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Density-Dependent

Robert E. Sinden1*, Emma J. Dawesz, Yasmene Alavi1, Joanna Waldock1, Olivia Finney1, Jacqui Mendoza1,
Geoff A. Butcher1, Laura Andrews3, Adrian V. HiII3, Sarah C. Gilbert3, Maria-Gloria Basafez>

1 Division of Cell and Molecular Biology, Faculty of Life Sciences, Imperial College London, London, United Kingdom, 2 Department of Infectious Disease Epidemiology,
Faculty of Medicine, Imperial College London, London, United Kingdom, 3 Wellcome Trust Centre for Human Genetics, University of Oxford, United Kingdom

It is well documented that the density of Plasmodium in its vertebrate host modulates the physiological response
induced; this in turn regulates parasite survival and transmission. It is less clear that parasite density in the mosquito
regulates survival and transmission of this important pathogen. Numerous studies have described conversion rates of
Plasmodium from one life stage to the next within the mosquito, yet few have considered that these rates might vary
with parasite density. Here we establish infections with defined numbers of the rodent malaria parasite Plasmodium
berghei to examine how parasite density at each stage of development (gametocytes; ookinetes; oocysts and
sporozoites) influences development to the ensuing stage in Anopheles stephensi, and thus the delivery of infectious
sporozoites to the vertebrate host. We show that every developmental transition exhibits strong density dependence,
with numbers of the ensuing stages saturating at high density. We further show that when fed ookinetes at very low
densities, oocyst development is facilitated by increasing ookinete number (i.e., the efficiency of ookinete-oocyst
transformation follows a sigmoid relationship). We discuss how observations on this model system generate important
hypotheses for the understanding of malaria biology, and how these might guide the rational analysis of interventions
against the transmission of the malaria parasites of humans by their diverse vector species.
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Introduction

The availability of the genomes of man, the mosquito and
the malarial parasite has enabled penetrating new studies on
the molecular organization of Plasmodium in its two hosts. Yet,
we do not fully comprehend how parasite population
densities may affect transmissibility. Without this knowledge
our understanding of the impact of host responses, or of
external intervention, upon the transmission of the parasite
through endemic populations will remain incomplete.

Within the mosquito, Plasmodium transforms from macro-
gametocyte to ookinete, oocyst, and finally to sporozoite. The
many studies reporting marked fluctuations in parasite
numbers during this development have been elegantly
summarized by Vaughan [1]. In susceptible mosquitoes it is
the oocyst that frequently represents the nadir of parasite
numbers in the life cycle (Figure 1). Within the oocyst,
parasite numbers reportedly increase by two or three orders
of magnitude [2,3] before the daughter sporozoites make
their inefficient passage to the salivary glands. Few are
inoculated into the vertebrate host when the female mosquito
takes a subsequent bloodmeal [4-8]. In a number of well
characterized parasite-mosquito combinations, ookinetes
completely fail to cross the midgut epithelium or sporozoites
fail to invade the salivary glands [9,10]. An important
question that has eluded enquiry, however, is whether the
ookinete-oocyst bottleneck and the other developmental
transitions through the mosquito are density-dependent. (In
this context, a transition is density-dependent when the rate
at which such process occurs is determined by the parasite
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density of the previous stage.) Contributory factors for this
omission may include the facts that most previous studies
have compared parasite numbers in just two life stages,
looked at a single infection intensity, or investigated densities
within narrow ranges [11-13].

In this paper we have attempted to address this question by
measuring the relationships between wide-ranging densities
of successive life stages (macrogametocytes, ookinetes, oocysts
and salivary gland sporozoites) achievable in the laboratory
model Plasmodium berghei—-Anopheles stephensi, and by statisti-
cally fitting functional forms to these relationships. Deter-
mining the form of these relationships may increase our
understanding both of the processes regulating the trans-
mission of this parasite by the mosquito, and (by extrap-
olation) of the potential impact of intervention measures.
Although the biological bases for the parameters thus
estimated can be inferred, we make no attempt to verify
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Author Summary

Malaria, one of the world’s most devastating parasitic diseases, is
caused by protozoan parasites of the genus Plasmodium and is
transmitted between mammalian hosts by Anopheles mosquitoes.
Within the mosquito, the parasite undergoes four sequential
developmental transformations as it passes from the bloodmeal
through the mosquito’s midgut epithelium to the salivary glands,
from where the parasite is inoculated when the mosquito bites the
vertebrate host. This study demonstrates, in a laboratory model, that
parasite input density at every developmental stage in the mosquito
regulates output to the ensuing form. Statistical models were fitted
to experimental data to identify and describe the most appropriate
functional relationships. In all cases, the relationships between two
consecutive parasite stages can saturate at high parasite densities,
suggesting that at high parasite densities parasite numbers may
have to be reduced substantially to effect an appreciable decrease
in parasite transmission. These results may help establish a rational
basis for new studies on species of medical importance and further
our understanding of how interventions designed to reduce parasite
survival within the mosquito might be expected to impact upon
transmission.

them experimentally. We recognize that they may include,
among others: interspecific competition between the parasite
and its vertebrate and invertebrate hosts (the former being
largely, though not exclusively, confined to the mosquito
bloodmeal, and the latter mediated, for instance, by immune
attack from the mosquito); intraspecific competition between
parasites; and the possible “altruistic” apoptotic death of the
parasite [14]. The incorporation of the functional forms that
we report in this paper into a mathematical model describing
the transition of Plasmodium within the mosquito, and its
linkage to malaria models that take into account parasite
density in the human host [15], will be presented elsewhere.

Results

The following results describe the dynamics of P. berghei
within An. stephensi observed in one laboratory, with experi-
ments conducted by many different researchers on numerous
occasions. We recognize that some of the parasite densities
achievable in this parasite-insect combination lie outside
those normally recorded in most infections of human
parasites in their natural vectors; nonetheless, these “extreme
values” permit a more objective fitting of functional forms
that span the full range of values anticipated in the latter
species.

Estimating the Type and Severity of Density Dependence

The fitting procedures investigated the frequency distri-
bution among mosquitoes of the outcome variable (parasite
numbers of the ensuing stage); fitted an appropriate
distribution (usually overdispersed); explored the relation-
ship between the degree of overdispersion and mean parasite
density; and fitted models to both the means (to allow
comparisons to be made with the literature) and to the
individual parasite counts (to allow maximum use of the data
available) for the relationships between two consecutive
parasite stages.

Density dependence can be positive (facilitation) or
negative (limitation), characterized by the per capita parasite
yield increasing or decreasing, respectively, with parasite

@ PLoS Pathogens | www.plospathogens.org

Malaria in the Mosquito

107
108
105
£
o
o 104
£
S
Z 108 -
©
=
D 2 ]
2 10
£y
©
o 101
100
0 T :
2 » o
£ 8 @ 2 3o &
o - 2 i —— =
S 2 2 %2R 2R gv
4] 2 - o 2 =9 m 2
2 5] C 5 5]
E 8 o ©cs8 =8 2
0] n gm ]

Parasite Stage

Figure 1. Changes in Parasite Abundance during Development within
the Mosquito

Reported changes in numbers of P. berghei as it develops in An.
stephensi, starting from an intake of 10* macrogametocytes. Note the use
of a log-scale on the y-axis. Figure adapted from Sinden [87], based on
data from Alavi et al. [55].

doi:10.1371/journal.ppat.0030195.9001

density. Initial facilitation may be followed by subsequent
limitation, producing a sigmoid relationship. Absence of
density dependence, where the rate of success is constant with
parasite density is characterized by proportionality. To
encompass all these possible behaviors, we fitted the following
generalized formula,

ocP

e M

y
where x represents the input and y the output parasite
density. This function can describe a linear (o > 0; B=1;y=
0); a saturating (o > 0; B=1; v > 0); or a sigmoid (¢ > 0; f > 1;
vy > 0) relationship, with each function being nested into the
following one. The attributes of each of these functional
forms are described in Table 1.

Macrogametocyte to Ookinete Transition

Data for this transition originated from two researchers on
four separate occasions. The behavior of this transition was
independent of the worker conducting the infections (results
not shown). Analysing the datasets jointly revealed that the
overall distribution of the number of ookinetes per mosquito
was strongly overdispersed, confirmed by a variance over
mean ratio (VMR) of 1108 (where a VMR of 1 suggests a
Poisson, random distribution). A negative binomial distribu-
tion (NBD) was fitted to the overall frequency of mosquitoes
harboring a given number of ookinetes; this revealed an
arithmetic mean infection of 643 ookinetes per mosquito and
an overdispersion parameter estimate of 0.45 (95% con-
fidence interval (CI): 0.02-3.59) (Figure 2A). The chi-square
goodness of fit test indicated good agreement between the
observed and expected distributions % =132, degrees of
freedom (df) = 12, p = 0.36). When a separate NBD was fitted
for each macrogametocyte density and its parameters
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Table 1. Description of Functional Forms Nested within Equation 1

Functional Behavior Equation® Biological Interpretation Shape® Efficiency of Conversion
Form of Parameters (Parasite Yield)
Linear Proportionality. y = ox o is the (constant) slope. y y/X
]
]
A o
No density
dependence.
X X
Hyperbolic Limitation. y= _OX_ o is the initial rate of success
T+vx Lo .
(as x — 0); v is the severity
of density dependence
(the larger the y the lower y y/x
the maximum parasite density
achieved, given by ?7‘). __________ a a
4
Negative density
dependence.
X X
Sigmoid Initial facilitation y = oxP B (>1) is a shape parameter, the
and subsequent T+yxPinitial slope (as x — 0) tends to y y/X
limitation. zero, and the maximal parasite a
density is given by 2. When B =2, |77 777777 =~ —
the input parasite density at which 4 .
initial facilitation turns into 1
limitation (the turning point, or :
value at which the efficiency of ; '
conversion is maximal) is \/21; ! I
Positive followed by X X
negative density L L
dependence 3y 3y

Variables x and y denote, respectively, the input and output densities of P. berghei consecutive stages within An. stephensi.

bArbitrary units.
doi:10.1371/journal.ppat.0030195.t001

estimated, the most overdispersed distributions were found
among the lowest ookinete densities, and the degree of
overdispersion decreased with increasing density (Figure 2B)
as found in other parasite-vector systems [16].

Due to the overdispersion found in the data, the relation-
ship between the number of macrogametocytes offered in the
bloodmeal, and the resulting mean ookinete density, was
investigated using the geometric mean of Williams (WM) [17]
as a measure of central tendency for ookinete density.
Excluding one outlying datapoint (where exceptional parasite
death occurred) the best-fitting expression proved to be a
saturating, hyperbolic function (with o= 0.008 (0.006-0.009)
and y=2.36 X 107° (1.09 X 107°-4.27 X 107%)), indicating that
the efficiency of this transition declines monotonically with
increasing macrogametocyte density (Figure 2C). Initially
~125 macrogametocytes are required to produce one
ookinete and ookinete numbers saturate at a value (given
by o/y) of ~3,500 per mosquito.

A hyperbolic relationship between the number of ingested
macrogametocytes and the resulting numbers of ookinetes
produced, was again indicated when plotting the ookinete
counts for individual mosquitoes (with a=0.013 (0.012-0.014)
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and y=3.57 X 107° (2.56 X 107°-4.67 X 107°); Figure 2D). This
again suggests that the probability of a macrogametocyte
becoming an ookinete declines with increasing input. This
analysis predicts that initially ~77 macrogametocytes make
one ookinete, and this relationship again saturates at a
density of ~3,500 ookinetes per mosquito.

Ookinete to Oocyst Transition

Data for this transition came from three researchers and
nine experiments. We recognize that the following analysis
may be influenced by the atypical relationship that might
exist between the pre-formed ookinetes in the bloodmeal and
the midgut of the insect. As in the previous transition, oocyst
numbers were overdispersed (VMR = 63). An NBD was fitted
to the combined datasets, and to the oocyst frequency
distributions for each ookinete input density. However in
this case, the NBD was not the most appropriate to describe
the frequency of mosquitoes with a given oocyst density o=
158.8, df =29, p < 0.001) (unlike [18]); this may be because our
ookinete feed technique (unlike the gametocyte feeds used in
[18]), rarely fails to infect mosquitoes. As in the previous
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Figure 2. Analysis of Parasite Densities in the Transition from Macrogametocytes to Ookinetes

(A) Frequency distribution of the number of ookinetes per mosquito. Observed frequency (red bars), expected frequency according to negative
binomial distribution (blue bars) with k = 0.45 (an inverse measure of the degree of overdispersion; i.e., the lower the value of k, the greater the
departure from the Poisson, random distribution), estimated by maximum likelihood.

(B) Maximum likelihood estimates of parameter k (for each macrogametocyte density) against arithmetic mean ookinete density. The degree of
overdispersion decreases (k increases) with mean ookinete density with a saturating relationship when the outlying red point (from OF’s experiments) is
excluded.

(©) WM number of ookinetes per mosquito against number of macrogametocytes per bloodmeal. Ookinete density increases nonlinearly with
macrogametocyte density when the outlying red point (from JM’s experiment) is excluded. Error bars denote standard errors of WMs.

(D) Number of ookinetes per individual mosquito against number of macrogametocytes per bloodmeal. The fitted curve corresponds to a saturating

function (with underling nonlinear relationship between overdispersion parameter and mean ookinete density).
All data pertain to P. berghei in An. stephensi. Markers in (B-D) refer to three experiments by OF (blue) and one by JM (green).

doi:10.1371/journal.ppat.0030195.g002

transition, the degree of overdispersion was maximal at low
oocyst mean densities, and decreased with increasing density.

The fitted relationship between input ookinete density and
the resulting WM oocyst number (Figure 3A) indicated a
sigmoid relationship, suggesting the operation of initial
facilitation and subsequent limitation (with o = 6.87 X 10°°
(5.28 X 107°-8.85 X 107°); B = 1.98 (1.89-2.11) and y = 2.64 X
107° (1.88 X 107°-3.81 X 107%). Initially, 120 ookinetes
produce one oocyst; at the point of maximum yield ~60
ookinetes produce one oocyst; and as the number of
ookinetes increases further, the transformation becomes
constrained above a mean density of ~26 oocysts per
mosquito.

As with the relationship identified for the means, the best
fitting model for the number of oocysts per individual
mosquito as a function of ookinete density (Figure 3B), was
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sigmoid (with parameters o= 5.84 X 107* (5.55 X 107*, 6.12 X
1074, p=1.74 (1.73, 1.76); y = 7.44 X 107° (6.89 X 107°, 8.11 X
107°%). Initially ~72 ookinetes are required to produce one
oocyst; at the point of maximum yield this requirement
decreases to ~35 ookinetes per oocyst; and the relationship
saturates at a maximum of ~80 oocysts per mosquito as the
number of ookinetes increases. When testing inter-experi-
menter variation it was clear that even in the same laboratory,
oocyst production from ookinete membrane-feeds varied
markedly between different researchers. Nonetheless each
experimenter’s data invariably indicated that, despite the
differing overall efficiency of oocyst production, every
relationship was sigmoid (Figure 3B, Table 2).

Recognizing that the transformation of the ookinete into
an oocyst is dependent not only on the ookinete locating and
invading the midgut wall, but also on the ability of the

2008 December 2007 | Volume 3 | Issue 12 | e195



Malaria in the Mosquito

>
w

180 1 400
7]
2 o J
§ 1m0 g oo ,
o

2 2 300 1 :
o 8 1201 = : ;
é g_ g- 250 ' .

7] ] H
S o + 2 . -
- 90 % g 200 ; i :
c » o . 2 !
o Q o i . .
88 o 8 150 s : ’
g i g 100 1 i —
= : ;i 1 1 o
= T E 50 1 "} A } :
= - 2 i - ]

T T 1 0 ﬁ.qéfi;z 'T T —— T o

0 1,000 2,000 3,000 4,000 5,000 0 1,000 2,000 3,000 4,000 5,000
Number of Ookinetes per pl Number of Ookinetes per ul

Figure 3. Analysis of Parasite Densities in the Transition from Ookinetes to Oocysts

(A) WM number of oocysts per mosquito against number of ookinetes per pl of blood. Mean oocyst density is related to ookinete density by a sigmoid
function. Error bars denote standard errors of the WMs.

(B) Number of oocysts per individual mosquito against number of ookinetes per pl of blood. The black line is fitted to the combined data; the brown
line to data from [88]; the green line to data from JM; and the pink line to data from experiments by JW. In all cases the fitted curve corresponds to a
sigmoid function (with an underlying nonlinear, power relationship between overdispersion and mean oocyst density). Assuming a bloodmeal volume
of 2.13 pl, ookinete density can be expressed per mosquito by multiplying by 2.13.

All data pertain to P. berghei in An. stephensi. Markers refer to one experiment by JM (green), three by JW (pink/violet), and five by [88] (orange/yellow/

brown).
doi:10.1371/journal.ppat.0030195.g003

intracellular ookinete to survive attack by the mosquito’s
innate immune mechanisms, we have, in replicate studies,
examined directly the ability of green fluorescent protein
(GFP)-expressing ookinetes to invade the gut cells. Following
the ingestion of 3,600 GFP-tagged ookinetes, a mean of 516
(or 14%) were detected 24 hours later in the midgut
epithelium. This number of ookinetes would be expected to
produce 80 oocysts (Figure 3B) and thus at this infection
intensity just 16% (80/516) of the ookinetes in the midgut
epithelium are predicted to be detected as oocysts 9 days
later.

Oocyst to Sporozoites in the Salivary Glands

Data for this transition came from three independent
experiments by one researcher. The number of sporozoites
per mosquito showed strong overdispersion (VMR = 1,393).
The distributions resulting from each oocyst density were
separately examined for an NBD, and again, overdispersion
decreased with increasing sporozoite density. However, as for

the frequency distribution of oocysts, the NBD did not fit the
distribution of the number of salivary gland sporozoites per
mosquito (x?=41.3,df =19, p < 0.002) as well as it did for the
ookinete distribution.

The relationship between the output WM number of
salivary gland sporozoites per mosquito and the input WM
oocyst density per mosquito (Figure 4A) was most parsimo-
niously fitted by a linear model (with oo =14.61 (11.58-17.63))
based on the likelihood ratio statistic (LRS) analyses, although
this model was only marginally better than the hyperbolic fit.
(The latter was suggested as the better model according to the
Akaike Information Criterion (AIC) and this discrepancy may
indicate insufficient power to distinguish between the two
models.) This relationship predicts that in this study on
average, each oocyst produces between just 12 and 18
sporozoites that successfully invade the salivary glands. This
relationship became significantly nonlinear when analyzing
the number of salivary gland sporozoites per individual
mosquito as a function of the mean oocyst density (Figure

Table 2. Parameter Estimates for Sigmoid Models Fitted to the Ookinete to Oocyst Transition

Experimenter a (X 1079 B (95% ClI) v (X 1079 Initial Number of Number of Oocysts Turning Point
(95% Cl) (95% Cl) Ookinetes Required per Mosquito at Ookinete Density®
to Produce One Oocyst® Saturation®
Ranawaka [88] 0.52 2.05 1.56 141 33 462
(0.47-0.61) (2.02-2.14) (1.30-1.86)
M 1.32 2.04 3.19 41 323
(1.25-1.41) (2.02-2.07) (2.92-3.47)
Jw 4.81 1.85 3.99 121 289
(4.47-5.22) (1.83-1.88) (3.59-4.51)

Calculated assuming B = 2 for simplicity.
doi:10.1371/journal.ppat.0030195.t002
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Figure 4. Analysis of Parasite Densities in the Transition from Oocysts to Sporozoites in the Salivary Glands
(A) WM number of sporozoites in the salivary glands against WM number of oocysts per mosquito. Mean sporozoite density increases linearly with

oocyst density. Error bars denote standard errors of the WMs.

(B) Number of salivary gland sporozoites per individual mosquito against the WM number of oocysts per mosquito. The fitted curve corresponds to a
saturating function (with underling linear relationship between overdispersion and mean ookinete density).
All data pertain to P. berghei in An. stephensi. Markers refer to three experiments by JW.

doi:10.1371/journal.ppat.0030195.g004

4B). In this case, the best fitting model was hyperbolic (with o
= 62.21 (53.98-72.20) and v = 0.018 (0.013-0.024)), indicating
that initially 54-72 salivary gland sporozoites are produced
per oocyst, and thereafter the efficiency of conversion
declines with rising oocyst density, reaching a plateau of
~3,500 salivary gland sporozoites per mosquito irrespective
of rising oocyst input.

Discussion

The Role of Experimental Models

We recognize that one model system cannot accurately
reflect the diverse biology of the hundreds of natural
malaria-vector combinations found worldwide; nonetheless
we also recognize that studies on the biology of Plasmodium
spp., and their interactions with Anopheles spp., have been
advanced considerably by the analysis of malaria parasites of
rodents. Exploiting the rare opportunity to study, in a
controlled environment, cloned populations of P. berghei in
an inbred line of An. stephensi at widely differing parasite
densities has permitted us to raise questions in the model that
are orders of magnitude more difficult to study in the
parasites of man. Under these specific conditions, we show
that parasite’s developmental transitions within the mosquito
are density-dependent. These conclusions are consistent with
limited (mainly laboratory based) studies on the malaria
parasites of humans (see below). They help generate key
hypotheses that now require to be tested on other parasite-
vector combinations. We recognize that future laboratory
studies on , for example, P. falciparum—An. gambiae, would have
to conduct experiments with lab adapted strains of both
parasite and vector; not only are these experiments more
costly (in addition to requiring extensive safety management),
but also the lab strains themselves lack the diversity of natural
populations. We recognise therefore that the key studies will
be those on the parasites and vectors in their numerous and
different endemic areas. If validated in the human malarias,
the hypotheses generated in this study may have important
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implications for the design of anti-malarial intervention
programs.

To our knowledge, this is the first quantitative investigation
of the impact of parasite density upon all transitions between
Plasmodium stages within the mosquito. Our data have
permitted analyses not only of measures of central tendency
in groups of mosquitoes (the most frequent type of
(aggregate) analysis reported in the literature), but also of
parasite counts in individual mosquitoes, and their distribu-
tion.

Parasite Distribution

Gametocyte numbers in the bloodmeal are variously
described as being normally distributed [1,19] or over-
dispersed [20,21]; ookinete numbers in the ingested blood-
meal as being normally distributed [1] or overdispersed
[19,22]; and oocysts and salivary gland sporozoites as being
markedly overdispersed [6,18,19,22,23]. Recognising that the
NBD can originate, for instance, when each host fvector is
infected according to a Poisson process whose mean is
gamma-distributed (i.e., there is marked heterogeneity in
mosquito susceptibility [18]), we were interested to find that
even using highly “inbred” organisms, ookinete, oocyst, and
gland sporozoite numbers per mosquito exhibit strong
overdispersion (see also [24,25]). As previously observed
[16,18], the severity of overdispersion was itself density-
dependent, decreasing with mean parasite density both when
the relationship between overdispersion and parasite load
was analyzed separately (having fitted distributions to each
parasite density previously), and when the degree of over-
dispersion was allowed to vary with parasite density whilst
jointly fitting models to individual parasite counts.

Oocyst Development within the Mosquito

In designing these experiments we were cognizant of early
studies which recognized that infectivity of individual
gametocyte carriers differs widely over the course of an
infection [26-28]. Whereas P. berghei ookinete production in
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vitro faithfully reflected gametocyte density in the blood,
oocyst formation in the mosquito host was severely compro-
mised after day 5 of the blood infection [27]. Whereas some
prior studies have concluded that gametocyte-oocyst inten-
sities are linearly related [11,12], others noted a nonlinear
relationship in P. falciparum within, but not between experi-
ments [29]. Ponnudurai et al. [29] and Pichon et al. [30]
reported the operation of density-dependent suppression of
oocyst development in P. falciparum; we have similarly found
that the gametocyte-oocyst transformation is density-depend-
ent. Notwithstanding the operation of nonlinearities, the
efficiency of this conversion in our experimental P. berghei—
An. stephensi system tends to be lower than that estimated in
the natural combinations P. gallinaceum—Aedes aegypti [11] and
P. falciparum—An. gambiae [12] (results not shown).

The numerous blood-borne variables responsible for
modulating gametocyte-oocyst development in vivo transcend
species, and many suppress the early conversion of game-
tocytes to ookinetes [31-40]. Mosquito factors regulating
infection are less well understood but include physiological,
immunologic and biotic variables [41-44], the expression of
which varies with both mosquito and parasite species [45,46],
as well as with genotypes [31,47]. Interestingly, it has been
suggested that Plasmodium may have immunosuppressive
effects upon the vector [48]. Consistent with the above,
recent analyses on P. vivax concluded that it is vertebrate
factors that impact largely upon fertilization, whereas
mosquito factors determine ookinete losses [49].

Unlike these previous studies which investigated the
relationship between gametocytes and oocysts (and found
or not some evidence of nonlinearity), our work has aimed at
teasing out where exactly nonlinearities may be occurring,
and therefore we have examined the transition from
gametocytes to ookinetes separately from that of ookinetes
to oocysts. In P. falciparum the efficiency of macrogametocyte
to ookinete conversion in vivo reportedly varies widely (from
0.025% to 42%) [50]. In P. berghei, we find that the efficiency
of conversion for the transition of macrogametocytes to
ookinetes is maximal at the lowest parasite densities (i.e., the
hyperbolic models were found to best fit this relationship). At
the lowest macrogametocyte densities investigated (i.e.,
~7,000 per bloodmeal) the efficiency of ookinete production
in vivo is ~1.3%; thereafter the efficiency falls progressively
with increasing density (0.6% for 360,000 macrogametocyes/
bloodmeal). This fall suggests competition for limited
resources, or density-dependent stimulation of a parasite-
killing response in the mosquito [44,51,52].

Interestingly, when examining ookinete to oocyst develop-
ment we found a sigmoid relationship, indicating that at low
ookinete densities, and with this experimental design, the
transition was positively density-dependent (i.e., the per
capita probability of successful oocyst establishment was very
low at the lowest ookinete densities but increased initially
with increasing ookinete density in the bloodmeal). Similarly,
a sigmoid zygote-oocyst relationship was reported by Rosen-
berg et al. when P. gallinaceum female zygotes produced in vitro
were membrane-fed to Ae. aegypti [53]. The maximal parasite
yield (100%) was achieved for zygote densities of ~4/
mosquito, but at ~40,000/mosquito the per zygote efficiency
had decreased to 0.3%. A possible biological explanation for
this initial facilitation may lie in the difficulty that individual
ookinetes may have to disrupt the mosquito’s peritrophic
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matrix or midgut epithelial cells, whereas at higher ookinete
densities, those which succeed in penetrating these structures
may make it easier for other ookinetes to do so, facilitating
their passage and ultimately their establishment under the
basal lamina of the midgut epithelium. These results are
entirely consistent with an earlier study by Munderloh and
Kurtti [54], who observed that low numbers of P. berghei
ookinetes do not reliably produce oocyst infections. Assum-
ing a bloodmeal volume of 2.13 ul [19], our data suggest that
to ensure infection with at least one oocyst, approximately
40-140 ookinetes/mosquito are required (Table 2), whereas
they estimated that ~1,100 (purified) ookinetes would be
necessary. We attribute these differences in number to recent
improvements in the parasite culture. Studies on P. falciparum
in vivo [19] similarly indicate an apparent “threshold”
ookinete density of 30/mosquito in An. gambiae. Sigmoid
relationships have a “turning” parasite density at which the
maximum probability of transformation is achieved and
beyond which negative density dependence operates. The
turning-point ookinete density (assuming B =2 for simplicity)
is 355 for the model fitted to mean P. berghei oocyst density
(Figure 3A), and 212 for the model fitted to all individual data
combined (black curve in Figure 3B; see Table 2 for
researcher-specific turning points). Other examples of initial
facilitation followed by subsequent limitation within a vector
have been found among filarial parasites [16]. Earlier studies
[50,55-57] remarked on the high cost of ookinete-oocyst
transformation, and suggest it to be a critical block. Published
work suggests that at this stage of development, mosquitoes
can be significantly (P. falciparum / An. albimanus [19]; P. yoelii /
An. albimanus [22,58]) or totally refractory (P. berghei / Ae.
Aegypti [55]). However, in compatible parasite-vector combi-
nations, e.g., P. falciparum / An. freeborni [19] and P. yoelii / An.
stephensi [22], transformation can be efficient and parasite
losses at the late ookinete stage rare. It will be interesting to
explore whether the specificity and/or magnitude of the
mosquito’s immune responses are sensitive to ookinete
density. It is known that immune responses are qualitatively
different in different parasite-vector combinations [59], and
their cost to vector fitness and survival is not insignificant
[48,60-62].

Oocyst Maturation and Sporozoite Delivery

The transition from oocyst to salivary gland sporozoite is
usually inefficient and can be totally inhibited in some
Plasmodium/mosquito combinations [3]; whether sporozoites
released from the oocyst are removed from the hemocele by
hemocytes, or lysed by immune peptides is still unknown [63].
Salivary gland burden is markedly increased if oocyst-
infected mosquitoes take a second, uninfected bloodmeal,
typically 4 days after infection [64]. This may overcome inter-
oocyst competition for nutrients, but it has been suggested
that it synchronizes sporozoite maturation [29,65]. Whilst
some authors suggest that mosquito survivorship is not
adversely impacted by oocyst density [10,66], others found
that mosquito mortality increased with oocyst burden [67,68].
Our experimental design was not influenced by these
variables; the experiments were all subjected to the same
(single) blood-feed regimen, and all examined mosquitoes
were alive immediately prior to dissection.

The mathematical relationship between abdominal oo-
cysts and salivary gland sporozoites is complicated by the
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Figure 5. Relationship between the Number of Salivary Gland
Sporozoites and Sporozoites Transferred in the Bite

Data from Medica and Sinnis [6] (P. yoelii in An. stephensi) illustrating the
relationship between the number of sporozoites counted in dissected
salivary glands and the number of sporozoites observed in the saliva
ejected by a single bite. Note the use of a logarithmic scale on the x-axis.
doi:10.1371/journal.ppat.0030195.9g005

variable and unknown sporozoite production within oocysts
[64,69,70]. Previous studies have reported that the number
of sporozoites produced per oocyst is not density-dependent
[22], and studies on P. wvivax [13,66] reported linear
relationships between oocyst and salivary gland sporozoite
prevalences. Others have described only a weak (Pearson)
correlation between oocyst, and sporozoite number in the
glands in both P. falciparum, and P. vivax [10]. Geometric
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mean oocyst loads of 2.6 (1-197) and 2.2 (1-26) in,
respectively, naturally infected An. gambiae and An. funestus
have been correlated with mean loads of 962 and 812
salivary gland sporozoites. Assuming a production of
~10,000 sporozoites per oocyst [2], this would translate in
only 4% of sporozoites invading the salivary glands [23]. Our
data suggest that mean oocyst numbers are linearly related
to mean salivary gland sporozoite load (Figure 4A, r = 0.9),
but that a saturating (hyperbolic) relationship best describes
the sporozoite numbers per individual mosquito (Figure 4B).
At most naturally occurring oocyst burdens (1-5 per
mosquito), our results suggest that the number of spor-
ozoites in the glands is most likely to be directly propor-
tional to oocyst load, as found with P. falciparum in An.
gambiae, however the latter combination exhibits a much
higher efficiency (i.e., ~400-700 P. falciparum gland spor-
ozoitesloocyst [23,50] versus 54-72 P. berghei gland sporo-
zoites/oocyst). However at the high oocyst numbers (>50)
achievable in P. berghei / An. stephensi, it is evident that
salivary gland numbers are rate-limited (Figure 4B).
Previous authors have discussed, for P. berghei, P. yoelii, and
P. falciparum [2,5-9,71-74], the importance of sporozoites
being located in the salivary gland ducts at the time of feeding
in relation to the probability of a sporozoite being inoculated
into the skin of the host. Figure 5 illustrates the enormous
variation reported in sporozoite inocula in the bites of An.
stephensi with wide-ranging salivary gland burdens of spor-
ozoites of the rodent malarias. Whilst it is widely conjectured
that sporozoites of different Plasmodium spp. differ dramat-
ically in their infectivity to their vertebrate hosts, published

Table 3. Number of Sporozoites Required to Establish a Patent Parasitaemia in Vertebrate Hosts

Parasite Average Sporozoites Number Net Probability Reference
Species Gland Inoculated of Bites of Infection (%)
Score® (Range)®
P. falciparum — — 1-2 50 [89]
P. falciparum 2 — 1 100 [89]
P. falciparum — — 1 100 [71]
P. vivax — 10 — 100 [90]
P. vivax = 10 = 100 [91]
P. vivax 4 — 8 100 [92]
P. vivax 2 — 1 100 [93]
P. cynomolgi 4 10 2 100 B. Collins (personal communication)
P. yoelii — 3.7 (1-14) — 50 S. Hoffman (personal communication)
P. berghei — 370 — 50 S. Hoffman (personal communication)
P. berghei — 360 — 100 [94]
P. berghei — 1,000 — 94 [95]
P. berghei — 100 — 46 [95]
P. berghei — 10 — 26 [95]
P. fragile — — 5.5 100 [96]
P. gallinaceum — — 1 85 [97,98]
P. gallinaceum — 1 gland® — 100 [98]
P. gallinaceum — 0.01 gland® — “high” [99]
P. gallinaceum 20 spz® — — 100 [100]
P. cathemerium — 250 — 100 [101]
P. cathemerium — 5 — 40 [101]

?Gland scores: 1, 1-10 sporozoites; 2, 11-100; 3, 101-1000; 4, >1,000.
bSporozoites were inoculated through the bite of infectious mosquitoes, or by direct inoculation into vertebrate host. The average of the most commonly observed minimal infectious
inoculum for all species is ~10 sporozoites.

“Salivary gland inoculated as opposed to sporozoites.

dSporozoites (spz) counted.

doi:10.1371/journal.ppat.0030195.t003
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Figure 6. Reduction in Oocyst Prevalence Induced by a 90% Reduction in
Intensity at Different Initial Densities

A 90% blockade in intensity at varying oocyst numbers by a theoretical
intervention results in the greatest reductions in prevalence of infected
mosquitoes when mean oocyst numbers are low. Data from Medley et al.
[8l.

doi:10.1371/journal.ppat.0030195.9006

and unpublished data kindly made available to us (Table 3)
suggest that for all species studied, inocula of just 10
sporozoites can be infectious. It is therefore relevant to
investigate the question “At what salivary gland sporozoite
density, will the number of sporozoites in the bite fall below
10?” Whilst the data suggest gland burdens as high as 30,000
can result in inocula below this “threshold”, it is clear that
gland infections of just a few hundred sporozoites (that could
be derived from 1-2 oocysts in the P. falciparum / An. gambiae
combination) have clear infection potential. It is thus obvious
that the prevalence and not the intensity of oocysts or salivary
gland sporozoite infections will be the key practical param-
eter when considering the potential infectivity of individual
mosquitoes to the vertebrate host.

Implications for the Modeling of Transmission-Blocking
Strategies

Our overarching goal is to develop mathematical models of
the population biology of malaria within the mosquito that
ultimately relate the prevalence and intensity of gametocy-
taemia in the vertebrate host with the entomological
inoculation rate and the force of infection, and to link these
frameworks with novel models of malaria in the human host
[15]. Thus far, these studies have found little relationship
between the infectiousness of human populations to vectors
and the resulting transmission intensity from vectors back to
humans.

The very poor correlation between salivary gland burden
and sporozoite inoculum at the next bite, suggests that
reductions in oocyst number may not correlate well with the
potential impact of intervention upon transmission. In
contrast, it is abundantly clear that any effective trans-
mission-blocking strategy will have to reduce both oocyst
intensity and prevalence (their inter-relationship being non-
linear [18]). The biological consequences of reductions in
prevalence cannot be contested —uninfected mosquitoes
cannot transmit. The varying reduction in prevalence that
would be induced, by a 90% reduction in oocyst intensity, at
different initial oocyst densities is illustrated in Figure 6. If
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studies into transmission-blocking strategies were to discuss
their efficacy in terms that unequivocally reduce the number
of infectious bites (and therefore the force of infection), as
argued by those applying anti-vector policies, they might
facilitate the wider understanding and acceptance of the
obvious impact of such interventions in endemic commun-
ities. We will report elsewhere how our data will permit us to
forward hypotheses as to how interventions targeted at
different mosquito stages, e.g., gametes, ookinetes, oocysts
or sporozoites, might be expected to reduce the prevalence of
infectious mosquitoes in a theoretical population.

Materials and Methods

The parasite. To eliminate the impact of host and parasite genetic
variability, parasite clones, and one inbred mosquito line were used.
All but one experiment reported here used clone 234 of the rodent
malarial parasite P. berghei strain ANKA. The parasite was maintained
by serial passage, but no more than eight sequential mechanical blood
passages took place before passage through mosquitoes [27,33]. This
regimen maintains gametocyte infectivity to the mosquito, a critical
property for this study. Gametocyte density and male: female ratios
were determined in Giemsa stained smears, and infections were
always done on days 3-5 when a low but rising gametocytaemia
prevailed [27,33]. Male:female ratios invariably fell within the normal
range for low-passage P. berghei infections, i.e., 1.64 = 0.93SD (Dearsly,
unpublished). All details of direct, or membrane feeds and parasite
enumeration are as described previously [75]. Those experiments in
which there was significant insect mortality were excluded, on the
understanding that this phenomenon may itself be related to
infection intensity [76]. In an effort to facilitate parasite identifica-
tion, one set of experiments used the GFP-expressing transgenic
clone (PbGFPCON) [77] derived from the HP line of P. berghei.
Experiments counting ookinetes in the bloodmeal used the indirect
fluorescent antibody test (IFAT) to reveal parasites expressing P28/
Pbs21 [78]. In all calculations it has been assumed that the bloodmeal
volume in A. stephensi is 2.13 pl [19].

The hosts. All gametocytes were raised in Theiler’s Original (TO)
mice and transmitted to A. stephensi strain Sd 500, maintained at 19 °C
and 80% RH, and fed on 5% fructosel/0.05% para-amino-benzoic acid
as described previously [75].

Experimental design. The impact of numerous extraneous factors
(e.g., host serum; mosquito midgut milieu) upon gametocyte
infectivity complicates the design and reproducibility of experiments
in P. berghei [34,27]. Pools of gametocytes were therefore washed free
of variable serum factors and re-suspended in a single pool of serum
known to support P. berghei infectivity. Gametocytes, re-suspended at
known parasite densities, were fed to replicate aliquots of A. stephensi
from the same rearing brood. Fifteen hours later, GFP-expressing, or
P28-positive retorts and ookinetes were counted by IFAT in dissected
bloodmeals. Ten days after blood feeding, oocysts were counted by
phase contrast microscopy of freshly dissected midguts. Sporozoites
were similarly counted on days 21-25 by hemocytometry of dissected
salivary glands. Unless otherwise stated, all experiments were
repeated in triplicate and all mosquitoes examined were alive
immediately prior to dissection. We have not attempted to study
oocyst infections below a mean of 10 as the proportion of uninfected
mosquitoes rises rapidly making the necessary group sizes unmanage-
ably large [18]. To study the impact of ookinete density upon oocyst
formation we exploited our ability to culture P. berghei ookinetes in
vitro. Following culture ookinetes were resuspended at known
densities in fresh heparinised mouse blood and fed by membrane
feeder [75]. Under these conditions it is anticipated that some
ookinetes will invade the midgut epithelium earlier than when
mosquitoes are infected by gametocytes.

Even with the advent of GFP-tagged parasite lines it is not possible
to count midgut oocysts in vivo without compromising the
subsequent development of the sporozoites in the mosquito, due to
direct UV irradiation, or stress/damage to the insect. Thus, batches in
excess of 200 mosquitoes were each infected with different ookinete
numbers such that different oocyst burdens could be determined by
dissecting groups of at least 50 mosquitoes [79]. The remainder of
each mosquito batch (>50) was incubated a further 8-15 days before
counting the salivary gland sporozoites. With this design, both input
and output parasite densities are random variables.

Sporozoite counting by polymerase chain reaction (PCR). Efforts to
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enumerate sporozoites in the saliva secreted into a bloodmeal, using
PCR, were not successful, and have been superseded by the elegant
studies of others [5,6,72]. However, for the sake of completeness, we
give an account of our procedures in Text S1.

Statistical methods. Frequency distributions. Frequency distribution
histograms were prepared for each of the output life stages of
interest, i.e.,, the number of ookinetes, the number of oocysts, and
the number of salivary gland sporozoites per mosquito. The VMR
was calculated for each distribution, which indicated the presence of
overdispersion (the ratio was significantly greater than 1 as
ascertained by chi-square tests [80]). An NBD (whose parameters
are the arithmetic mean, and the exponent, k, an inverse measure of
the degree of overdispersion) was fitted to the data using maximum
likelihood (ML). The goodness of fit of the negative binomial
distribution to the observed frequency distribution was assessed
using chi-square tests [80]. For each life stage, values for k were thus
estimated for the combined data, and for each input parasite
density separately, and plotted against the corresponding arithmetic
mean number of parasites to assess whether the overdispersion
parameter was independent or related to the means of the
distributions. The functional form of the relationship between k
and the mean was determined by fitting various models (detailed in
Text S2) using ML, which were compared using the LRS [81] for
nested models and the AIC [82] for non-nested models. The LRS and
AIC results can be found in Table S1, and the resulting parameter
values in Table S2.

Models fitted to mean parasite densities. Functional relationships were
fitted to mean parasite densities as a function of the (pre-defined)
previous life stage density, using the WM [17] as a measure of central
tendency for the outcome variable (given the overdispersed nature of
the data as assessed above). Asymmetric Cls were estimated for the
WMs [83]. When the explanatory variable was also the mean of a
random variable (rather than a pre-determined parasite density fed
to mosquitoes), CIs were also calculated for the variable plotted on
the horizontal axis. Heterogeneity in the data between experiments
and between workers was examined to determine whether a single
model should be fitted to the entire dataset, to individual experi-
ments, or to experimenter subsets. The form of the relationship
between two subsequent life stages, using the mean values, was
determined by fitting Equation 1 by ML using quasi-Newton
algorithms. We maximized a sample size-weighted log-likelihood for
a normally distributed variable after applying a suitable (square root)
transformation of the means. The weighting procedure allowed us to
take into account the number of mosquitoes contributing to each
mean value in addition to the total number of mean values [84]. In
this case, y was the WM of the outcome variable and x was the parasite
density of the previous (input) life stage. Parameters o, B, and v
determine the shape of the functional form as described in Table 1,
and the resulting models were compared using the LRS [81] as the
models were nested (linear versus hyperbolic and versus sigmoid;
hyperbolic versus sigmoid). (Details of the LRS results are provided in
Table S3.) Asymptotic 95% ClIs [85] were estimated for each
parameter in the final model.

Models fitted to individual parasite densities. In order to make better use
of the data available, models were also fitted to individual parasite
densities rather than the mean values, using parasite densities from
individual mosquitoes against the pre-defined (or mean) parasite
densities of the previous life stage. The form of the relationship
between two subsequent life stages using the individual values was
determined by fitting the functional form given in Equation 1, where
x, o, B, and y, were as described above, and y was the parasite count of

References
1. Vaughan JA (2007) Population dynamics of Plasmodium sporogony. Trends
Parasitol 23: 63-70.

Pringle GA (1965) Count of the sporozoites in an oocyst of Plasmodium
Jalciparum. Trans R Soc Trop Med Hyg 59: 289-290.

Rosenberg R, Rungiwongse J (1991) The number of sporozoites produced
by individual malaria oocysts. Am J Trop Med Hyg 45: 574-577.

Amino R, Thiberge S, Martin B, Celli S, Shorte S, et al. (2006) Quantitative
imaging of Plasmodium transmission from mosquito to mammal. Nat Med
12: 220-224.

Frischknecht F, Baldacci P, Martin B, Zimmer C, Thiberge S (2004) Imaging
movement of malaria parasites during transmission by Anopheles mosqui-
toes. Cell Microbiol 6: 687-694.

Medica DL, Sinnis P (2005) Quantitative dynamics of Plasmodium yoelii
sporozoite transmission by infected anopheline mosquitoes. Infect Immun
73: 4363-4369.

Rosenberg R, Wirtz RA, Schneider I, Burge R (1990). An estimation of the

@ PLoS Pathogens | www.plospathogens.org

2014

Malaria in the Mosquito

the subsequent stage as observed in individual mosquitoes. Param-
eters were estimated, using quasi-Newton algorithms, by maximising
a negative binomial log-likelihood that allowed the overdispersion
parameter to be a function of the mean [86]. Again, models were
compared using LRS, and asymptotic 95% ClIs [85] were estimated for
the parameters in the final model, including overdispersion
parameters. Details of model comparison can be found in Table S4.
In all cases p < 0.05 was considered to indicate a significant departure
from the null hypothesis in question. Limitations of the statistical
analyses are discussed in Text S3.

Supporting Information

Table S1. Model Comparisons for Relationship between Over-
dispersion Parameter and Mean Parasite Density

Found at doi:10.1371/journal.ppat.0030195.5st001 (54 KB DOC).

Table S2. Parameters of the Most Parsimonious Models for Relation-
ships between Overdispersion and Mean Parasite Density

Found at doi:10.1371/journal.ppat.0030195.st002 (28 KB DOC).

Table S3. Model Comparisons for Relationship between Output Mean
Parasite Density and Parasite Density of the Preceding (Input) Life
Stage

Found at doi:10.1371/journal.ppat.0030195.st003 (39 KB DOC).

Table S4. Model Comparisons for Relationship between Output
Individual Parasite Density and the Parasite Density of the Preceding
(Input) Life Stage

Found at doi:10.1371/journal.ppat.0030195.5st004 (38 KB DOC).

Text S1. Sporozoite Counting by PCR
Found at doi:10.1371/journal.ppat.0030195.sd001 (24 KB DOC).

Text S2. Parasite Overdispersion
Found at doi:10.1371/journal.ppat.0030195.sd002 (25 KB DOC).

Text S3. Limitations of the Statistical Analysis
Found at doi:10.1371/journal.ppat.0030195.sd003 (25 KB DOC).

Acknowledgments

We would like to thank all the many Biology undergraduate students
at Imperial College who have contributed to the accumulated
datasets as part of their research projects over a period of many
years. We also thank Drs. Steve Hoffmann and Bill Collins for their
unpublished data on sporozoite infectivity.

Author contributions. RES conceived the study. YA, JW, OF, JM,
and GAB performed the parasitology experiments. LA, SG, and AH
designed and performed the sporozoite PCR studies. EJD and M-GB
conducted the statistical modelling. RES, EJD, and M-GB wrote the
paper.

Funding. This work has been supported by The World Health
Organization (YA), the Wellcome Trust (GAB, JM), the EU RTN
networks and EU Biomalpar programmes (RES), and the Medical
Research Council, UK (EJD and M-GB).

Competing interests. The authors have declared that no competing
interests exist.

number of malaria sporozoites ejected by a feeding mosquito. Trans R Soc
Trop Med Hyg 84: 209-212.

Ponnudurai T, Lensen AHW, van Gemert GJA, Bolmer MG, Meuwissen
JHET (1991) Feeding behaviour and sporozoite ejection by infected
Anopheles stephensi. Trans R Soc Trop Med Hyg 85: 175-180.

Rosenberg R (1985) Inability of Plasmodium knowlesi sporozoites to invade
Anopheles freeborni salivary glands. Am J Trop Med Hyg 34: 687-691.
Gamage-Mendis AC, Rajakaruna J, Weerasinghe S, Mendis C, Carter R, et
al. (1993) Infectivity of Plasmodium vivax and P. falciparum to Anopheles
tessellatus; relationship between oocyst and sporozoite development. Trans
R Soc Trop Med Hyg 87: 3-6.

. Eyles DE (1951) Studies on Plasmodium gallinacewm 1. Characteristics of the
infection in the mosquito, Aedes aegypti. Am J Hyg 54: 101-112.

Carter R Graves PM (1988) Gametocytes. In: Wernsdorfer WH, McGregor 1,
editors. Malaria: Principles and practice of malariology. Edinburgh:
Chuchill Livingstone. pp. 253-305.

Swellengrebel NH, De Buck A (1931) Correlation between intestinal and

10.

December 2007 | Volume 3 | Issue 12 | e195



17.

18.

19.

20.

21.

22,

26.

27.

28.

29.

31.

32.

33.

38.

39.

40.

41.

salivary infection in Anopheles maculipennis. Proceedings of the Koninklijke
Akademie Van Wetenschappen Te Amsterdam 34: 182-185.

. Al-Olayan EM, Williams GT, Hurd H (2002) Apoptosis in the malaria

protozoan, Plasmodium berghei: a possible mechanism for limiting intensity
of infection in the mosquito. Int J Parasitol 32: 1133-1143. Erratum in Int J
Parasitol 2003, 33: 105.

. Smith T, Killeen GF, Maire N, Ross A, Molineaux L, et al. (2006)

Mathematical modelling of the impact of malaria vaccines on the clinical
epidemiology and natural history of Plasmodium falciparum malaria:

Overview. Am ] Trop Med Hyg 75: 1-10.

. Basafiez M-G, Remme JH, Alley ES, Bain O, Shelley AJ, et al. (1995) Density-

dependent processes in the transmission of human onchocerciasis:
relationship between the numbers of microfilariae ingested and successful
larval development in the simuliid vector. Parasitol 110: 409-427.
Williams CB (1937) The use of logarithms in the interpretation of certain
entomological problems. Ann Appl Biol 24: 404-414.

Medley GF, Sinden RE, Fleck S, Billingsley PF, Tirawanchai N, et al. (1993)
Heterogeneity in patters of malarial oocyst infections in the mosquito
vector. Parasitol 106: 441-449.

Vaughan JA, Noden BH, Beier JC (1994) Sporogonic development of
cultured Plasmodium falciparum in six species of laboratory-reared
Anopheles mosquitoes. Am | Trop Med Hyg 51: 233-243.

Gaillard FO, Boudin C, Chau NP, Robert V, Pichon G (2003) Togetherness
among Plasmodium falciparum gametocytes: interpretation through simu-
lation and consequences for malaria transmission. Parasitol 127: 427-435.
Pichon G, Awono-Ambene HP, Robert V (2000) High heterogeneity in the
number of Plasmodium falciparum gametocytes in the bloodmeal of
mosquitoes fed on the same host. Parasitol 121: 115-120.

Vaughan JA, Hensley L, Beier JC (1994) Sporogonic development of
Plasmodium yoelii in five anopheline species. ] Parasitol 80: 674-681.

Beier JC, Onyango FK, Ramadhan M, Koros JK, Asiago CM, et al. (1991)
Quantitation of malaria sporozoites in the salivary glands of wild
afrotropical Anopheles. Med Vet Ent 5: 63-70.

. Boes J, Medley GF, Eriksen L, Roepstorff A, Nansen P (1998) Distribution

of Ascaris suum in experimentally and naturally infected pigs and
comparison with Ascaris lumbricoides infections in humans. Parasitol 117:
589-596.

. Barbour AD, Kafetzaki M (1993) A host-parasite model yielding hetero-

geneous parasite loads. ] Math Biol 31: 157-176.

Huff CG, Marchbank DF, Shiroishi T (1958) Changes in infectiousness of
malaria gametocytes. II. Analysis of the possible causative factors. Exp
Parasitol 7: 399-417.

Dearsly AL, Sinden RE, Self I (1990) Sexual development in malarial
parasites: gametocyte production, fertility and infectivity to the mosquito
vector. Parasitol 100: 359-368.

Collins WE, Warren MCW, Skinner JC Richardson JB, Kearse TS (1977)
Infectivity of the Santa Lucia (El Salvador) strain of Plasmodium falciparum
to different Anophelines. The J Parasitol 63: 57-61.

Ponnudurai T, Lensen AHW, van Gemert GJA, Bensink MPE, Bolmer M, et
al. (1989) Infectivity of cultured Plasmodium falciparum gametocytes to
mosquitoes. Parasitol 98: 165-173.

. Pichon G, Robert V, Tchuinkam T, Mulder B, Verhave JP (1996) Analyse

quantitative de la distribution des oocystes de Plasmodium falciparum chez
Anopheles gambiae. Parasite 3: 161-167.

Lambrechts L, Halbert J, Durand P, Gouanga LC, Koella JC (2005) Host
genotype by parasite genotype interactions underlying the resistance of
anopheline mosquitoes to Plasmodium falciparum. Mal J 4: 3.

Noden BH, Beadle PS, Vaughan JA, Pumpuni CB, Kent MD (1994)
Plasmodium falciparum: the population structure of mature gametocyte
cultures has little effect on their innate fertility. Acta Trop 58: 13-19.
Birago C, Bucci A, Dore E, Frontali C, Zenobi P (1982) Mosquito infectivity
is directly related to the proportion of repetitive DNA in Plasmodium
berghei. Mol Biochem Parasitol 6: 1-12.

. Sinden RE, Butcher G, Billker O, Fleck SL (1996) Regulation of infectivity

of Plasmodium to the mosquito vector. Adv Parasitol 38: 53-117.

. Motard A, Baccam D, Landau I (1990) Temporary loss of Plasmodium

gametocytes infectivity during schizogony. Ann Parasitol Hum Comp 65:
218-220.

. Naotunne TD, Karunaweera ND, Delgiudice G, Kularatne MU, Grau GE, et

al. (1991) Cytokines kill malaria parasites during infection crisis -
extracellular complementary factors are essential. ] Exp Med 173: 523-529.

. Sinden RE, Smalley ME (1976) Gametocytes of Plasmodium falciparum:

phagocytosis by leucocytes in vivo and in vitro. Trans R Soc Trop Med Hyg
70: 344-345.

Rutledge LC, Gould DJ, Tantichareon B (1969) Factors affecting the
infection of anophelines with human malaria in Thailand. Trans R Soc
Trop Med Hyg 63: 613-619.

Healer J, Mcguinness D, Hopcroft P, Haley S, Carter R, et al. (1997)
Complement-mediated lysis of Plasmodium falciparum gametes by malaria-
immune human sera is associated with antibodies to the gamete surface
antigen Pfs230. Infect Immun 65: 3017-3023.

Margos G, Navarette S, Butcher G, Davies A, Willers C, et al. (2001)
Interaction between host complement and mosquito midgut stages of
Plasmodium berghei. Inf Imm 69: 5064-5071.

Weathersby AB, McCall JW (1968) The development of Plasmodium

@ PLoS Pathogens | www.plospathogens.org

2015

42,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

58.

59.

60.

61.

62.

64.

66.

67.

68.

Malaria in the Mosquito

gallinaceum Brumpt in the haemocoels of refractory Culex pipiens pipiens
Linn. and susceptible Aedes aegypti (Linn.). J Parasitol 54: 1017-1022.

Gass RF (1977) Influences of blood digestion on the development of
Plasmodium gallinacewm (Brumpt) in the midgut of Aedes aegypti (L.). Acta
Tropica 34: 127-140.

Gass RF, Yeates RA (1979) In vitro damage of cultured ookinetes of
Plasmodium gallinaceum by digestive proteinases from susceptible Aedes
aegypti. Acta Tropica 36: 243-252.

Christophides GK, Zdobnov E, Barillas-Mury C, Birney E, Blandin S, et al.
(2002) Immunity-related genes and gene families in Anopheles gambiae.
Science 298: 159-165.

Thathy V, Severson DW, Christensen BM (1994) Reinterpretation of the
genetics of susceptibility of Aedes aegypti to Plasmodium gallinaceum. J
Parasitol 80: 705-712.

Dong Y, Aguilar R, Xi Z, Warr E, Mongin E, et al. (2006) Anopheles gambiae
immune responses to human and rodent Plasmodium parasite species. PLoS
Pathog 2: €52. doi:10.1371/journal.ppat.0020052

Peyerl-Hoffman G, Jelinek T, Kilian A, Kabagambe G, Metzger WG, et al.
(2001) Genetic diversity of Plasmodium falciparum and its relationship to
parasite density in an area with different malaria endemicities in West
Uganda. Trop Med Int Health 6: 607-613.

Boete C, Paul REL, Koella JC (2004) Direct and indirect immunosuppres-
sion by a malaria parasite in the mosquito vector. Proc R Soc Lon B 271:
1611-1615.

Zollner GE, Ponsa N, Garman GW, Poudel S, Bell JE, et al. (2006)
Population dynamics of sporogony of Plasmodium vivax parasites from
western Thailand developing within three species of colonized Anopheles
mosquitoes. Mal J 5: 68.

Vaughan JA, Noden BH, Beier JC (1992) Population dynamics of
Plasmodium falciparum sporogony in laboratory-infected Anopheles gambiae.
J Parasitology 78: 716-724.

Richman A, Kafatos FC (1996) Immunity to eukaryotic parasites in vector
insects. Curr Opin Immunol 8: 14-19.

Dimopoulos G, Christophides GK, Meister S, Schultz J, White KP, et al.
(2002) Genome expression analysis of Anopheles gambiae: responses to
injury, bacterial challenge, and malaria infection. Proc Natl Acad Sci U S A
99: 8814-8819.

Rosenberg R, Koontz LC, Carter R (1982) Infection of Aedes aegypti with
zygotes of Plasmodium gallinacewm fertilized in vitro. J Parasitol 68: 653-656.
Munderloh UG, Kurtti T] (1987) The infectivity and purification of
Plasmodium berghei ookinetes. J Prarasitol 73: 919-923.

. Alavi Y, Arai AM, Mendoza ], Tufet-Bayona M, Sinha R, et al. (2003) The

dynamics of interactions between Plasmodium and the mosquito: a study of
the infectivity of P. berghei and P. gallinaceum to Anopheles stephensi, An.
gambiae and Aedes aegypti. Int J Parasitol 33: 933-943. Erratum in: Int J
Parasitol 2004, 34: 245-247.

. Vaughan JA, Narum D, Azad AF (1991) Plasmodium berghei ookinete

densities in 3 Anopheline Species. ] Parasitol 77: 758-761.

Gouagna LC, Bonnet S, Gounoue R, Verhave JP, Eling W, et al. (2004)
Stage-specific effects of host plasma factors on the early sporogony of
autologous Plasmodium falciparum isolates within Anopheles gambiae. Trop
Med Int Health 9: 937-948.

Noden BH, Pumpuni CB, Vaughan JA, Beier JC (1995) Noninfectious
sporozoites in the salivary glands of a minimally susceptible anopheline
mosquito. J. Parasitol 81: 912-915.

Tahar R, Boudin C, Thiery I, Bourgouin C (2002) Immune response of
Anopheles gambiae to the early sporogonic stages of the human malaria
parasite Plasmodium falciparum. EMBO 21: 6673-6680.

Koella JC, Boete C (2003) A model for the coevolution of immunity and
immune evasion in vector-borne diseases with implications for the
epidemiology of malaria. Am Nat 161: 698-707.

Ferguson H, Gandon S, McKinnon M, Read A (2006) Malaria parasite
virulence in mosquitoes and its implications for the introduction and
efficacy of GMM malaria control programmes. In: Boete C, editor.
Genetically modified mosquitoes for malaria control. Landes Bioscience.
pp 103-116.

Marelli MT, Li C, Rasgon JL, Jacobs-Lorena M (2007) Transgenic malaria-
resistant mosquitoes have a fitness advantage when feeding on Plasmodium-
infected blood. Proc Natl Acad Sci U S A 104: 5580-5583.

Shahabuddin M, Fields I, Bulet P, Hoffmann JA Miller LH (1998)
Plasmodium gallinacewm: Differential killing of some mosquito stages of
the parasite by insect defensin. Exp Parasitol 89: 103-112.

Ponnudurai T, Lensen AHW, van Gemert GJA, Bensink MPE, Bolmer M, et
al. (1989) Sporozoite load of mosquitoes infected with Plasmodium
falciparum. Trans R Soc Trop Med Hyg 83: 67-70.

Bell AS, Ranford-Cartwright LC (2004) A real-time PCR assay for
quantifying Plasmodium falciparum infections in the mosquito vector. Int J
Parasitol 34: 795-802.

Boyd MF (1940) On the correlation between the incidence of stomach and
salivary gland infection in Anopheles quadrimaculatus infected with Plasmo-
dium vivax. Am ] Trop Med 20: 129-131.

Klein TA, Harrison BA, Grove JS, Dixon SV, Andre RG (1986) Correlation
of survival rates of Anopheles dirus A (Diptera: Culicidae) with different
infection densities of Plasmodium cynomolgi. Bulletin WHO 64: 901-907.
Hogg JC, Hurd H (1995) Plasmodium yoelli nigeriensis: the effect of high

December 2007 | Volume 3 | Issue 12 | e195



69.

70.

71.

72.

73.

76.

717.

78.

79.

80.

81.

82.

83.

84.

and low intensity of infection upon the egg production and bloodmeal size
of Anopheles stephensi during three gonotrophic cycles. Parasitol 111:
555-562.

Baton LA, Ranford-Cartwright LC (2005) Spreading the seeds of million-
murdering death: metamorphoses of malaria in the mosquito. Trends
Parasitol 21: 573-580.

Beier JC (1998) Malaria parasite development in mosquitoes. Annu Rev
Entomol 43: 519-543.

Mitzmain B (1916) Anopheles infectivity experiments. An attempt to
determine the number of persons one mosquito can infect with malaria.
Repr. 359 Public Health Reports. [Data reproduced in Boyd MF (1949)
Epidemiology: factors related to the definitive host. In: Boyd MF, editor.
Malariology, volume 1. Chapter 26, pp. 608-697. Philadelphia: W.B.Saunders.]
Frevert U, Engelmann S, Zougbede S, Stange J, Ng B, et al. (2005) Intravital
observation of Plasmodium berghei sporozoite infection of the liver. PLoS
Biol 3: €192. doi:10.1371/journal.pbio.0030192

Beier JC, Davis JR, Vaughan JA, Noden BH, Beier MS (1991) Quantitation
of Plasmodium falciparum sporozoites transmitted in vitro by experimentally
infected Anopheles gambiae and Anopheles stephensi. Am J Trop Med Hyg 44:
564-570.

. Beier JC, Onyango FK, Koros JK, Ramadhan M, Ogwang R, et al. (1991)

Quantitation of malaria sporozoites transmitted in vitro during salivation
by wild afrotropical Anopheles. Med Vet Ent 5: 71-79.

. Sinden RE, Butcher GA, Beetsma AL (2002) Maintenance of the Plasmodium

berghei life cycle. In: Doolan DL, editor. Methods in molecular medicine.
Volume 75. New Jersey: Humana Press. pp. 25-40.

Gad AM, Maier WA, Piekarski G (1979) Pathology of Anopheles stephensi
after infection with Plasmodium berghei berghei. 1. Mortality rate. Z
Parasitenkd 60: 249-261.

Franke-Fayard B, Trueman H, Ramesar J, Mendoza ], van der Keur M, et al.
(2004) A Plasmodium berghei reference line that constitutively expresses GFP
at a high level throughout the complete life cycle. Mol Biochem Parasitol
137: 23-33.

Winger LA, Tirawanchai N, Nicholas J, Carter HE, Smith JE, et al. (1988)
Ookinete antigens of Plasmodium berghei. Appearance on the zygote surface
of an Mr 21 kD determinant identified by transmission-blocking
monoclonal antibodies. Parasite Immunol 10: 193-207.

Billingsley PF, Medley GF, Charlwood JD, Sinden RE (1994) Relationship
between prevalence and intensity of Plasmodium falciparum infection in
natural populations of Anopheles mosquitoes. Am | Trop Med Hyg 51: 260-
270.

Elliott JM (1977) Some methods for the statistical analysis of samples of
benthic invertebrates. 2nd edition. Freshwater Biological Association,
scientific publication no. 25. Cumbria: Titus Wilson & Son Ltd.

Clayton D, Hills M (1993) Statistical models in epidemiology. Oxford:
Oxford University Press.

Akaike H (1973) Information criterion as an extension of the maximum
likelihood principle. In: Petrov BN, Csaki F, editors. Second Annual
Symposium on Information Theory. Akademi Kiado: Budapest. pp. 267-
282.

Kirkwood BR (1988) Essentials of medical statistics. Oxford: Oxford
Scientific Publications.

De Groot MH, Schervish MJ (2001) Probability and statistics. 3rd edition.
Addison Wesley.

@ PLoS Pathogens | www.plospathogens.org

2016

86.

87.

88.

89.

90.

91.

92.

93.

95.

96.

98.

99.

Malaria in the Mosquito

Cox DR, Hinkley DV (1974) Theoretical statistics. London: Chapman and
Hall.

Subramanian S, Krishnamoorthy K, Ramaiah KD, Habbema JDF, Das PK,
et al. (1998) Relationship between microfilarial load in the human host and
uptake and development of Wuchereria bancrofti microfilariae by Culex
quinquefasciatus: a study under natural conditions. Parasitol 116: 243-255.
Sinden RE (2004) A proteomic analysis of malaria biology: integrating old
literature and new technology. Int J Parasitol 34: 1441-1450.

Ranawaka GRR (1993) Effects of transmission blocking antibody on the
development of Plasmodium berghei in Anopheles stephensi [dissertation].
London: University of London.

Rickman LS, Jones TR, Long GW, Paparello S, Schneider I, et al. (1990)
Plasmodium falciparum infected Anopheles stephensi inconsistently transmit
malaria to humans. Am J Trop Med Hyg 43: 441-445.

Shute PG, Lupascu G, Branzei P, Maryon M, Constantinescu P, et al. (1977)
A strain of Plasmodium vivax characterized by prolonged incubation: the
effect of numbers of sporozoites on the length of the prepatent period.
Trans R Soc Trop Med Hyg. 70: 474-481.

Ungureanu E, Killick-Kendrick R, Garnham PCC (1977) Prepatent periods
of a tropical strain of Plasmodium vivax after inoculations of tenfold
dilutions of sporozoites. Trans R Soc Trop Med Hyg 70: 482-483.

Collins WE, Contacos PG, Stanfill PS, Richardson BB (1973) Studies on
human malaria in Aotus monkeys. 1. Sporozoite transmission of
Plasmodium vivax from El Salvador. J Parasitol 59: 606-608.

Coatney GR, Cooper WC, Young MD (1950) Studies in human malaria.
XXX. A summary of 204 sporozoite-induced infections with the Chesson
strain of Plasmodium vivax. ] Natl Malar Soc 9: 381-396.

. Yoeli M, Most H (1965) Studies on sporozoite-induced infections in rodent

malaria 1. The pre-erythrocytic tissue stage of Plasmodium berghei. Am J
Trop Med Hyg 14: 700-714.

Vanderberg JP, Nussenzweig RS, Most H, Orton CG (1968) Protective
immunity produced by the injection of x-irradiated sporozoites of
Plasmodium berghei 11. Effects of radiation on sporozoites. ] Parasitol 54:
1175-1180.

Collins WE, Skinner JC, Richardson BB, Stanfill PS (1975) Studies on the
transmission of simian malaria VI. Mosquito infection and sporozoite
transmission of Plasmodium fragile. ] Parasitol 61: 718-721.

. Russell PF, Mohan BN (1942) Some mosquito hosts to avian Plasmodia with

special reference to Plasmodium gallinaceum. ] Parasitol 28: 127-129.
Coatney GR, Cooper WC, Trembley HL (1945) Studies on Plasmodium
gallinaceum brumpt II. The incidence and course of the infection in young
chicks following the inoculation of infected salivary glands. Am J Hyg 41:
119-122.

Greenberg ], Trembley HL, Coatney GR (1950) Effects of drugs on
Plasmodium gallinaceum infections produced by decreasing concentrations
of sporozoite inoculum. Am J Hyg 51: 194-199.

100. Jasinskiene N, Coleman J, Ashikyan A, Salampessy M, Marinotti O, et al.

10

—_

(2007) Genetic control of malaria parasite transmission: threshold levels
for infection in an avian model system. Am J Trop Med Hyg 76: 1072-
1078.

.Fink E (1968) Experimentelle Infektion von Kanarien mit Plasmodium

cathemerium Hartman, 1927, durch den Stich infizierter Mucken (Culex
pipiens L.) und durch Inokulation isolierter Sporozoiten. Parasitol Res 31:
232-253.

December 2007 | Volume 3 | Issue 12 | e195



