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Abstract Transposable elements (TEs) face significant challenges upon transfer into
a new host population, invariably beginning their invasion with only a single element.
The fate of this element is a product of its internal properties, the population dynamics of the host species, and genetic drift. We present a continuous-time multi-type
branching process to model the early stages of TE spread. The model incorporates
seasonal population size changes and is applicable to diploid hosts for prevalences
up to 10%. We reproduce standard results of TE population dynamics and show that
population growth may have a greater influence on reducing TE loss probability than
a transpositional burst. These results are applied to the planned use of a TE to drive an
antimalarial gene into an Anopheles gambiae population. The model favors a transgenic release immediately following the dry season when the An. gambiae population
begins to grow. Increasing the number of transgenic hosts released has the greatest
influence on reducing the probability of TE loss. Following release, the rate at which
the TE increases its proportion in the population is most sensitive to its replicative
transposition rate. The model recommends a replicative transposition rate greater than
0.1 per TE per generation to satisfy public health goals.
Keywords Transposable element · Branching process · Population growth ·
Anopheles gambiae · Malaria
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1 Introduction
Transposable elements (TEs) are particularly interesting genomic components due to
their ability to transpose replicatively within a genome and hence spread throughout
a population despite a fitness cost. The replicative ability of TEs has led to their
widespread prevalence in the genomes of many taxa to the extent that various families
of TEs account for ∼90% of the Salamander genome [1] and ∼45% of the human
genome [2]. In some cases, studies have shown TE spread to be very rapid. The
P element is perhaps the best example of this, having spread through most of the
wild-type Drosophila melanogaster population in the span of a few decades [3].
Observations like these have inspired the idea of using TEs as drive mechanisms
for spreading disease resistance genes into vector populations [4,5]. In recent years,
advances in molecular biology [6,7] and ecology [8] have allowed this idea to become
a feasible control strategy for vector-borne disease. Hence it is of great epidemiological
interest to have some idea of the molecular and ecological conditions under which a
TE will spread through a host population.
Models of TE dynamics have tended to focus on factors affecting element spread at
the level of the genome and the host individual. Here, the replicative ability of the TE
is weighed against its fitness cost to the host, its excision rate, and the amount by which
transposition is suppressed with increasing copy number. Accounting for these factors,
a number of models have been proposed to study the evolution and distribution of TEs
in general [9–13]. These analyses have tended to focus on equilibrium distributions,
comparing them against the distribution of TE copy number in nature.
The conditions necessary for TE spread have been investigated in a number of
studies that have used a meiotic drive parameter to characterize the departure from
Hardy-Weinberg equilibrium due to the presence of a TE [14–16]. Other properties of
TEs, such as the maximum transposition rate and the various mechanisms of transpositional regulation, have been investigated by Le Rouzic and Capy [17] and Struchiner
et al. [18]. Additionally, the tendency for TEs to transpose locally rather than distally
has been addressed in simulations by Rasgon and Gould [19]. At the level of the
population, Deceliere et al. [20] have modeled the effects of migration and demographic history on TE dynamics; and a simulation environment has been developed to
integrate the demographic and molecular considerations [21].
In this paper, we apply a branching process model to examine the early stages
of a TE invasion. Although our model has similar structural details to previouslypublished branching process models [11,12,22], it differs in that it is applicable to
diploid hosts. One of the places where haploid models of TE spread break down
for diploid organisms is in the rate at which uninfected hosts become infected with
a single TE. For haploid hosts, de novo TE acquisition may occur by transduction,
transformation or conjugation, and is assumed to occur at a constant rate [11,12,22]
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Uninfected diploid hosts, on the other hand, give birth to TE-infected offspring by
mating with a TE-infected host. This rate increases as the number of infected hosts
and their mean TE copy number increase.
While haploid branching process models have focused on equilibrium distributions
of TE copy number [11,12,22]; the diploid branching process proposed here is particularly well-suited to calculating TE loss probabilities and explicitly examining the
effects of population size changes on TE spread. The motivation for these extensions
is the planned use of a TE to drive an antimalarial gene into an Anopheles gambiae
mosquito population in Africa. Despite this focus, the predictions of the model apply
generally and similar strategies are currently being considered for the control of dengue
in Aedes aegypti [8].
An. gambiae is the main vector of malaria in tropical Africa, and consequently it is
the primary species being considered to host a TE for the purpose of malaria control.
A major feature of the demography of An. gambiae is the existence of population
size changes within and between years [23,24]. The most dramatic of these occur
between the dry season and the peak of the rainy season when the population size
may change by several orders of magnitude within six months [24]. The population is
also structured chromosomally by the existence of up to five chromosomal forms that
may be partially or totally reproductively isolated [25,26]; and geographically by its
concentration in discrete patches corresponding to villages [27].
We will restrict our attention to the spread of a TE through a single chromosomal
form of An. gambiae in a single village. This will allow us to focus on the effects of
temporal population structure on the release strategy. A successful transgenic release
on the village scale must have two basic properties. Firstly, it must be efficient in
establishing the effector gene in the host population [28]; and secondly, the drive
system must work within a time frame acceptable to public health goals [29]. We
will address these requirements by investigating the conditions that minimize the
probability of TE loss and maximize the rate of TE spread. Within this context, we
will make recommendations regarding the parameters that will be required in order to
effectively control vector-borne disease.
2 Model formulation
We use a continuous-time multi-type branching process to model the early stages of
TE spread through a randomly mating host population. Particles in the model are of T
types corresponding to hosts infected with i copies of the TE, where i ∈ {1, 2, . . . , T }
and T ≥ 1. Here, T can be approximated as the number of sites that will be occupied
in the early stages of TE spread. A host having i TE copies may also be referred to
as a “type-i” host. Uninfected hosts are not kept track of in this model because the
majority of individuals belong to what may be thought of as a reservoir of uninfected
hosts.
2.1 Reproduction
Mating between organisms cannot be modeled explicitly within the confines of a
branching process model due to the requirement that the particles in a branching
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process must be independent [30]. However, since the vast majority of individuals
are uninfected in the early stages of spread, we can imagine that all mating events
involving infected hosts will be with individuals from the reservoir of uninfected
hosts. This approximation is valid up to a prevalence of about 10% since, in a randomly
mating population, less than 1% of all matings will involve two infected hosts at these
prevalences. Mating between two infected hosts is modeled in Sect. 4.5 for prevalences
greater than 10%.
We consider a budding model in which hosts do not die when they have offspring.
This enables us to separate the birth and death rates for each host type. Here, hosts of
type-i are assumed to mate with uninfected host organisms from the reservoir to give
rise to offspring at a constant rate θ . The number of TEs in the offspring’s genome is
then determined by: (a) whether a replicative transposition or element deletion event
occurred in the cell that gave rise to the gamete contributed by the infected host; and
(b) the number of TEs in this diploid cell that are passed on to the haploid gamete
during meiosis.
2.2 Transposition and deletion
Transposition and deletion are modeled by assuming that a proportion αi of gametes
are derived from cells in which a replicative transposition event has occurred, while
a proportion βi of gametes are derived from cells in which an element deletion event
has occurred. The replicative transposition rate for a type-i host, αi , is equal to the
replicative transposition rate per TE in a type-i host, u i , multiplied by the number of
TEs in the host genome, i (i.e. αi = iu i ). Here, u i is generally a decreasing function
of i to account for suppression of transposition with increasing copy number [31–33].
Similarly, the deletion rate for a type-i host, βi , is equal to the deletion rate per element,
v, multiplied by the number of elements in the host genome, i (i.e. βi = iv), where v
is generally considered as a constant.
A number of alternative models for the relationship between transposition rate and
TE copy number were considered to assess their influence on the early spread of the
TE. In each of these models, a represents the transposition rate in a genome containing
a single TE (i.e. u 1 = a). Our default model describes the replicative transposition
rate, u i , as a linear function of i,
u i = a(1 − b(i − 1)),

(1)

where b is the fraction by which transposition rate falls off with each additional TE
copy. The no transpositional regulation model corresponds to the linear transpositional
regulation model with the parameter b set to zero (i.e. u i = a). The threshold regulation
model [17] describes the case where no regulation occurs until a certain critical TE
copy number is reached, i t , after which transposition is suppressed by a constant
amount, a − ar , i.e.
ui =

123


a, i ≤ i t
ar , i > i t

, a > ar .

(2)

A branching process for the early spread of a transposable element in a diploid population

815

Finally, the continuous regulation model [17] describes the case where each additional
TE copy reduces the transposition rate by a smaller increment, reaching a transposition
rate of (a − ar )/2 for a TE copy number of i c , and finally converging to a minimum
transposition rate of ar as copy number becomes very large, i.e.
u i = (a − ar )2−(i−1)/(ic −1) + ar .

(3)

Equation 3 is qualitatively similar to the hyperbolic equation for transposition rate as
a function of TE copy number proposed by Charlesworth and Charleswoth [9]. The
continuous regulation model is the commonly used when self-regulation of transposition is considered [34] and could be a consequence of the production of repressors
[35] or overproduction inhibition [36]. The threshold regulation model is less commonly used, although a number of molecular mechanisms have been proposed for its
existence [17].
2.3 Host fitness
The fitness cost associated with additional TE copies is modeled by varying the death
rate, µi , according to the number of TE copies, i, that the host genome contains. Here,
µi is an arbitrary increasing function of i. A number of alternative models for the
relationship between death rate and TE copy number were considered to assess their
influence on the early spread of the TE. In each of these models, the death rate of a
host containing no copies of the TE is set to 1, and d represents the increase in death
rate for a host containing a single TE in its genome (i.e. µ1 = 1 + d). Our default
model describes the death rate, µi , as a linear function of i,
µ = 1 + di.

(4)

This model suggests that each additional genomic insertion has an equal and additive
effect on host fitness during the early stages of TE spread, possibly due to the effects
of insertional mutagenesis [37]. The neutral insertion model is a special case of this
model with the parameter d set to zero, i.e. µi = 1. The independent fitness cost model
[9] describes the case where each additional TE copy increases the host death rate by
an identical factor, 1 + d, i.e.
µi = (1 + d)i .

(5)

Finally, the log-concave fitness cost model [9] is similar to the linear fitness cost model
with the exception that TE copy number is raised to the power p, where 1 < p < 2, i.e.
µi = 1 + di p .

(6)

In both the independent fitness cost model and the log-concave fitness cost model, the
increase in host death rate rises with each additional TE copy. This is desirable since additional fitness costs arise at higher copy numbers, for example Montgomery et al. [38]
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have proposed that ectopic recombination can occur between TEs of the same family
present at different sites, and Brookfield [39,40] has proposed that fitness costs arise
primarily through the act of transposition at higher copy numbers. The log-concave
fitness cost model is favored by Charlesworth and Charlesworth [9] since it allows an
equilibrium distribution of copy number to be obtained in their model of the population
dynamics of TEs.

2.4 Gamete formation
The number of TEs in the haploid gamete is determined by the number of TEs in
the diploid cell that are passed on during meiosis. For a diploid cell with i copies
of the TE we assume, to a first approximation, that all of these TEs are far enough
apart from each other that they segregate independently. Under this assumption, the
probability of having j copies in a gamete is proportional to the number of ways of
choosing j elements from a total of i. Similarly, if a replicative transposition event has
occurred in the diploid cell, then the probability of having j copies in the gamete is
proportional to the number of ways of choosing j elements from i + 1, or from i − 1 if
a deletion event has occurred. The number of TEs in the offspring’s genome is equal
to the number of TEs in the haploid gamete from the infected host because the other
parent is uninfected by the TE so contributes no elements to the offspring’s genome.
Putting this all together within the framework of a multi-type continuous-time
branching process [30,41], we have a finite number of independently acting infected
hosts of T types that reproduce and die. Each host having i element copies lives an
exponentially distributed length of time with death intensity λi = µi + θ , and at the
end of its life produces on average f i j hosts with j element copies according to the
equation,
fi j =


 
θ
1 i
i −1 θ
β
+
(1 − αi − βi )
i
2i−1 j
λi
2i j λi


1
θ
i +1 θ
+ i+1
αi + 1{i= j} ,
j
2
λi
λi
1



(7)

where i, j ∈ {1, 2, . . . , T }.

2.5 Population size changes
Growth and decline in the total population size can be incorporated within the framework of the branching process simply by altering the value of the birth rate parameter, θ .
This is related to the population growth rate of the reservoir of uninfected hosts, r , by
the following equation,
θ = 2(1 + r ).
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The population size of uninfected hosts is then modeled using the exponential growth
model,
N t = N 0 er t ,

(9)

where N0 is the initial population size, Nt is the population size at time t, and time
is measured in generations. We chose an exponential model based on field measurements taken by Touré et al. [42] and modeled by Taylor and Manoukis [43]. For
exponential population growth, r should be positive; while for exponential population
decline, r should be negative. For a fluctuating population size, the sign of r should
be time-dependent and oscillate in sign.
3 Parameter values
Table 1 contains the default parameter values for our model. At present there is little or
no data regarding the post-integration behavior of the candidate TEs in An. gambiae,
so most of these values are taken from measurements in other species, in particular
D. melanogaster [44–48]. While we cannot assume equivalence between parameter
Table 1 Parameter values, ranges and source references
Parameter Definition

Estimated value

Range

Main references

a

0.1 TE−1 gen−1

[10−5 , 0.3]

[49,53]

10−4 TE−1 gen−1

[10−5 , 10−3 ]

[17,62]

0.1

[−0.1, 0.1]

[56,60]

5

[2,5]

[17,56]

3

[2,5]

[17,56]

v

Replicative transposition
rate
Repressed transposition
rate
Transpositional
regulation parameter
Threshold TE copy
number
TE copy number when
transpositional
repression is 50%
TE deletion rate

4 × 10−6 TE−1 gen−1

–

[45,46]

d

Fitness cost of TE

0.02 TE−1

[10−5 , 0.4]

[44,95]

p

Power determining rate
of decrease in host
fitness
Population growth rate

1.5

[1,2]

[9]

0.2 gen−1

[−0.4, 0.4]

[23,24]

[2 × 103 , 2 × 106 ]

[23,79]

ar
b
it
ic

r
N0

Initial population size

2 × 103

nr

Release size

50

[1, 103 ]

Charles Taylor
(personal
communication)

ir

Copy number at release

1

[1,4]

–

tr

Time of release

0 gen

[0, 22.8]

Mahamoudou
Touré (personal
communication)
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estimates in An. gambiae and D. melanogaster; both are insects of the Order Diptera,
and it is hoped that data from D. melanogaster will provide initial estimates from
which to explore a reasonable parameter space for An. gambaie.
3.1 Transposition
The replicative transposition rate with only a single TE in the genome, a, has been
estimated indirectly by sampling chromosomes from natural populations [45,49,50],
and directly by scoring insertion sites in laboratory populations and rescoring after
many generations [46]. This has led to estimated replicative transposition rates ranging
from ∼10−5 per element per generation for many TEs in D. melanogaster [49,50]
and D. simulans [51,52] up to transposition rates greater than 0.1 per element per
generation for very active individual I elements [53,54].
The upper bound of the replicative transposition rate, a, was inflated in our analysis
to account for the fact that most replicative transposition rates in the literature are
estimated from host genomes with copy numbers much greater than one. This underestimates the transposition rate in genomes having a single TE since transposition
tends to be suppressed at higher copy numbers and some TEs tend to show bursts of
transpositional activity following introduction into a new host population [55].
3.2 Transpositional regulation
For the linear model of transpositional regulation, we consider both positive and
negative values of the fractional reduction in transposition rate with increasing copy
number, b. While most studies show that replicative transposition rate is negatively
correlated with copy number [56–58], studies of copia and Doc retrotransposons in D.
melanogaster suggest that replicative transposition rate is positively associated with
copy number [59,60].
For the threshold and continuous regulation models of transposition, we need an
estimate of the repressed rate of transposition, ar , as well as the copy number at which
this repression occurs, denoted by i t for the threshold model and i c for the continuous
regulation model. Since we are interested in the early stages of TE spread when copy
numbers tend to be very small, we choose values of these parameters that are consistent
with the value of parameter b.
3.3 Deletion
Element deletion events are so rare that they are often not observed in laboratory line
experiments [61], and rates of element deletion, v, are thought to be at least two orders
of magnitude less than the TE’s baseline transposition rate [45,62]. Maside et al. [46]
calculated a pooled excision rate of 3.95 × 10−6 per element per generation from a
laboratory study of 11 families of TEs in D. melanogaster. This is in good agreement
with the pooled estimate of 4.05 × 10−6 per element per generation calculated by
Nuzhdin et al. [45] from other laboratory line experiments [63–65].
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3.4 Host fitness
The parameter d represents the increase in host death rate with each additional TE
copy in the genome and is approximately equal to the decrease in host fitness due to
each additional TE copy. Following Mackay et al. [44], we estimated the fitness cost
of a new genomic insertion by the average fitness cost of a spontaneous mutation. This
has been estimated as ∼0.02 per element [66–68] and is a reasonable estimate in the
early stages of TE spread when insertional mutagenesis is the dominant fitness cost and
selection has not yet eliminated TEs with higher fitness costs [69]. For the log-concave
model of host fitness, we consider a power of p = 1.5 following Charlesworth and
Charlesworth [9].

3.5 Population size changes
We are interested in both long-term population growth, and the seasonal population
size changes that occur in An. gambiae in Banambani, Mali (Fig. 1). We have chosen
to focus on the village of Banambani as a case study for the African continent since
the ecology of An. gambiae has been intensively studied there [23,70–72].
Recent collections taken in Banambani suggest that peak population densities
during the wet season are around 100 times those during the dry season [24], while
conservative estimates are that seasonal population densities differ by a factor of ten
[23]. The generation time of mosquitoes is around 16 days, following observations
that mosquito maturation time is 12 days and the first eggs are laid four days following maturation (Mahamoudou Touré, personal communication). Assuming a ten-fold
population size increase over six months (11.4 mosquito generations), this yields a
population growth rate of r = 0.2 per generation, and a growth rate of r = −0.2 per
generation for the corresponding population decline (Fig. 1).
These seasonal population size changes are superimposed over historical population
expansions. Evidence from microsatellite allele size data suggests a recent population
expansion in the malaria vectors An. gambiae and An. arabiensis[73]. Statistical tests

Fig. 1 Graph showing the number of An. arabiensis and An. gambiae M and S molecular forms typed from
collections taken in Banambani, Mali during 2005 (from [24]). The difference in population sizes between
wet and dry seasons is clearly evident in both M and S molecular forms and can be modeled approximately
by alternating exponential growth and decline (overlaid curve)
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on this data suggest an expansion that occurred on the order of 10Ne generations
ago (where Ne is the effective population size prior to the population expansion) and
may be contemporaneous with excessive penetration of agriculture into the African
forest 4000 years ago [74,75]. Similar population expansions have been inferred for
D. melanogaster populations. For example, the expansion of D. melanogaster into
northern Africa and Eurasia ∼ 104 years ago [76,77] is consistent with nucleotide
data and coalescent simulations suggesting a 102 –106 -fold population size increase
occurring around the same time [78].

3.6 Population size
Mark-release-recapture experiments on An. gambiae conducted in Banambani over
five years found an average peak abundance of ∼6 × 104 [23,43]. Dividing this by three
to account for the three chromosomal forms in Banambani yields a peak abundance
of ∼2 × 104 per chromosomal form, or a population size prior to growth of N0 =
2×103 . These population sizes are relatively small compared to the effective ancestral
population size of D. melanogaster, which has been shown to be ∼2.0 × 106 [79].

3.7 Release strategy
In analyses where we considered the natural invasion of a TE following a horizontal transfer event, we initialized the branching process with a single host having a
single copy of the TE. In our analyses of the genetic control strategy, we initialized
the branching process with nr transgenic hosts each having ir TE copies released tr
generations following the beginning of the population growth phase. The dynamics of
TE spread were then monitored in continuous time up to a prevalence of 10%.

4 Analysis
4.1 Critical parameter values for TE spread
One of the features of an ideal drive system listed by Braig and Yan [29] is the
requirement that the drive must be strong enough to compensate for its inherent fitness
cost. If the drive of a TE outweighs its fitness cost, then the TE has a chance to
spread through the population and possibly reach fixation; however if the fitness cost
outweighs the drive, then the TE will eventually be lost from the population. Within
the framework of a branching process model, the possibility of TE spread corresponds
to the case where the branching process is supercritical. A supercritical process has a
basic reproductive number greater than one [30].
The basic reproductive number is equal to the average number of offspring of the
same type that a particle eventually generates [80]. If we restrict ourselves to the very
early stages of TE spread when the vast majority of infected hosts have only one or
two copies of the TE, then the reproductive number of a type-1 host, R1,1 , can be
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defined recursively as,
R1,1 = f 1,1 + f 1,2 R2,1 .

(10)

Here, f 1,1 is the average number of offspring of a type-1 host that are of type-1, f 1,2
is the average number of offspring of a type-1 host that are of type-2, and R2,1 is the
expected number of type-1 hosts that a type-2 host eventually generates. Following
similar reasoning, R2,1 can be defined recursively as,
R2,1 = f 2,1 + f 2,2 R2,1 ,

(11)

where f 2,1 and f 2,2 are similarly defined. Equation 11 can then be rearranged and
substituted into Eq. 10 to obtain the basic reproductive number for a type-1 host,
R1,1 = f 1,1 +

f 1,2 f 2,1
.
1 − f 2,2

(12)

Assuming linear models of transpositional regulation and host fitness, we can
calculate the basic reproductive number by substituting Eqs. 1, 4, 7 and 8 into Eq. 12.
Straightforward algebra then shows that for a type-1 host we have the basic reproductive number,

a 2 (b − 1)(r + 1) − 2a(r + 1)(b(v − 3) − v + 2)
(r + 1)
−2(v − 3)(4d − r + 2v(r + 1) + 1
.
=
2(d + 2r + 3)(4d − r + a(b − 1)(r + 1) + 2(r + 1) + 1)


R1,1

(13)

The drive of the TE outweighs its fitness cost when R1,1 > 1.
Before analyzing the full implications of this equation, first let us consider a simplified scenario in which transpositional regulation and element deletions are negligible
(b = v = 0) and the population size is constant (r = 0). This leads to the basic
reproductive number,
R1,1 =

4a + a 2 − 24d − 6
,
2(d + 3)(a − 4d − 1)

(14)

which is greater than one when,
a >d +1−


1 − 7d 2 .

(15)

For small fitness costs (d < 0.01 per element), Eq. 15 leads to the well known result
that TE drive outweighs fitness cost when,
a > d,

(16)

and hence selection and transposition have an equal and opposite influence on TE
copy number at equilibrium [45]. For larger fitness costs (d > 0.01 per element), the
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magnitude of the transposition rate must be slightly greater than the magnitude of the
fitness cost in order for TE spread to be critical.
When transpositional regulation and element deletions are not negligible and the
population size is not constant, we must use Eq. 13 to determine the conditions for
TE spread to be critical (Fig. 2). The critical balance between transposition rate and
fitness cost is highly sensitive to changes in the population growth rate. This sensitivity
is most visible when the transposition rate and fitness cost are small. For moderate
population growth (r = 0.005 per generation), TE spread is always supercritical for
fitness costs less than 0.005 per element. For moderate population decline (r = −0.005
per generation), TE spread is always subcritical for transposition rates less than 0.005
per element per generation. The criticality of TE spread is relatively insensitive to
the degree of transpositional regulation, the model of transpositional regulation, and
the model of host fitness with increasing copy number (supplemental Appendices at
http://johnmm.bol.ucla.edu/te/).
The case where r = 0.2 per generation corresponds to the seasonal population
growth phase of An. gambiae. During this phase, TE spread is supercritical for all
transposition rates when the fitness cost is less than 0.2 per element. The implication
of this result is that the conditions for supercritical TE spread are less restrictive during
periods of population growth. This may enable the TE to become established in its
host population prior to a subsequent population decline.

Fig. 2 Critical parameter values for TE spread. The default parameters from Table 1 are used. Curves
correspond to values of transposition rate and fitness cost for which TE spread is critical. For the region
of parameter space to the left of each curve TE spread is supercritical; while to the right of each curve TE
spread is subcritical. The case of a constant population size confirms the well-known result that TE drive
outweighs fitness cost when a > d. The critical balance between a and d is highly sensitive to changes in
population growth rate, especially when the fitness cost and transposition rate are small. The case where
r = 0.2 per generation corresponds to the seasonal population growth phase of An. gambiae
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It should be noted that, in the case of An. gambiae, population growth is seasonal;
while the above calculation applies to a period of continuous population growth.
The case of seasonal population growth will be treated in Sects. 4.3 through 4.5.
Additionally, knowledge of the conditions necessary for TE spread does not, on its
own, confer knowledge of the rate of TE spread and the probability of TE loss. These
quantities will be calculated in Sects. 4.2 through 4.4.
4.2 TE loss in a natural population
When TE spread is supercritical the eventual extinction of the TE is uncertain, however
the probability that the TE is lost from the population may still be very high. Following
a horizontal transfer a TE will be present in its new host population as a single copy in
only a single host. At such a low prevalence, the probability of a recently transferred TE
being lost through genetic drift is considerable, even if it has a very high transposition
rate.
Considering the simplified scenario in which transpositional regulation and element
deletion are negligible and population size is constant, Kaplan et al. [81] calculated
the probability that a single TE is lost from its host population, e1 , to be the smallest
solution of the equation,
e1 = exp(−(1 − e1 exp(−(1 − e1 )u 1 ))).

(17)

Here, u 1 is the transposition rate in a host carrying only a single element. This is in
good agreement with simulation results of Le Rouzic and Capy [17] for transposition
rates of u 1 < 1 per element per generation.
To determine the probability that the TE is lost from the host population when
the population size is not constant, we use the branching process model described by
Eqs. 1–9. We begin by defining the probability generating function for the process
[41]. This is a function of the vector s = (s1 , s2 , . . . , sT ) and is defined as,
Pi (s) =


j

pi j s j =



j

j

j

pi j s11 s22 , . . . , sTT,

(18)

j

where pi j is the probability that a type-i particle gives rise to j1 type-1 particles, j2
type-2 particles, and so on, and j is defined as the vector j = ( j1 , j2 , . . . , jT ). Substituting the pi j terms from the branching process into Eq. 18, we have the probability
generating function,

µi
2(1 + r ) 2
+ ( f i,0 + f i,T +1 )si +
f i j si s j −
si ,
Pi (s) =
λi
λi
T

(19)

j=1

where i ∈ {1, 2, . . . , T }. The probability that the TE is eventually lost from the
population beginning with a single type-1 host, e1 , is then given by the smallest
solution of the system of T simultaneous equations [64],
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Pi (e) = ei ∀i,

(20)

where e is defined as the vector e = (e1 , e2 , . . . , eT ), and ei is the probability that a
type-i host is eventually lost from the population. Note that we have calculated the
asymptotic loss probabilities here, although the model is only valid up to a prevalence
of 10%. This paradox is averted by considering that beyond a prevalence of 10% the
TE has a high enough presence in the population that it is very unlikely to go extinct.
For a population of constant size, TE loss is uncertain when the transposition rate
for a single TE copy is greater than the fitness cost of a single genomic insertion
(Fig. 3a). This is in agreement with the prediction of Eq. 16. Loss probability falls as
transposition rate increases and the fitness cost decreases, but even in the generous

Fig. 3 Asymptotic probabilities of TE loss as a function of replicative transposition rate. The default
parameters from Table 1 are used. a The fitness cost of a genomic insertion is varied. The case where d = 0
per element is comparable to the solution of Kaplan et al. [81]. b Population growth rate is varied. The case
where r = 0.2 per generation corresponds to the seasonal population growth phase of An. gambiae
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case of a neutral insertion with a transposition rate of 0.1 per element per generation,
the loss probability is still as high as 92% (Fig. 3a). This suggests that the majority
of TEs will become extinct following their introduction and many introductions are
likely to occur before one of these TEs colonizes a new species.
To test for consistency with the framework of Kaplan et al. [81], the smallest solution
to Eq. 17 is shown (Fig. 3a). Since Kaplan et al. [81] considered a neutral insertion,
the case where d = 0 per element provides the best comparison. These curves are
in good qualitative agreement with each other, although the solution of Kaplan et al.
[81] produces slightly smaller loss probabilities. Incidentally, the loss probabilities of
Kaplan et al. [81] are also slightly smaller than the simulated results of Le Rouzic and
Capy [17], suggesting that the solution of Kaplan et al. [81] may slightly underestimate
the probability of TE loss.
The prospects for a TE to colonize a new host species are dramatically improved
during conditions of population growth (Fig. 3b). The impact of population growth
on reducing TE loss probability is most visible for population growth on the order of
r = 0.1 per generation. At this growth rate, TE loss probability is ∼7.5% lower than
for the case of a constant population size over the entire range of transposition rates
inferred from nature. When the rate of population growth is r = 0.2 per generation, as
is the case during the seasonal population growth of An. gambiae, TE loss probability
is lowered by an additional 7.5%. Combining a high transposition rate with conditions
of population growth will further improve the odds of the TE colonizing a new host
species. For a comparable rate of population decline (r = −0.1 per generation) TE
loss probability is ∼7.5% higher than for the case of a constant population size, and
TE loss is certain for transposition rates less than 0.11 per element per generation.
The sensitivity of TE loss probability to the model of transpositional regulation
and host fitness (Eqs. 1–6) was also tested under a variety of parameterizations (supplemental Appendices at http://johnmm.bol.ucla.edu/te/). The implication of these
results is that whether the TE is lost from the population or increases in prevalence
exponentially is relatively independent of the way in which transposition rate and fitness cost change with increasing copy number. What happens at higher copy numbers
will no doubt affect the distribution of element copy number in the later stages of
spread, but whether the TE spreads or not seems to be primarily determined by what
happens when the genomic copy number is one.

4.3 TE loss following a transgenic release
Given the impact of population size changes on the eventual loss of a newly transferred
TE, the implications this has for genetic control strategies in An. gambiae populations
is of great interest. Indeed, one of the features of an ideal drive system listed by James
[28] is the requirement that the drive system be efficient in establishing an effector
gene in the population. Therefore the TE loss probability following a transgenic release
should be exceptionally small. To account for the seasonal population size changes
of An. gambiae, we calculate the probability that the TE is lost from the An. gambiae
population one year following its release. This allows us to account for a full cycle of
population growth and decline.
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We consider the release of a single transgenic mosquito tr generations following
the beginning of the population growth phase having i copies of the TE. To calculate
the probability that this TE is lost from the population one year following release,
we derive a differential equation for the loss probability as a function of time, ei (t),
and solve this at a time one year following release subject to the initial condition
ei (0) = 0∀i. During the first season, the loss probabilities are characterized by the
system of nonlinear ordinary differential equations [30],
dei (t)
= −λi ei (t) + λi Pi (e(t)),
dt

(21)

where e(t) is defined as the vector (e1 (t), e2 (t), . . . , eT (t)).
During the second season, the loss probabilities can be calculated by characterizing
the distribution of copy numbers at the end of the first season at time t1 , and calculating
the probability that each of these lineages of infected individuals becomes extinct
during a time t2 = t −t1 into the second season. This is encapsulated by the multivariate
generating function,
Q i (t1 , e(t2 )) =



Pr(Z t1 = k|Z 0 = u i )e(t2 )k ,

(22)

k

where Z t = (Z t,1 , Z t,2 , . . . , Z t,T ) is the vector of particle counts at time t ≥ 0, u i is
the standard unit vector whose ith entry is equal to one, and e(t2 ) is the vector of loss
probabilities whose entries are calculated using the population growth rate parameter
for the second season. This generating function is characterized by the system of
nonlinear ordinary differential equations [30],
d Q i (t, e(t2 ))
= −λi Q i (t, e(t2 )) + λi Pi (Q(t, e(t2 ))),
dt

(23)

where Q(t, e(t2 )) is defined as the vector (Q 1 (t,e(t2 )), Q 2 (t,e(t2 )), . . . , Q T (t,e(t2 ))).
Solving this at a time t2 into the second season subject to the initial condition
Q i (0, e(t2 )) = ei (t2 )∀i gives the probability of TE loss at time t, where t = t1+t2 . This
procedure can be iterated to calculate the TE loss probabilities during subsequent
seasons.
Next, having calculated the TE loss probability for a single transgenic mosquito one
year following release, this result can be extended to a transgenic release consisting of
n mosquitoes, where n is defined as the vector (n 1 , n 2 , . . . , n T ) and n i represents the
number of mosquitoes having i copies of the TE at the time of release. This follows
simply from the independence of particles so that the collective extinction probability
is e(t)n . For a release consisting of nr transgenic hosts each having ir copies of the
TE, the extinction probability is eir (t)nr .
One of the main results of this calculation concerning the release strategy is that the
model favors a transgenic release immediately following the dry season when
the An. gambiae population begins to grow (Fig. 4a). A release at this time reduces
the probability that the TE is lost from the population in the first year following its
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Fig. 4 Probabilities of TE loss 1 year following release. The default parameters from Table 1 are used, with
the exception that nr = 1. a The An. gambiae host population is assumed to grow for 6 months, and then
decline for 6 months. Release time is measured in generations following the beginning of the population
growth phase. b The replicative transposition rate is varied. c Release size is increased to 50. d Copy number
per individual at release is increased to four

release. The model also suggests that, in the event that knowledge of the population
growth rate is imprecise, the control strategy should bias towards a release after the
beginning of the population growth phase. This follows from observations that TE
loss probabilities are smaller for a transgenic release at the beginning of the rainy
season than at the end of the dry season (Fig. 4a). A release under these conditions
in a population of fluctuating size has a better chance of persisting than an identical
release in a population of constant size.
Assuming a release at the beginning of the rainy season, Fig. 4b then depicts the TE
loss probability as a function of time for a variety of transposition rates. As expected,
a TE with a high transposition rate is less likely to be lost from the host population. At
the end of the year, a TE with a transposition rate of 0.01 per element per generation
has a loss probability of 91% while a TE with a transposition rate of 0.1 per element
per generation has a loss probability of 83%. TE loss probabilities 1 year following
release are relatively insensitive to the model of transpositional regulation and host
fitness (supplemental Appendices at http://johnmm.bol.ucla.edu/te/).
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The simplest and most effective way to improve the efficiency of a TE drive strategy
is to release more transgenic mosquitoes (Fig. 4c). According to model predictions,
increasing the release size to ten reduces the loss probability to 15% one year following
release. For a release size of 25 the loss probability falls below 1%. Another way to
increase the number of TEs released into the population is to increase the copy number
of the introduced mosquitoes (Fig. 4d). This reduces the loss probability of the TE, but
to a lesser extent than increasing the release size by the same amount. Therefore we
favor the release of a greater number of transgenic mosquitoes each having a single
copy of the TE.
4.4 Rate of TE spread following a transgenic release
To satisfy the second requirement of Braig and Yan [29] that the drive system must work
within a public health time frame, we consider the influence of population growth and
various model parameters on reducing the time taken for the TE to reach a proportion
of 10% in the An. gambiae population.
The most intuitive and complete information derivable from the branching process
is the mean and variance in the number of disease vectors having different TE copy
numbers over time. For an initial release consisting of n mosquitoes, this is given by
the matrix exponential [41],
E(Z t ) = net ,

(24)

where Z t is the random vector of particle counts whose entries Z t,i represent the
number of disease vectors having i copies of the TE at time t, and  is the branching
process matrix whose entries are given by λi ( f i j −1{i= j} ). The above equation is valid
for the first season, however during the second season the particle counts are given by,
E(Z t ) = net1 1 et2 2 ,

(25)

where 1 and 2 are the branching process matrices calculated using the first and
second season population growth rates respectively. This procedure can be iterated to
obtain the vector of particle counts during subsequent seasons.
The variance of the particle count vector during the first season can be calculated
following the methodology in the Appendix of Dorman et al. [41]. This applies to the
variance matrix Vi (Z t ) for a transgenic release involving a single transgenic mosquito
having i copies of the TE. For a release consisting of n transgenic mosquitoes, the
variance matrix follows from the independence of clans [30], and is given by,
Var(Z t ) =

T


n i Vi (Z t ).

(26)

i=1

During the second season, the variance matrix can be calculated by conditioning on
the state of the particle count vector at the end of the first season. Simple algebraic
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manipulation then gives,
Var(Z t ) =

T

i=1

E(Z t1 ,i )Vi (Z t2 ) +

T


Var(Z t1 ,i )E i (Z t2 )E i (Z t2 )∗ ,

(27)

i=1

where E i (Z t ) represents the mean particle count vector at time t given a single transgenic mosquito having i copies of the TE at time 0. This approach can be iterated to
calculate the variance in particle counts over subsequent seasons.
Applying this approach to a release of 50 transgenic mosquitoes, we calculated the
mean and variance in the number of each host type over time. The mean number of
transgenic hosts increases exponentially during the rainy season and then decreases
exponentially during the subsequent dry season, reflecting the dynamics of the uninfected An. gambiae population (Fig. 5a). The replicative behavior of the TE also leads to
transgenic An. gambiae being over five times more prevalent 1 year following release.
Of the 260 expected transgenic An. gambiae at the end of the dry season, 236 have a
single copy of the TE, 23 have two TE copies, and 1 has three TE copies (Fig. 5a).
This Poisson-like distribution of copy number is largely a consequence of the increase
in copy number due to replicative transposition being counteracted by the reduction
of copy number due to gamete formation and mating with uninfected hosts.
In contrast to the results for TE loss probabilities, the rate of population growth
has no influence on the proportion of hosts having the TE 1 year following its release
(Fig. 5b). For higher population growth rates, the proportion of individuals having the
TE increases more quickly during the rainy season and more slowly during the dry
season, eventually ending at the same proportion regardless of population growth rate
over the period of a year. Despite this independence, a release at the beginning of the
population growth phase is recommended since it results in the TE having the highest
initial proportion in the population.
Whether the TE increases in proportion in the first year following its release is
largely determined by the difference between its replicative transposition rate and
fitness cost (Fig. 5c). The TE increases its proportion in the host population when
the magnitude of its transposition rate exceeds its fitness cost, which is an interesting
parallel to Eq. 16. The requirement of a rapid spread [30] is most effectively achieved
by ensuring that the transposition rate is sufficiently high. For example, the TE reaches
a proportion of 10% within a year of its release when its transposition rate is greater
than 0.087 per element per generation (Fig. 5c). The rate of TE spread 1 year following
release is relatively independent of the model of transpositional regulation and host
fitness (supplemental Appendices at http://johnmm.bol.ucla.edu/te/).
Finally, the waiting time for the mean number of transgenic An. gambiaeto reach
a proportion of 10% in the population is predominantly a function of replicative
transposition rate and release size (Fig. 5d). While the waiting times starting
with release sizes of 50 and 100 are relatively similar, the waiting times beginning with a single transgenic host are significantly longer. Similar comparisons
over a smaller range of release sizes are shown in the supplemental Appendices
(http://johnmm.bol.ucla.edu/te/). The relevance of these comparisons is that a more
effective strategy than releasing hundreds of mosquitoes into one population might be
to release fewer mosquitoes into multiple villages or into multiple chromosomal forms
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Fig. 5 Rate of TE spread for the first year following a transgenic release. The default parameters from
Table 1 are used. a The number of transgenic An. gambiae with different TE copy numbers are tracked over
time. Mean numbers of hosts are shown as bold lines. The variance of host numbers having a single TE is
illustrated by distributing points about the mean according to a normal distribution with variance equal to
the variance in host numbers (note that the distribution of host numbers does not necessarily obey a normal
distribution). b The proportion of transgenic An. gambiae is tracked over time. Population growth rate is
varied. c Replicative transposition rate is varied. d The waiting time for the TE to reach a proportion of 10%
in the host population is calculated as a function of replicative transposition rate. Release size is varied

in the same village. This should reduce the fixation time across a larger geographical
area.
4.5 Rate of TE spread beyond a prevalence of 10%
One major restriction of the branching process model is the assumption that host organisms do not interact during mating. This is not a good approximation for prevalences
of transgenic hosts above 10%; hence another modeling framework is required to make
inferences regarding the ultimate fate of the TE in the host population.
We consider a system of ordinary differential equations in which the proportion of
hosts having k copies of the TE is kept track of by its own differential equation,

d xk (t)
= θ (t)
pi jk xi (t)x j (t) − µk xk (t).
dt
T

T

i=0 j=0
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Here, xk (t) represents the proportion of hosts having k TE copies, where
k ∈ {0, 1, . . . , T } and T can be approximated as the number of genomic sites that will
be occupied when the TE reaches equilibrium in the host population. This equation
simply describes the difference in birth and death rates for hosts having k TE copies—
θ (t) is the overall birth rate parameter; pi jk is the probability that, when a host having
i TE copies mates with a host having j TE copies, the offspring has k TE copies; and
µk is the death rate of a host having k TE copies, as previously described.
The form of the birth rate term θ (t) is given by setting the total birth rate equal to
the total death rate. Then, to calculate the probability that an offspring has k TE copies,
we first consider the probability, pim , that a diploid host having i TE copies produces
a haploid gamete having m TE copies. This is almost identical to the quantity f im for
the branching process and is given by,
pim =

1
2i−1



 



1 i
1
i −1
i +1
βi + i
(1 − αi − βi ) + i+1
αi .
m
m
2 m
2

(29)

The probability that, when a type-i host mates with a type- j host, the offspring is of
type-k is then given by,
pi jk =

k


pim p j,(k−m) ,

(30)

m=0

where i, j, k ∈ {0, 1, . . . , T }, and both pim and p j,(k−m) are given by Eq. 29.
In order to test the consistency of the differential equation model with the branching
process model of TE spread, we calculated the proportion of transgenic hosts over time
for a variety of transposition rates (Fig. 6). For both modeling frameworks, we used the
continuous model of transpositional regulation, the linear model of host fitness, and
the default parameters from Table 1 with the exception that r = 0. The results suggest
that the two modeling frameworks are consistent up to a prevalence of 10%, and that
the major assumption of the branching process – that each mating only involves a
single transgenic host – is indeed satisfied when the prevalence of transgenic hosts is
low.
Figure 6 also implies that the early stages of TE spread provide a good indication
of the ultimate fate of the TE in the population. When the transposition rate is 0.02
per element per generation, the TE declines in prevalence in the early stages and then
continues to decline. When the transposition rate is 0.1 per element per generation, the
TE quickly reaches a prevalence of 10% and then continues quickly to near-fixation.
When the transposition rate is 0.06 per element per generation, the TE reaches 10%
prevalence slowly and approaches near-fixation slowly.
The TE reaches a high maximum prevalence in the host population (Fig. 6), but
does not reach complete fixation because there will always be a proportion of offspring
that do not inherit the TE. Fixation is preferable to near-fixation; however a high
prevalence of the effector gene may be sufficient to decrease the reproductive number
of the pathogen to below one. A parallel epidemiological model is required for an
accurate assessment of disease control.
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Fig. 6 Rate of TE spread for the first 10 years following a transgenic release. Predictions of the branching
process model are shown as thick, solid curves for prevalences less than 10%. Predictions of the ODE model
are shown as narrow, patterned curves for prevalences up to 100%. The default parameters from Table 1
are used, with the exception that r = 0. Transposition rate is varied

4.6 Sensitivity of model parameters
The sensitivity of the TE loss probability to any continuous model parameter γ can
be calculated by taking its partial derivative, ∂e(t)/∂γ , and scaling this by the range
of values observed in nature, γ . During the first season, this can be calculated by
taking the partial derivative of Eq. 21 with respect to γ and integrating up to time t1
subject to the initial condition that ∂ei (0)/∂γ = 0∀i. During the second season, the
sensitivity of the TE loss probability can be calculated by taking the partial derivative
of Eq. 22 with respect to γ and integrating up to time t1 subject to the initial condition
that ∂ Q i (0, e(t2 ))/∂γ = ∂ei (t2 )/∂γ ∀i. Here, the second season population growth
rate is used in the calculation of the initial condition, and the first season population
growth rate is used in the integration.
The sensitivity of the rate of TE spread can be inferred from the sensitivity of the
dominant eigenvalue, (∂ρ/∂γ )γ , when the population growth rate is set to 0. This
follows from the observation that, on the scale of years, the rate at which the proportion
of TEs in the population increases is independent of r (Fig. 5c). The sensitivity of
the dominant eigenvalue can be calculated following the methodology in Sect. 11 of
Dorman et al. [41].
Table 2 shows the sensitivities of the TE loss probability and rate of TE spread
to the continuous parameters of our model. Sensitivities for the alternative models of
transpositional regulation and host fitness are shown in the supplemental Appendices
(http://johnmm.bol.ucla.edu/te/). These sensitivity analyses do not account for discrete
parameters such as the release size and copy number at release; however a number
of important implications can be deduced for prioritizing parameters that should be
accurately known for a transgenic release. Since we have more control over and better
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Table 2 Sensitivity of loss probability and rate of TE spread to model parameters
Model
parameter γ

Parameter
range γ

Sensitivity
of asymptotic
loss probability
(∂e1 /∂γ )γ

Sensitivity
of one year
loss probability
(∂e1 (t)/∂γ )γ

a

0.3 TE−1 gen−1

−0.20

−0.19

Sensitivity
of rate of
element spread
(∂ρ/∂γ )γ
0.28

b

0.2

0.0016

0.00094

−0.0035

d

0.4 TE−1

0.37

0.37

−0.47

r

0.8 gen−1

−0.68

−0.56

–

estimates of transposition rate and release size, then we should focus on these parameters in engineering efforts. However, it is also important that we have good estimates
of less easily manipulated parameters such as the population growth rate and fitness
cost of a genomic insertion. These are some of the most influential factors in the spread
of the TE and are essential to ensure that our model predictions are accurate.
Since the sensitivities have been calculated using partial derivatives, their signs tell
us whether the TE loss probability and rate of spread are increasing or decreasing functions of each model parameter. According to Table 2, loss probability is a decreasing
function of transposition rate and population growth rate, and an increasing function
of fitness cost and transpositional regulation parameter b. The rate of TE spread has
the opposite dependencies.
5 Discussion
The proposed model provides us with a succinct framework to explore the early stages
of TE spread through a diploid population. We can also make some crude recommendations regarding the implications this has for the use of TEs as drive mechanisms
in the control of vector-borne disease. We chose a branching process to model this
phenomenon since it has the benefit of being analytically tractable while still having
the stochasticity of a Markov chain [30]. This has enabled us to investigate the probability that a TE is lost from its host population as a result of genetic drift, and how
this probability is affected during periods of population growth and decline.
Transposable elements face significant challenges upon being transferred into a new
host population, thus making the consideration of genetic drift particularly relevant
[17]. Whether a TE begins its invasion through horizontal transfer mediated by a
vector [82,83], introgression [84] or the de novo appearance of a new TE within the
host species, the process invariably begins with only a single element. The fate of
the element in its new host population is then a product of its internal properties, the
population dynamics of the host species, and chance.
5.1 Transpositional bursts
There is a large body of evidence supporting the existence of heightened transposition
rates at low copy numbers, which may enable TEs to prosper in the early stages of
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spread. Several mechanisms may contribute to this, including hybrid dysgenesis [85,
86], overproduction inhibition [36], and gene silencing [87]. Furthermore, evidence
for a recent transpositional burst in the DINE-1 element of Drosophila yakuba has been
presented by Yang et al. [55]. Predictions of this and other models [17,81] suggest
that a heightened transposition rate following introduction into a novel species will
reduce the loss probability and speed up the rate of TE spread in the new population.
However, even under generous conditions (a neutral TE and heightened transposition
rate of 0.1 per element per generation), the loss probability can still be as high as 92%
(Fig. 3a).
5.2 Population growth
The prospects for a TE to colonize a new host species are dramatically improved
during conditions of population growth. According to model predictions, when the
rate of population growth is r = 0.2 per generation, as is the case during the seasonal
population growth phase of An. gambiae, the probability of TE loss is lowered by
∼15% compared to the case of a constant population size (Fig. 3b). Although seasonal
population growth occurs on a time scale of six months, growth can also occur over a
much longer time period when a species colonizes a new geographical location. The
recent population expansion of the malaria vectors An. gambiae and An. arabiensis
[73] and the expansion of D. melanogaster into northern Africa and Eurasia [76,77]
may be examples of this. The prediction of this model is that such a period of growth
is a ripe time for a TE to colonize a new species.
5.3 Implications for a transgenic release
Any plan to release a TE into a novel host population for the purpose of disease
control should aim to exploit the existence of both heightened transposition rates
and population size changes to improve its likelihood of success. In the case of An.
gambiae, dramatic population size changes between the dry season and the peak of
the rainy season (Fig. 1) should be used to the advantage of the release strategy. To
this end, a transgenic release is recommended immediately following the dry season
when the An. gambiae population begins to grow (Fig. 4a). This allows the TE the best
chance to establish itself in the population prior to the subsequent population decline.
A less intuitive prediction is that a release slightly after the beginning of the growth
phase is more efficient than a release prior to the growth phase. This suggests that, in
the event that knowledge of population size changes is imprecise, the release strategy
should bias towards a late release.
In addition to manipulating the release time, the model makes a number of other
suggestions to lower the loss probability and increase the rate of TE spread through the
An. gambiae population. TE loss probability is most effectively reduced by increasing
the release size of transgenic mosquitoes to more than 25, while increasing the TE
copy number of the released mosquitoes is less effective since the TEs are more likely
to be lost at once (Fig. 4c, d). This is a larger release size than that suggested by
Struchiner et al. [18] who suggested a release of more than eight transgenic hosts;
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however Struchiner et al. [18] also found that the TE copy number of the released
hosts is relatively inconsequential.
The most effective way to ensure that the TE spreads at a rate acceptable to public
health goals is by ensuring that the introduced TE has a high replicative transposition
rate upon release. Here, the model recommends that a TE with a replicative transposition rate of 0.1 per element per generation is realistic [53,54] and will reach a
proportion of 10% in a village population in an acceptable time frame (Fig. 4C). This
is in agreement with Rasgon and Gould [19] for the case where transposition is biased
towards unlinked sites, and Le Rouzic and Capy [88] who suggest that realistically
useful TEs will have a transposition rate as high as 0.1 per element per generation.
A number of parameters that are less easily engineered also have important implications for the success of the disease control strategy. The fitness cost of a genomic
insertion is the most influential parameter on the rate of TE spread, and the rate of
population growth is one of the most influential parameters on TE loss probability
(Table 2). It should be noted that most of the parameter values used to reach these
conclusions were measured in D. melanogaster; hence it is important that we seek
accurate estimates of these parameters in species, such as An. gambiae, being considered for transgenic disease control.

5.4 Model limitations
Symptomatic of any mathematical analysis, simplifications have been made that may
compromise the model predictions. Firstly, in the model formulation all TEs are assumed to act independently during gamete formation, implying that all element copies
are at least 50 centimorgans apart. This contradicts the tendency for TEs to jump
locally rather than distally [89,90] and to home in on certain genomic regions [47,91].
Clustering of element copies can reduce the rate of TE spread since tightly linked element copies rarely segregate during meiosis and are effectively inherited as a single
unit [19]. This also threatens the result that the majority of hosts only have a single
element copy in the early stages of TE spread, since the replicative effect of transposition is counteracted less by the dilutive effect of sampling during gamete formation
when elements are clustered. These are clearly important considerations and worthy
of much further study; however we have neglected them in the present analysis in
order to focus on the implications of population size changes.
Secondly, the branching process model is restrictive since it only applies to TE
spread up to a prevalence of 10%. The assumption that all matings involve at least one
uninfected host is required by the independence of particles in a branching process,
but doesn’t allow us to ask questions about the waiting time for a TE to reach fixation.
Despite this, modeling TE spread up to a prevalence of 10% captures the impact of
population size changes fairly well, since the main effects of population growth and
decline are stochastic and most relevant when the TE is present in small numbers.
Furthermore, the mean number of transgenic hosts for prevalences above 10% can be
calculated using the differential equations model (Eqs. 28–30).
Finally, of relevance to a transgenic release, another molecular detail that has not
been accounted for in this paper is the potential for internal deletion to lead to loss
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of the effector gene from the TE construct [3,92,93]. A related concern is that TEs
that have undergone internal deletion may spread through the population more quickly
than intact introduced TEs that still carry their transgenic load. Future modeling should
assess the severity of this concern and experimental studies should be conducted on
candidate TEs in An. gambiae.
5.5 Future directions
To gain a deeper insight into the impact of population structure on TE spread, we
should consider the spatial as well as temporal population structure of a species, and
how these interact together. In the case of An. gambiae, this would involve accounting
for the existence of multiple chromosomal forms [25,26,94] and how their relative
abundances change throughout the year (Fig. 1). This should be superimposed over the
geographical distribution of mosquito populations in discrete patches corresponding
to villages [25] and the relative abundance of each chromosomal form from village to
village [42]. Clearly there is a relationship between the spatial and temporal dimensions
of population structure, and an understanding of this will better enable us to assess the
potential benefits of TE-mediated strategies for the control of vector-borne disease.
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