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Avian malaria has historically played an important role as a model in the study

of human malaria, being a stimulus for the development of medical parasitol-

ogy. Avian malaria has recently come back to the research scene as a unique

animal model to understand the ecology and evolution of the disease, both

in the field and in the laboratory. Avian malaria is highly prevalent in birds

and mosquitoes around the world and is amenable to laboratory experi-

mentation at each stage of the parasite’s life cycle. Here, we take stock of

5 years of experimental laboratory research carried out using Plasmodium
relictum SGS1, the most prevalent avian malaria lineage in Europe, and its

natural vector, the mosquito Culex pipiens. For this purpose, we compile and

analyse data obtained in our laboratory in 14 different experiments. We pro-

vide statistical relationships between different infection-related parameters,

including parasitaemia, gametocytaemia, host morbidity (anaemia) and

transmission rates to mosquitoes. This analysis provides a wide-ranging

picture of the within-host and between-host parameters that may bear on

malaria transmission and epidemiology.
1. Introduction
Avian malaria is the oldest experimental system for investigating the biology and

transmission of Plasmodium parasites. In 1898, Ronald Ross, an army surgeon

working in India, carried out a series of carefully controlled experiments using

Plasmodium-infected sparrows and Culex mosquitoes to demonstrate that the dis-

ease was transmitted through mosquito bites, thereby solving a centuries-old

puzzle and preparing the ground for the first epidemiological models of malaria

transmission and the first successful attempts at malaria control [1]. For the fol-

lowing 50 years, avian malaria became the experimental system of choice for

malaria research. Avian malaria was used for elucidating key aspects of the

biology and transmission of malaria parasites [2,3], as well as for the routine test-

ing and development of the first antimalarial drugs [4]. The discovery of

Plasmodium berghei in thicket rats in Central Africa in 1949, however, marked a

switch to rodent malaria research and the decline of experimental studies on

avian malaria.

In the past 15 years, however, work on avian malaria has seen a drastic surge,

largely spurred on by the routine blood screening of wild-caught birds around the

world (electronic supplementary material, figure S1). Molecular studies have

revealed an unexpected level of diversity in avian malaria parasites, which

rivals anything that has been found in other vertebrate hosts. There are currently

around 600 mitochondrial cytochrome b-based lineages of avian Plasmodium
available (MalAvi Database [5]), although disagreement continues about the

relative relevance of morphological characteristics and sequence differences

for establishing species boundaries in avian malaria [6]. Avian malaria is

much more prevalent (in some areas up to 80% of birds are infected [7]) and
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Figure 1. Parasitaemias (a) and gametocytaemias (b) of P. relictum-infected birds across all the passages since the isolation of the parasite strain from wild sparrows
in 2009. Parasitaemia is quantified as the total % of red blood cells infected; gametocytaemia as the % of red blood cells infected by gametocytes. Dots indicate the
mean; bars on either side indicate the standard errors. The horizontal axis indicates the total passage number comprising both ‘standard’ (bird-to-bird) passages
( pale grey dots) and ‘mosquito’ (bird-to-mosquito-to-bird) passages (dark grey dots). The graph is divided into seven different segments (labelled S1 – S7). Each
segment starts with a mosquito passage followed by a (varying) number of standard passages. Stars indicate the times at which the 14 different experiments
analysed in this paper took place (black stars, acute infection experiments; grey stars, chronic infection experiments). In the passages that took place during
the first segment (S1), the gametocytaemia was not quantified, hence the missing values. The number of birds that were used in each passage is given in
the electronic supplementary material, figure S2. (Online version in colour.)
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widespread (it is present in all continents except Antarctica)

than any other vertebrate malaria. Compared to the exponen-

tially growing body of information on the interactions

between Plasmodium and its bird hosts, however, we still

know comparatively very little about avian malaria vectors

in the wild [8,9]. Several dozen different vector species are cur-

rently listed on the MalAvi database, although for Plasmodium,

Culex mosquitoes are by far the most common vectoring

genus [9].

In addition to work carried out in the wild, avian malaria

has recently come back to the research scene as an experi-

mental laboratory model for investigating the evolutionary

ecology of malaria transmission. For the past 5 years, we

have been working in the laboratory on the interactions

between the most common avian malaria lineage in Europe,

Plasmodium relictum SGS1, and its natural vector, the mos-

quito Culex pipiens. This research has been spurred on by

the attractive possibility of using an experimental model

that bypasses both the ethical and technical constraints

associated with experimentation on human malaria, and the

two main drawbacks of using rodent malaria: the use of

strains that have been kept in the laboratory since their iso-

lation from the wild in the 1950s, and the fact that their

natural vector is either unknown or cannot be kept in the lab-

oratory, constraining transmission experiments to convenient,

but unnatural, mosquito–parasite combinations.

SGS1 is the most generalist of all the currently described

avian malaria lineages: it has thus far been found infecting

95 different species in 10 different orders (MalAvi database,

[5]). Its prevalence depends on the host species and geo-

graphical region, but it can attain extremely high levels,
particularly in passerine birds: in the South of France 70–80%

of sparrows and up to 4% of Cx pipiens mosquitoes are infected

with this lineage [7,8]. Our SGS1 strain was isolated from wild

sparrows caught 5 years ago and has since been kept in the

laboratory through serial intraperitoneal passages between

domestic canaries (Serinus canaria) with the occasional passage

via Cx pipiens mosquitoes (figure 1). Although we ignore

whether wild canaries are infected with SGS1 in their natural

range, in France domestic canaries kept outdoors become natu-

rally infected by the parasite (R. Pigeault, A. Nicot, S. Gandon,

A. Rivero 2012, personal observation), suggesting they are suit-

able hosts for this generalist Plasmodium lineage outside the

laboratory context.

Our experiments on avian malaria have shed light on

several aspects of mosquito–Plasmodium interaction, includ-

ing: the role of mosquito genetic diversity [10–14] and

bacterial co-infections [8,15] on the outcome of the infection,

and the ability of Plasmodium both to manipulate mosquito

behaviour [16] and adjust its within-bird transmission strat-

egies in response to mosquito availability [17] to maximize

its own transmission. These experiments have, however,

also generated a great deal of ancillary data on the role of

host variability in shaping Plasmodium transmission, a crucial

piece of the transmission puzzle about which there is still

insufficient information in the malaria literature. Indeed, the

overwhelming majority of mosquito infection experiments

are aimed at comparing the traits of infected and uninfected

mosquitoes under different experimental conditions and

therefore logically use mosquito as the replication unit.

For practical as well as ethical reasons, most of these experi-

ments typically involve up to five vertebrate hosts, and
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between-host variability is seen as a cumbersome source of

statistical noise that needs to be controlled for.

Here we compile and analyse data obtained in our labora-

tory in 14 different experiments involving around 120 birds

and over 5000 mosquito hosts. The aim is to take stock of

5 years of experimental avian malaria research and provide

a wider picture of the within-host and between-host par-

ameters that may bear on Plasmodium transmission and,

ultimately, epidemiology [18]. For this purpose, we provide

statistical relationships between different infection-related

parameters, including parasite multiplication, gametocyte

production, host morbidity (anaemia) and transmission

rates to mosquitoes. We begin by analysing the data arising

from the serial passage of our strain through both intraperiton-

eal injections and mosquito bites during the past 5 years. We

then analyse data arising from the experiments to elucidate:

(i) the relationships between different traits within the bird,

such as parasite multiplication (parasitaemia), investment

in transmission (gametocytaemia and gametocyte conversion

ratio) and virulence (anaemia); (ii) which of the variables

measured in the bird and in the mosquitoes are best at pre-

dicting the probability and intensity of Plasmodium infection

in mosquitoes and, finally, (iii) which variables are best at

predicting the fitness of infected mosquitoes. We discuss

our results and the limitations of our system with respect,

most notably, to the rodent malaria system, the labora-

tory model that has for many years been the reference for

addressing evolutionary questions in malaria [19,20].
2. Material and methods
(a) Malaria parasite
The data originate from 14 different studies spanning 5 years (elec-

tronic supplementary material, table S1). Plasmodium relictum SGS1

is the aetiological agent of the most prevalent form of avian malaria

in Europe [21]. The lineage used in our experiments was isolated

by Gabriele Sorci (CNRS Dijon) from sparrows caught in the

region of Dijon (France) in 2009. The lineage was passaged to

naive canaries (Serinus canaria) by intraperitoneal injection. Since

then it has been maintained by carrying out regular passages

between our stock canaries through intraperitoneal injections

(henceforth ‘standard passages’) around every three weeks.

Roughly, every 30 weeks the line was passaged through a

mosquito (‘mosquito passages’; figure 1).

Recipient canaries were infected by injecting them with ca
80–100 ml of blood from the infected canary stock. All canaries

within an experiment were infected using the same pool of

blood. For this purpose, blood from between two and five

donor canaries was collected using heparinized tubes to avoid

coagulation. The blood was then pooled in an Eppendorf tube

and diluted in an equal volume of phosphate-buffered saline

(PBS). This pool of blood was then injected intraperitoneally to

several recipient birds (the number of birds used varied between

experiments, see electronic supplementary material, table S1). In

most of the experiments, mosquito feeding took place using re-

cipient birds in the acute phase of the infection (days 10–12

post infection), except for three experiments which were carried

out during the chronic phase of the infection (days 30–304 post

infection, depending on the experiments, electronic supplemen-

tary material, table S1). In all experiments, parasite load was

monitored at the putative peak of the acute infection (days 10–

12 post infection, [17]). In chronic infections, the parasite load

was also checked immediately before the mosquito feed. In

both cases, blood was sampled by puncturing the wing vein.
In acute infections, parasite load was quantified using blood

smears as described by Valkiunas et al. [21] and two different

parameters were measured: the parasitaemia (total proportion of

red blood cells infected) and the gametocytaemia (proportion of

red blood cells infected by gametocytes, the sexual stages of the para-

site that are transmitted to mosquitoes). Packed cell volume, a

standard proxy for anaemia [22], was calculated by taking 50 ml of

blood from the brachial vein using a heparinized glass microcapil-

laries. Samples were immediately centrifuged (5 min, 8000 r.p.m.)

and the proportion of red blood cells in the blood was estimated

using a micro-haematocrit reader [23].

(b) Mosquito experimental infections and dissections
The large majority of our experiments were carried out using a

laboratory strain of Cx pipiens (SLab). Three of the experiments

were carried out with Cx pipiens collected from the field (see the

electronic supplementary material, table S1 for details). The experi-

mental protocol was identical irrespective of mosquito origin.

Mosquito feeding took place either 10–12 days (acute phase) or

30–300 days (chronic phase) after the onset of the infection (elec-

tronic supplementary material, table S1). In those experiments

in which we were able to quantify blood meal size we did so by

placing engorged females individually in numbered plastic tubes

until all haematin (a product of the degradation of haemoglobin)

was excreted. When fecundity was studied 3–5 days later, females

were transferred to a new tube containing 4–5 ml of mineral

water to allow them to lay their eggs. The egg rafts were photo-

graphed and the eggs were counted using the Mesurim Pro

freeware (http://svt.ac-amiens.fr/spip.php?article40&lang=fr).

Female size was estimated by measuring the length of its wing

along its longest axis. Seven to nine days after the infected blood

meal, females were sampled and dissected to count the oocysts

in their midguts [10]. This allowed us to estimate infection preva-

lence (oocyst presence/absence) and burden (number of oocysts

per female). Measurement of lifespan was incompatible with the

quantification of oocysts. In those experiments in which lifespan

was measured, mosquitoes were transferred from the oviposition

tube to a new tube which was checked daily to record mortality.

(c) Statistical analysis
Analyses were carried out using the R statistical package (v.3.1.0,

http://www.cran.r-project.org/). The different statistical models

built to analyse the data (numbered models 1–33) are descri-

bed in the electronic supplementary material, table S2. Of the

14 experiments reported here, 10 were carried out using acute

stage infections and SLab mosquitoes, two using chronic infec-

tion and wild mosquitoes and one using acute infections and

wild mosquitoes (electronic supplementary material, table S1).

As there were not enough data from chronic infections or from

wild mosquito experiments to do any in-depth analyses, unless

specifically stated the statistical analyses were restricted to the

11 experiments that used acute infections and SLab mosquitoes.

The serial passage analyses were carried out using our full para-

sitaemia and gametocytaemia records since the isolation of the

parasite strain 5 years ago. This dataset comprises 103 passages

(including standard passages and mosquito passages) and over

415 birds. The general procedure for building the statistical

models was as follows. Maximal models were built by including

all biologically appropriate main effects and higher order inter-

actions. In some of the models, we included random effects to

correct for two potential sources of pseudoreplication: the experi-

ment effect (experiments were separated by several months, or

years, and it is inevitable that environmental conditions change

slightly from one experiment to the next) and the bird effect

(mosquitoes feeding on the same bird are not independent

from each other). Whether the model contained random effects

or not determined the type of R subroutine we used (electronic

http://svt.ac-amiens.fr/spip.php?article40&amp;lang=fr
http://svt.ac-amiens.fr/spip.php?article40&amp;lang=fr
http://www.cran.r-project.org/
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supplementary material, table S2). Models containing exclusively

fixed effects were analysed using standard glm procedures and a

normal error structure. Some of the response variables had to be

transformed to correct for non-normal errors. Models containing

both fixed and random effects, on the other hand, were analysed

using mixed effects models with a normal distribution (lme,

nlme package, http://www.cran.r-project.org/), except when the

response variable was a proportion (e.g. oocyst prevalence), in

which case the data were analysed using a binomial error distri-

bution (lmer, lme4 package, http://www.cran.r-project.org/).

The serial passage analyses were corrected for temporal autocorrel-

ation by including a lag 1 term (i.e. parasitaemia or

gametocytaemia at time t as a function of parasitaemia or gameto-

cytaemia at t – 1). The maximal model was simplified by

sequentially eliminating non-significant terms and interactions to

establish a minimal model [24]. The significance of explanatory

variables was established using a likelihood ratio test (LRT)

which is approximately distributed as a x2 distribution [25]. The

significant x2-values given in the text are for the minimal model,

while non-significant values correspond to those obtained before

deletion of the variable from the model.
140300
3. Results
(a) Serial passage analyses
Since its isolation from the wild, our strain or P. relictum SGS1

was maintained through a combination of standard and

mosquito passages. Figure 1a,b shows the variation in parasit-

aemia and gametocytaemia across the different passages.

Parasitaemia increased slightly but significantly across the

whole passage sequence (model 1: x2
1 ¼ 4:860, p ¼ 0.0230).

The mean parasitaemia over the first 10 passages was 3.5+
0.74% (+s.e.), while over the last 10 passages the mean parasi-

taemia had more than doubled to 8.21+1.24%. To test

whether this was a global trend or whether passage through

mosquitoes bore any effect on the observed trend, we divided

the dataset into seven consecutive segments, each starting with

a mosquito passage and followed by a series of standard pas-

sages (figure 1a). This trend for an increase in parasitaemia

was observed after each mosquito passage (model 2: slope ¼

0.032, x2
1 ¼ 9:926, p ¼ 0.001), irrespective of the segment

(model 2: x2
1 ¼ 4:139, p ¼ 0.0614). Interestingly, there was a

significant decrease in parasitaemia immediately following

a mosquito passage (electronic supplementary material,

figure S3). Such a decrease could simply be due to differences

in the inoculum size: there are likely to be significantly fewer

parasites injected by the mosquito than by an intraperitoneal

injection. If this is the case, we would expect parasitaemia to

first decrease following a mosquito passage, then recover fol-

lowing the subsequent standard passage. When the first

infection following a mosquito passage was removed from

the analyses, the slope of the trend decreased slightly

(slope ¼ 0.022), but the trend remained significant, albeit mar-

ginally (model 3: x2
1 ¼ 4:232, p ¼ 0.031). However, when both

passages were removed from the analyses, the resulting trend

within each segment was lost (model 4: slope ¼ 0.009,

x2
1 ¼ 3:772, p ¼ 0.4125), indicating that both points were influ-

ential in the observed increase in parasitaemia within each

segment. This was confirmed with a second analysis, where

the parasitaemia within each segment was fitted as a categor-

ical variable with three values: first passage, second passage

and the rest. As expected, this new variable was highly signifi-

cant (model 5: x2
1 ¼ 12:343, p ¼ 0.0012). Contrast analyses
revealed that the estimated average parasitaemia for the first

(mosquito) passage was marginally but significantly lower

than that of the second (standard) passage (model 5: t ¼ 2.30,

p ¼ 0.021). These two parasitaemias were, however, much

lower than the mean parasitaemia in the rest of the passages

(model 5: t ¼ 3.64, p ¼ 0.0003).

By contrast, gametocytaemia did not show any change

across the whole passage sequence (model 6: x2
1 ¼ 0:024, p ¼

0.8501). The mean gametocytaemia over the first 10 passages

was 2.8+0.75% (+ s.e.), while over the last 10 passages the

mean gametocytaemia had barely changed 2.3+0.50%. To

test whether passage through mosquitoes bore any effect on

the observed trend, we analysed each segment separately, as

above. No trend in gametocytaemia was observed in any of

the segments (model 7: x2
1 ¼ 0:529, p ¼ 0.3753).

(b) Trait relationships within the bird
Each of the 11 acute stage infection experiments reported here

is represented in figure 1a,b by a black star. These experi-

ments showed a large variance in both the bird parasitaemias

and gametocytaemias (electronic supplementary material,

figure S4) both among experiments (parasitaemia, model 8:

F10,61 ¼ 3.03 p ¼ 0.0044; gametocytaemia, model 9: F8,53¼

5.01 p ¼ 0.0002) and within experiments, even though the

birds were infected concomitantly with the same pool of

blood (electronic supplementary material, figure S4).

Within each bird, there was a strong association be-

tween peak parasitaemia and gametocytaemia (model 10:

x2
1 ¼ 100:37, p , 0.0001; figure 2). This was partially expected,

as our definition of total parasitaemia encompasses all Plasmo-
dium stages, including gametocytes, so both axes were not

independent. The results were, however, identical when we ana-

lysed separately asexual and sexual (gametocyte) stages of

Plasmodium (model 11: x2
1 ¼ 56:089, p , 0.0001). We calculated

the reproductive effort of malaria parasites as the density of

gametocytes relative to the total number of parasites at the

peak of the infection. For simplicity, we term this ‘conversion

ratio’, to distinguish it from ‘conversion rate’ which refers to

the investment into gametocytes across parasite cohorts [26].

In our system, gametocytes constituted on average a third

(mean+ s.e., 33+2.4%) of the intracellular parasite population

in the blood. There was, however, a great degree of variation

around this mean, much of which was explained by differences

between experiments (model 12: F8,53 ¼ 9.88 p , 0.001).

As expected, infection by P. relictum lead to a marked loss

of red blood cells (anaemia). Infected birds showed a 28.5%

decrease in the packed cell volume with respect to uninfected

birds (model 13: x2
1 ¼ 1052, p , 0.0001). This decrease was,

however, independent of the density of parasites: highly

parasitaemic birds had similar anaemia to weakly parasitaemic

birds (model 14: x2
1 ¼ 0:0765, p ¼ 0.782). We found no associ-

ation between conversion ratio and anaemia (model 15:

x2
1 ¼ 1:928, p ¼ 0.165).

(c) Predictors of mosquito infection
(i) Bird-related factors
We analysed the effect of four bird-related factors (infection

stage, parasitaemia, gametocytaemia, anaemia) on the prob-

ability and intensity of Plasmodium transmission to mosquitoes.

One of the strongest predictors of whether mosquitoes became

infected by Plasmodium (oocyst prevalence), and of the intensity

http://www.cran.r-project.org/
http://www.cran.r-project.org/
http://www.cran.r-project.org/
http://www.cran.r-project.org/
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of the subsequent infection (oocyst burden) was whether they

fed on an acutely or chronically infected bird. Acute stage infec-

tions resulted in four times higher prevalences (model 16:

x2
1 ¼ 95:513, p , 0.0001) and more than 10 times higher oocyst

burdens (model 20: x2
1 ¼ 26:664, p , 0.0001) than chronic

stage infections (figure 3).

As there were not enough data from chronic infections to

do any in-depth analyses (electronic supplementary material,

table S1), all subsequent results come from acute infections.

When mosquitoes fed on acutely infected birds, there was a

very strong positive association between the probability that

they would become infected and the intensity of the ensuing

infection: birds that rendered higher oocyst prevalences also

rendered higher oocyst burdens (model 23: x2
1 ¼ 17:176, p ,

0.0001; electronic supplementary material, figure S5). Despite

this, however, oocyst prevalence and oocyst burden were not

always explained by the same explanatory variables.

Bird parasitaemia was not correlated with oocyst preva-

lence (model 17: x2
1 ¼ 0:324, p ¼ 0.3240; figure 4a) but was

a good predictor of oocyst burden (model 21: x2
1 ¼ 5:6413,

p ¼ 0.0175; figure 4c). Fitting the quadratic term (parasit-

aemia2) significantly improved the model fit (model 21:

x2
1 ¼ 4:386, p ¼ 0.0362), suggesting that oocyst burden is a

decelerating polynomial function of bird parasitaemia

(figure 4b). The relationship between higher bird parasit-

aemia and higher oocyst burden in mosquitoes may be

mediated by blood intake. Interestingly, we found a positive

association between the density of parasites in the blood and

the volume of blood ingested by the mosquitoes (model 25:

x2
1 ¼ 4:947, p ¼ 0.019; figure 5).

The patterns for gametocytaemia were, however, different.

Although there was a trend for higher oocyst burdens as

gametocytaemia increased (figure 4d), it was not statistically

significant (model 22: x2
1 ¼ 1:359, p ¼ 0.2436). Also, unexpect-

edly, we found a weak but statistically significant negative

relationship between bird gametocytaemia and the probability

of mosquito infection (model 18: x2
1 ¼ 5:102, p ¼ 0.0239;

figure 4b). Anaemia, on the other hand, did not explain

either parasite prevalence (model 19: x2
1 ¼ 0:154, p ¼ 0.695)

or burden (model 24: x2
1 ¼ 3:781, p ¼ 0.052) in mosquitoes.

(ii) Mosquito-related factors
We then analysed the mosquito-related factors that may

determine transmission. Previous work has shown that one
of the main predictors of oocyst prevalence and burden is

the amount of blood meal ingested by the mosquito [10].

Our results confirmed the existence of very strong rela-

tionships between haematin (a standard proxy for blood

meal quantification) and oocyst prevalence (model 26:

x2
1 ¼ 122:4, p , 0.0001; figure 6a) and between haematin

and oocyst burden (model 27: x2
1 ¼ 123:88, p , 0.0001;

figure 6b).

Haematin itself was dependent on several factors, foremost

of which were the anaemic status of the bird and the size of the

mosquito. Unsurprisingly, larger mosquitoes took larger blood

meals (electronic supplementary material, figure S6). The

increase in haematin production with mosquito size was

slightly greater for mosquitoes feeding on uninfected than on

infected birds, as evidenced by a significant interaction

between size and infection status (model 29: x2
1 ¼ 43:448,

p , 0.0001). Bird anaemia was also important: there was a

highly significant relationship between the packed cell

volume in the bird and the amount of haematin excreted by

mosquitoes feeding on that bird (model 28: x2
1 ¼ 28:221, p ,

0.0001; electronic supplementary material, figure S7). It follows

that mosquitoes feeding on infected birds which were highly

anaemic produced less haematin than mosquitoes feeding on

uninfected birds (on average 34% less).

(d) Predictors of mosquito fitness
We determined which bird or mosquito-related factors pre-

dicted the fitness (fecundity, longevity) of mosquitoes.

One of the key predictors of mosquito fecundity was the

infection status of the bird on which they fed: females feeding

on an infected bird laid significantly fewer eggs (11% fewer, on

average) than those feeding on uninfected ones (model 30:

x2
1 ¼ 21:719, p , 0.0001; figure 7a). This could be due to

either a direct effect of the parasite on fecundity (on average

80–90% of mosquitoes that fed on an infected bird became

infected) or the indirect result of feeding on blood with a

lower protein content (anaemic blood). To test for this, we

added haematin, a proxy for the amount of haemoglobin

ingested, into the model. As expected, both haematin and its

quadratic term (haematin2) were key predictors of mosquito

fecundity, indicating that egg production was a saturating

function of the amount of blood ingested. However, the pres-

ence of haematin in the model did not reduce the significance

of the infection effect (model 31: x2
1 ¼ 36:148, p , 0.0001;

figure 7b) suggesting that the reduction in egg production

was not entirely explained by the decrease in blood quality.
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In contrast to fecundity, variations in mosquito lifespan

were not explained either by the infection status of the bird

(model 32: x2
1 ¼ 0:2531, p ¼ 0.6309), or by the size of the

blood meal ingested (model 32: x2
1 ¼ 1:306, p ¼ 0.2531).

Interestingly, lifespan was positively correlated with bird

parasitaemia: mosquitoes fed on birds with higher parasit-

aemias were longer lived (model 33: x2
1 ¼ 5:740, p ¼ 0.0143;

figure 8).

Figure 6. Oocyst prevalence (a) and burden (b) as a function of haematin.
Haematin has been square root transformed to improve the fit of the model.
(Online version in colour.)
4. Discussion

(a) Serial passages
Previous work has shown that when parasites of various

Plasmodium species are serially passaged, they often generate

higher parasite densities [20]. These results fit in with the general

prediction that, in the absence of mosquitoes, serial passages

should select for higher rates of asexual reproduction and thus
for higher parasitaemia [20,27]. In some cases, this increase in

parasitaemia has been accompanied by an increase in trans-

mission potential, measured as gametocyte production [19],

whereas in others gametocyte production has been reduced [28].

Our results show that, despite regular passages through the

mosquitoes, parasitaemia increased slightly but significantly
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over the course of the passages, yet no significant change in

gametocytaemia with time was detected. A more detailed

analysis of our serial passage time series indicated, however,

that passage through a mosquito did indeed result in a signifi-

cant, but short lived, decrease in parasitaemia. Transmission

through mosquitoes is very different from intraperitoneal injec-

tions in many ways, the most obvious of which is inoculum

size. This alone could explain the differences in parasitaemia

observed [29]. Another, and perhaps more important

difference, is that while in intraperitoneal injections the

blood-stage parasites are injected more or less directly into

the bloodstream, mosquitoes inject sporozoites which need to

go through the whole exoerythrocytic merogony in the reticu-

loendothelial cells of several organs (liver, spleen) before

reaching the blood [21]. The decrease in parasitaemia we

observed after a mosquito passage may simply be due to a

delay in the arrival of parasites in the bloodstream. However,

we also detected a negative carry-over effect of the mosquito

passage in the subsequent standard (intraperitoneal) passage

immediately following it. This suggests that the mosquito

effect goes beyond a mere dose or delay issue, and that passage

through mosquitoes could durably alter the outcome of evol-

ution through passage experiments. Similar results have

recently been obtained in the rodent malaria model, where

passage through mosquitoes reduced parasitaemia for five

passages before increasing again [30]. In addition, lower para-

sitaemia was associated with a reduced virulence and a

modification of the expression of genes involved in antigenic

variation [30]. Clearly, more detailed experiments could be car-

ried out with our system to decipher the impact of mosquito

passages on the experimental evolution of P. relictum.

Further experiments will also be needed to address two

important issues that hinder the interpretation of our results
and make it difficult to compare them with those obtained in

rodent malaria [20]. First, rodent malaria experiments have

been carried out using single genotype isolates [31], while

our strain is a field isolate containing a single P. relictum lineage

(as defined by its cyt-b sequence [5]) but with an unknown

amount of genetic variability. It is therefore not impossible

that the genetic diversity of our strain may have changed

through the serial passages, an interesting possibility that

will be worth exploring when the molecular tools become

available with the upcoming the full genome sequence of the

SGS1 strain. Second, for bird welfare reasons (wing vein punc-

tures result in scabbing that takes a few days to heal),

parasitaemia was measured only once during the acute phase

of the infection. Based on preliminary (unpublished) results

showing that in our system peak parasitaemia is attained on

average 10–12 days post infection, all our acute parasitaemia

measurements were therefore taken within this time window.

This has three obvious shortcomings. First, any between-bird

variability in peak parasitaemia cannot be accounted for.

Second, as mentioned above, the timing of peak parasitaemia

may be different in mosquito-triggered infections (our time

estimates were based on intraperitoneal infections). Finally,

the peak parasitaemia may have shifted with time as a by-

product of the serial passages. All of these issues are worthy

of study and we are currently developing new blood sampling

methods that will allow us to monitor parasitaemia daily to

explore them further.
(b) Bird infection traits
One of the most troubling facts when working with avian

malaria is the large variance in bird parasitaemias we obtain,

much of which can be explained by unavoidable variations in

conditions between experiments. However, even within a

single experiment, birds infected concomitantly from the

same pool of blood show a large variance in both their

parasitaemia and gametocytaemia (electronic supplementary

material, figure S4). The reasons for this variation are not

known but may be numerous. Birds vary widely in their

susceptibility to infection according to, among other things,

their age [7,32,33], body condition [34,35] and any previous or

concurrent infections [36,37]. Canaries are not a standard exper-

imental animal; hence we lack information about many of these

key parameters, and their potential role in the observed
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variance in parasitaemias and gametocytaemias. Further

work is required to explore the influence of these factors on

susceptibility to malaria infections.

In our experiments, gametocyte conversion ratios also

showed a great degree of variation between birds. At the

acute stage of the infection, gametocytes constituted, on aver-

age, a third of the total P. relictum parasite population, which

is much higher than the values obtained in other Plasmodium
species. The difference is particularly striking with the rodent

malaria species P. chabaudi, where gametocytes represent

at most 3% of the parasites present in an infection [38,39].

Conversion ratios in human malaria, on the other hand,

vary between 0.3 and 21% depending on host age [40] and

genotype [41]. The largest conversion ratios recorded are

observed in wild lizards, where gametocytes represent

between 50 and 85% of the total parasite population, depend-

ing on the season [42]. Whether the high conversion ratios we

observed are a distinctive feature of our experimental system

or whether they are representative of other avian malaria

parasites is not known. We know of only one other study

that has quantified conversion ratios in an avian malaria

species [43]. In P. juxtanucleare, gametocytes were found to

represent around 3% of the total parasite population, but the

particular experimental protocol employed (old chronic infec-

tions and several doses of corticosteroids to impair the birds’

immunity) make this result difficult to generalize [43].

We clearly need more studies that quantify the plasticity in

gametocyte conversion ratios in avian malaria in response to

different environmental conditions. The possibility of doing

this both in the wild and in controlled experimental infections

in the laboratory is unparalleled among currently available

malaria systems.
(c) Virulence in birds and mosquito transmission
It is widely accepted that avian malaria parasites impose fitness

costs to their hosts, although the nature of these costs vary

depending on the bird and Plasmodium species. A well-

known example of the potentially devastating effects of avian

malaria on host fitness is the decline and extinction of naive

populations of honeycreepers after the accidental introduction

of the parasite to the Hawaiian Islands in the early twentieth

century [44]. Detecting fitness costs on endemic infections in

the wild has, however, proved more challenging. Long-term

monitoring of a wild population of blue tits has revealed

strong associations between malaria infection on bird survival

and recapture rates [45]. More recently, malaria infection has

been found to accelerate the senescence of great reed warblers

through telomere degradation [46]. Experimental infections, on

the other hand, have consistently shown anaemia to be one of

the primary virulence determinants in avian malaria infections

[23,36,42]. Likewise, in this analysis, P. relictum infections

resulted, on average, in a 30% reduction in the red blood cell

count during the acute phase of the infection (10–12 days

after inoculation). However, in contrast with a report on

rodent malaria [19], we found no phenotypic association

between parasitaemia and virulence. Unlike this earlier

study, however, we did not monitor the temporal dynamics

of the infection: our estimates of parasitaemia are based on

single measurements 10–12 days after the infection. The

relationship between parasitaemia and virulence deserves

further studies that should also consider other measures of

virulence (e.g. weight loss [35]).
Parasitaemia was found to be a good predictor of trans-

mission to mosquitoes. This is most apparent through the

striking differences in oocyst prevalence and burden in mos-

quito infections issued from acutely and chronically infected

birds (figure 3). This raises the important question of the

relative contribution of acute versus chronic infections

to transmission in the field, given that acute Plasmodium
infections are very short lived, and the vast majority of

wild-caught infected birds harbour chronic infections [33].

Additionally, there is a marked seasonal variation in avian

malaria prevalence in birds [47,48] and the proportion of

birds with an acute infection in a population may fluctuate

with the number of infected vectors throughout the year.

Within the range of parasitaemias observed in acute infec-

tions, we also found a clear association between parasite

burden in the host and in the mosquito, even though the

number of oocysts saturates beyond 4% of red blood cells

infected (figure 4b). We failed, however, to detect a clear

relationship between parasitaemia and the probability of

infection of mosquitoes (figure 4c). As has been found in

other systems, and most notably in rodent and human

malaria [20,39], parasitaemia and gametocytaemia during

the acute stage of the infection were strongly correlated

(figure 2). It is therefore surprising that we failed to detect

a positive association between gametocytaemia and the

prevalence or intensity of Plasmodium infection in mosquitoes

(figure 4b,d). This result echoes those from other malaria

studies, which also reported a lack of a clear relationship

between gametocytes and mosquito infection in Plasmodium
[49,50] (but see [51,52] for two studies where such a relation-

ship was found). This problem may be due in large part to

the estimation of gametocyte densities by microscopy,

which misses a significant proportion of the gametocytes

present [49,50]. Molecular tools based on the amplification

of gametocyte-specific RNA have been developed for

rodent and human malaria and allow the quantification

(and sexing) of gametocytes with greater accuracy (reviewed

in [53]). Similar tools in avian malaria are urgently needed, as

they will offer new opportunities to study phenotypic plas-

ticity in gametocyte density and sex ratio in response to

different ecological and evolutionary scenarios, both in the

field and in the laboratory.

The question remains as to why parasitaemia is a better

predictor of mosquito infection rates than gametocytaemia

(see also [17]). It is unlikely that parasitaemia bears directly

on mosquito infectivity. Parasitaemia, however, is correlated

with several in-host factors, including host immunity and

metabolic profiles which may affect the likelihood of mos-

quito infection [54]. Interestingly, we found a significant

positive relationship between blood parasitaemia and the

volume of blood ingested by mosquitoes (figure 5). The

mechanisms underlying this positive relationship are not

known. One possibility is that parasitaemia may correlate

negatively with blood quality, and that mosquitoes compen-

sate for poorly nutritious blood by feeding more, which

would result in higher infection levels. In human malaria, it

is well established that peak parasitaemia is associated with

decreased concentrations of several blood metabolites,

including lipid and sugar levels [55]. In our experiments,

the only measure of blood quality we recorded was the

number of red blood cells, which are known to be an import-

ant source of protein for mosquitoes. This variable did not,

however, explain the observed variation in parasitaemia.
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An alternative explanation for the observed increase in blood

meal size with parasitaemia could be a dose-dependent

manipulation of mosquito behaviour by the parasite.

Plasmodium parasites have been shown to manipulate their

hosts at different stages of the parasite’s life cycle ([16,56],

but see [57]). In particular, we previously reported that

infected birds attract significantly more mosquitoes than

uninfected ones, possibly through the emission of distinct

olfactory signals [16]. None of these reported cases of parasite

manipulation has, however, been shown to be dependent on

parasite numbers.

(d) Mosquito fitness
Malaria transmission depends critically on the fitness of its

infected vectors. For this reason, the effects of Plasmodium
infection on mosquito life-history traits such as fecundity

and lifespan have received a lot of attention [58,59]. The lar-

gest effect of P. relictum parasites on Culex mosquitoes is a

drastic reduction in their fecundity, which can result in a

loss of up to 40% of eggs laid [12]. Our findings are consistent

with these previous results qualitatively, if not quantitatively:

infected females laid on average 11.5% fewer eggs than their

uninfected counterparts. This reduction in egg production

could be due to two non-mutually exclusive factors. First,

haemoglobin is the main source of protein for egg production

in mosquitoes [60], and infected birds are anaemic. The

reduction in fecundity may therefore simply be an indirect

by-product of anaemia. Second, there is evidence from

rodent malaria suggesting that Plasmodium induces a direct

cost on female fecundity. Plasmodium yoelii induces apoptosis

in mosquito ovaries [61] and increases egg resorption [62].

Although no molecule of Plasmodium origin has been

identified that would justify talking about parasite manipu-

lation, it has been widely assumed that reproductive

curtailment is an adaptive strategy of the parasite to increase

mosquito survival through a trade-off in energy allocation

between reproduction and survival [63,64].

The effect of Plasmodium on mosquito survival is still highly

contentious and seems to be extremely sensitive to the particu-

lar mosquito–Plasmodium combination used and to the specific

laboratory conditions under which it is measured [12,59].

Despite earlier results showing that, under certain experi-

mental conditions, P. relictum infections are associated with

an increase in mosquito longevity [12], here we found no

clear association between Plasmodium infection and mosquito

longevity, although slight differences in the experimental pro-

tocols may have blurred the picture. We did, however, find an

intriguing positive relationship between bird parasitaemia and

mosquito survival (figure 8). Given that parasitaemia is a good

predictor of oocystaemia (figure 4b), one possibility is that this

positive relationship is the result of mosquitoes with higher

oocyst burdens living longer. It is, unfortunately, impos-

sible to verify this with the current dataset as longevity and

oocyst burden cannot be quantified in the same individual

(mosquitoes need to be killed to quantify oocysts).
5. Conclusion and perspectives
This study represents a comprehensive review of the know-

ledge we have accumulated regarding between-host trait

variability and trait associations in malaria parameters and

how they affect transmission. Some of the statistical
relationships obtained, such as the relationship between para-

sitaemia and gametocyte production, or that between blood

meal size and oocyst number, are consistent with findings

in other experimental systems [20,65]. Others, however,

such as the relationship between gametocytaemia and mos-

quito infection rates, were expected but not found. We need

to take a leaf out of the rodent malaria studies and develop

markers that will allow us to quantify gametocyte numbers

and sex ratios more accurately. This will open the way for

novel studies looking at the genetic and environmental deter-

minants underpinning gametocyte conversion rates and sex

ratios in avian malaria both in the laboratory [66] and, cru-

cially, in the field. Finally, we also obtained results that

were unexpected and that require further study. This is the

case for the positive relationship between parasitaemia in

the bird and both the haematin excreted by mosquitoes, an

imperfect proxy for blood meal size (figure 5), and their sub-

sequent longevity (figure 8). Further experiments are needed

to disentangle the potential mechanisms underlying these

relationships before any conclusions can be drawn. Finding

a satisfactory method to quantify blood meal size that is inde-

pendent of the amount of haemoglobin in the blood, the main

drawback of haematin, would go a long way towards disen-

tangling the effects of anaemia and clarifying the central role

seemingly played by blood meal size in these interactions.

The analysis of our serial passage experiments also

revealed very interesting patterns. In particular, as shown

in earlier studies [30] we show that the mode of transmission

(intraperitoneal or via mosquitoes) affects subsequent within-

bird dynamics and deserves further investigation. In

addition, the number of serial passages had an effect on para-

sitaemia but not on gametocytaemia. Could this pattern

result from the genetic or epigenetic modifications of the

gametocyte conversion ratio? The P. relictum genome will

provide the framework for tracking mutations that may be

involved in the control of within-host dynamics. Unlike pre-

vious studies based on multiple clones of P. chabaudi [19,20],

we are currently unable to unravel phenotypic from genetic

correlations, and hence we cannot examine the genetic con-

straints moulding avian malaria evolution. It is time to

expand our work to assess new malaria lineages and explore

the life-history variation associated with the large genetic

diversity of avian malaria in the field [5]. Ultimately, the abil-

ity to combine empirical observations in the field and in the

laboratory on different avian malaria genotypes in both the

bird and the mosquito vector will, we believe, generate

major contributions to the study of the evolutionary ecology

of Plasmodium.
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5. Bensch S, Hellgren O, Pérez-Tris J. 2009 MalAvi: a
public database of malaria parasites and related
haemosporidians in avian hosts based on
mitochondrial cytochrome b lineages. Mol. Ecol.
Resour. 9, 1353 – 1358. (doi:10.1111/j.1755-0998.
2009.02692.x)

6. Outlaw DC, Ricklefs RE. 2014 Species limits in avian
malaria parasites (Haemosporida): how to move
forward in the molecular era. Parasitology 141,
1223 – 1232. (doi:10.1017/S0031182014000560)

7. Bichet C, Sorci G, Robert A, Julliard R, Lendvai ÁZ,
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