P rel-
ictum) mixed with PBS (1:1). The control group (seven
females and eight males) received an injection of the
same volume of PBS. Once the infected canaries reached
the chronic phase of infection (42 days post infection,
hereby dpi, [24]), all the canaries were blood sampled and
immune challenged (primary contact). At 49 dpi, they
were blood sampled and immune challenged a second
time (secondary contact). A final blood sample was taken
at 56 dpi. Individuals were weighed prior to each blood
sampling. The experiment was designed in two equiva-
lent temporal blocks 1 week apart. After blood collection,
haematocrit was measured in capillaries as the fraction of
red blood cells in the total blood volume. The rest of the
blood was centrifuged for 10 min at 4 °C at 15,000 rela-
tive centrifugal force. Plasma was stored at — 80 °C until
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immunological testing and red blood cells were stored at
— 20 °C until Plasmodium detection and quantification.

Potential differences in food intake due to different
energetic demands between uninfected and Plasmodium
infected individuals were controlled by assessing individ-
ual daily food consumption. The daily food consumption
per cage (in g/cage/day) was measured by weighing each
morning the unconsumed amount of food and was used
to extrapolate the average amount of food consumed
per canary per day (in g/individual/day). For this reason,
all the individuals of a cage received the same infection
treatment.

Immune challenge

In order to measure the bird humoral immune response
when encountering a new pathogen, keyhole limpet
haemocyanin (KLH), a molecule extracted from the
giant keyhole limpet (Megathura crenulata) was used
as an antigen. This molecule elicits a humoral immune
response without pathogenic effects. A solution of KLH
(Sigma-Aldrich) emulsified in PBS (1 mg/mL) and mixed
with incomplete Freund’s adjuvant (Sigma-Aldrich, 1:1)
was prepared according to [25]. Each bird received an
intra-muscular (pectoral muscle) injection of 50 pL of
KLH-adjuvant solution (25 pg of KLH per injection,
adapted from [25]).

Humoral immune response quantification

The humoral immune response when encounter-
ing a novel antigen (KLH) was measured by quantify-
ing the anti-KLH antibodies present in the plasma via
enzyme-linked immunosorbent assay (ELISA). Plates
(Nunc, MaxiSorp, Thermo Fisher Scientific) were incu-
bated over night at 4 °C on a turning plate with KLH
solution (0.5 mg KLH per mL in sodium hydrogen car-
bonate 0.1 M pH 9.6). Coated plates were washed with
PBS-Tween 20 0.05% (PBS-T) and incubated with PBS-T
containing 5% of non-fat dry milk for 2 h at ambient
temperature on a turning plate. Plates were washed with
PBS-T and incubated with standards (eight standards
prepared with immunoglobulin Y of chicken immunized
against KLH, Gallus Immunotech Inc., concentrations
from 20 pug/mL to 2 ng/mL diluted in PBS) and samples
(before and after immune challenge, 1:100 dilution in
PBS) all in duplicates for 3 h at 37 °C on a turning plate.
Plates were washed with PBS-T and incubated with a
secondary antibody (anti-chicken immunoglobulin Y
peroxidase-linked antibodies produced in rabbit, Sigma-
Aldrich, 1:1000 dilution in PBS) for 1 h at 37 °C on a turn-
ing plate. Plates were washed with PBS-T and incubated
with O-phenylenediamine dihydrochloride peroxidase
substrate (Sigma-Aldrich, 0.4 mg/mL) for 30 min in the
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dark at ambient temperature. The reaction was stopped
by adding HCI 3 M and absorbance was read at 560 nm
with a spectrophotometer. Anti-KLH antibody level was
extrapolated from the standard curve and expressed in
mg/mL. Negative controls (blank and non-specific bind-
ing) were performed in duplicates on each plate.

Plasmodium detection and quantification

DNA was extracted from red blood cells using the
DNeasy blood and tissue extraction kit (Qiagen) accord-
ing to the manufacturer’s protocol for the BioSprint 96.
A nested PCR was performed to detect the infection sta-
tus of individuals. Following a primary reaction with the
primers HaemNF1 and HaemNR3, a secondary reaction
with the primers HaemF and HaemR2 to amplify Plas-
modium was conducted as described in [26] adapted
from [27] and 5 pL of PCR product was run on a 2% aga-
rose gel to assess infection status.

Parasite quantification was performed by quantita-
tive PCR as described in [26]. Briefly, two separate qPCR
reactions using a parasite cyt b TagMan probe (CY3-
CYTb-BHQ?2) and a host 18 s rRNA probe (FAM-18S-
BHQ1) were performed. For both parasite and host, DNA
concentration was calculated from the standard curve
and the parasitaemia was given by the ratio of parasite
DNA concentration on the host DNA concentration. In
order to normalise the distribution, this ratio was log;,
transformed. As a consequence, we obtained a range of
parasitaemia values increasing from — 2.10 to 1.10 (arbi-
trary unit) in infected canaries.

Statistical analyses
Statistical analyses were performed in R (version 3.1,
(28]).

Anti-KLH antibody level was analysed as a response
variable in linear mixed effect models (Ime function in
nlme package). Terms for sex (female—male), infection
group (control-infected), antigen contact (primary—
secondary contact) and all two-way interactions were
included. Haematocrit and body mass were also ana-
lysed as response variables in linear mixed effect models
including terms for sex (female—male), infection group
(control-infected), antigen contact (prior to immune
challenge—after primary contact—after secondary con-
tact) and all two-way interactions. For Plasmodium
infected canaries, parasitaemia over time was also inves-
tigated. Parasitaemia was analysed as a response variable
in a linear mixed effect model including terms for sex,
antigen contact (prior to immune challenge—after pri-
mary contact—after secondary contact) and their two-
way interaction. Daily food consumption, calculated at
the cage level, was analysed as a response variable in lin-
ear mixed effect models including terms for the density
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of canary per cage (1-3, to control for heterogeneity in
the number of individuals per cage), sex (female—male),
infection group (control-infected), time (as a quantita-
tive continuous variable) and all two-way interactions
between sex, infection group and time. Random fac-
tors were implemented as canary identity nested in cage
nested in block (only cage nested in block for food con-
sumption as it was calculated at the cage level) to account
for the nested experimental design. An auto-correlation
structure (corAR1) was implemented to account for
repeated measurements. To determine the explanatory
power of each fitted parameter, likelihood ratio tests were
conducted following a standard backward selection pro-
cedure by sequential elimination of each fitted terms of
similar order from the full model [29]. Only significant
terms were kept to reach the minimal adequate model.
The significant p values given in the text come from the
minimal adequate models and the non-significant p
values come from the likelihood ratio tests prior to the
elimination of the non-significant term from the model.
To look at the effect of each significant term individually,
contrast analyses were performed [29].

As haematocrit is usually negatively affected by parasi-
taemia, the link between both parameters was also inves-
tigated. To account for the nested experimental design
and repeated measurements, haematocrit was analysed
as a response variable in a linear mixed effect model,
implementing canary identity nested in cage nested in
block as random factors and an auto-correlation struc-
ture (corAR1).

Results

There were no anti-KLH antibodies in the plasma prior
to the first KLH injection. Anti-KLH antibody produc-
tion was elicited after the primary contact and signifi-
cantly increased after the secondary contact (Table 1A,
Fig. 1). There was no significant difference of anti-KLH
antibody level between the infection groups or between
the sexes (Table 1A).

Parasitaemia of infected canaries increased after the
first immune challenge (Table 1B, Fig. 2). There was no
difference between the sexes (Table 1B).

Haematocrit was not affected by the immune chal-
lenge, the infection status, the sex or any interaction
between these factors (Table 1C) but there was a nega-
tive association between haematocrit and parasitaemia
(Ime, t = — 2.55, p = 0.0171, Fig. 3). Body mass slightly
decreased after the first immune challenge (Table 1D,
Fig. 4). There was no difference of body mass between
infection groups or between sexes (Table 1D).

Daily food consumption slightly increased over time
after the first immune challenge and was negatively
affected by the number of canary per cage (Table 1E).
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Table 1 Summary table of linear mixed effect models

Estimate se tvalue pvalue
A—Anti-KLH antibody level
Intercept 0.0135 0.0044 3.03 0.0049
Antigen contact 0.0546  0.0038 1423 < 0.0001
Infection — 00071 00035 —203 0.0630
Sex 0.3852
Sex:infection 0.9385
Sex:antigen contact 0.6984
Infection:antigen contact 0.8441
B—Parasitaemia
Intercept — 13100 03637 —360 0.0013
Primary contact 04480 0.1722 2.60 0.0149
Secondary contact 08352 0.2123 393 0.0005
Sex 0.7583
Sex:antigen contact 0.7733
C—Haematocrit
Antigen contact 0.8830
Infection 0.3684
Sex 04051
Sexinfection 03616
Sex:antigen contact 0.8048
Infection:antigen contact 0.9807
D—Body mass
Intercept 246219 04981 4943  <0.0001
Primary contact — 03594 01226 —293 0.0047
Secondary contact —0.2631 01290 —204 0.0457
Infection 0.4846
Sex 0.5193
Sex:infection 0.6287
Sex:antigen contact 0.9930
Infection:antigen contact 0.3580
E—Daily food consumption
Intercept 128814 1.1213 1149 < 0.0001
Time 0.0438 0.0170 2.58 0.0106
Number of canaries percage —3.2332 03168 —1021 <0.0001
Sex 0.8609
Infection 0.8316
Sexinfection 0.2238
Sex:time 0.5214
Infection:time 0.7816

A: anti-KLH antibody level (32 canaries measured twice), B: parasitaemia (log
transformed) in infected canaries (17 canaries measured 3 times), C: haematocrit
(32 canaries measured 3 times), D: body mass (32 canaries measured 3 times)
and E: daily food consumption per canary per cage (16 cages measured 14
times). Minimal models are given with intercept as well as estimates, standard
errors (se), t values and p values for each specific term. Non-significant terms are
given with the p value of the likelihood ratio test before being dropped-out of
the model

Discussion
To investigate the effect of Plasmodium infection on the
ability of birds to mount an immune response to a new
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pathogen, a laboratory experiment was conducted by
challenging birds with a novel non-pathogenic antigen
and by measuring their antibody production in response
to this challenge. Plasmodium infected individuals
tended to have a lower immune response than unin-
fected ones, yet this difference was not statistically sig-
nificant. However, parasitaemia increased after immune
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challenge, suggesting a cost of immune activation on the
ability to control Plasmodium infection.

Plasmodium infected individuals were expected to
have a weaker response to a novel antigen than unin-
fected ones, because Plasmodium parasites may drive
host immuno-depletion [23] and because Plasmodium
infection may impair host ability to invest in an energeti-
cally costly immune response [30]. The results showed no
significant differences between uninfected and infected
individuals. Mounting an immune response was however
associated with an increased parasitaemia that negatively
correlated with haematocrit. During chronic infection, a
low parasite intensity could be maintained through host
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action via both antibody-dependent and independent
mechanisms of acquired and innate immunity [31, 32].
Following a novel infection, immune effectors may change
their target to the novel antigen, releasing host control
on Plasmodium parasites and enabling the parasite to
increase. Recrudescence, an increase of Plasmodium par-
asite intensity in the blood [33], has already been linked
with host immunity in a mouse-Plasmodium chabaudi
system, where a decrease in mouse immune functions
was associated with Plasmodium recrudescence [34].
The result suggests the existence of a trade-off between
immune control of chronic infection and immune
response to a new pathogen, which might be common in
nature where individuals often incur multiple infections at
once.

Mounting an immune response has been shown to be
energetically and metabolically costly [6, 7, 9, 10]. Here,
following the first immune challenge, body mass slightly
decreased and food consumption increased in all groups
suggesting an energetic cost of mounting an immune
response.

In the present study, the immune response did not dif-
fer between females and males. This is in contrast with
previous hypothesis about sex differences in immune
functions [35], thought to be mediated, for instance, by
hormonal differences between the two sexes [36—38].
Canaries however, are not a sexually dimorphic species,
individuals were not reproducing during the experi-
ment and sexes were maintained separately in aviaries. In
this experiment, therefore, males did not need to invest
in costly reproductive behaviour or signals, which may
explain a similar immune investment in both sexes.

In the present study, P relictum (lineage SGS1) was
used to infect birds. P relictum is a species exhibiting
genetic diversity and to a larger extent Plasmodium is a
diverse group of parasites [33]. Yet, virulence is the result
of the interaction of the parasite genotype, the host geno-
type and the environment the association occurs in [39,
40]. Therefore, pathogenicity (measured as parasitaemia)
have been shown to vary depending on the species-spe-
cific association [41]. Thus, different levels of immune
response might also be observed depending on the host
and parasite species involved in the interaction under
study.

Conclusions

The short-term costs of mounting an immune response,
such as the energetic demand, are usually considered to
be low [42]. In contrast, the long-term costs, through
immunopathology and cumulated oxidative damage, are
likely to be more important [11, 42]. In the present study,
the results showed that one short-term cost of mounting
an immune response may be the released host control on
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parasite intensity during the chronic phase of Plasmo-
dium infection. This may have limited costs (in terms of
anaemia and weight loss) for individuals maintained in
the laboratory with sufficient food resources and mini-
mal stress. However, costs could be much higher for wild
individuals, which have to deal with more stressful condi-
tions such as food shortages or a harsh environment. The
costs may also be paid later in life if the recrudescence
of Plasmodium parasites is associated with supplemen-
tary oxidative damage to the host. Further studies on the
mechanisms involved in the control of chronic infections
would allow a better understanding of the mechanisms
underlying Plasmodium recrudescence during chronic
infection, an important feature of the ecology of this
parasite.
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