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melanotically encapsulating (i.e., immune system activated)
the microfilariae of D. immitis and B. malayi, respectively.
Increased enzyme activity levels of phenol oxidase were docu-
mented in immune system-activated A. aegypti (129) and A.
subalbatus (269), and a significantly elevated amount of dopa
decarboxylase (269) was observed in A. subalbatus in the initial
hours following immune system activation. Recently, cDNAs
encoding prophenoloxidase (ProPO), the inactive form of phe-
nol oxidase, have been characterized from A. gambiae (110,
121, 165), A. subalbatus (37), and A. aegypti (A. Taft, C. C.
Chen, and B. M. Christensen, unpublished data). Dopa decar-
boxylase from A. aegypti also has been molecularly character-
ized (70, 72), and dopachrome conversion enzyme has been
purified and its characterization has begun (130; J. Johnson, J.
Li, and B. M. Christensen, unpublished data). Although the
biochemistry of melanization has been relatively well studied
(Fig. 3), the genetic control of this complex biochemical path-
way still needs to be delineated.

Efforts to understand the control mechanisms responsible

for melanotic encapsulation in mosquitoes are made more
difficult by the presence of multiple phenol oxidases, a critical
enzyme in the melanization pathway, and serine proteases,
enzymes implicated in both the activation of ProPO and the
signaling pathways leading to immune peptide production. To
date, six cDNAs representing different ProPO genes have been
isolated from larvae, pupae, and cell culture of the malaria
vector A. gambiae (110, 121, 165) and two different cDNAs
have been isolated from A. aegypti (A. Taft, C. C. Chen, and
B. M. Christensen, unpublished data). In A. subalbatus, a
ProPO gene associated with the melanization of D. immitis has
been isolated and cloned (37) and a second ProPO that has
other functions has been isolated (C. C. Chen, personal com-
munication). mRNA expression profiles for these multiple
ProPO genes indicate a wide range of gene expression. Some
of the A. gambiae ProPO genes are transcriptionally active
during specific larval stages, and others are active predomi-
nantly in the pupal and adult stages (165). Association of
particular ProPOs with immune system activation has been

FIG. 2. Mosquito immune responses to pathogens include melanotic encapsulation, phagocytosis, and production of antibacterial compounds and immune peptides.
The hemocyte is a multifaceted cell that is probably involved in pathogen recognition, cell signaling, production of enzymes and immune system-associated molecules
(e.g., transferrin), and phagocytosis. Invasion by bacteria results in phagocytosis by hemocytes and in the production of antibacterial compounds. If the pathogen is too
large to be phagocytosed (e.g., filarial worms), mosquito hemocytes may recognize the pathogen as foreign and recruit other hemocytes to participate in the
melanization response. Activated hemocytes also produce transferrin, which is a melanization-associated molecule, and a prophenoloxidase (ProPO), which is activated
by a serine protease to become phenoloxidase (PO). After a phenoloxidase-catalyzed hydroxylation of tyrosine, other enzymes like dopa decarboxylase (DDC) and
dopachrome conversion enzyme (DCE) catalyze other critical steps, ultimately resulting in melanin production. Also depicted is a proposed pathway for immune system
peptide production. This pathway is probably induced when hemocytes recognize a foreign pathogen and relay a signal to the fat body, where signaling pathways, like
Toll, IMD, and IRD, are activated by a serine protease. Following transcriptional activation, the fat body then produces defensin, cecropin, and proline-rich and
glycine-rich peptides that have antimicrobial activity. Although the humoral immune response of mosquitoes does depend upon the fat body for immune system peptide
production, other tissues, such as the midgut and salivary glands, do transcribe immune system peptides following activation by a pathogen (61).
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Figure: Mosquito immune responses to pathogens include melanotic encapsulation, phagocytosis,
and production of antibacterial compounds and immune peptides (Beerntsen et al., 2000)
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between host cells and parasites at these developmental sites.
In many incompetent vectors, parasites successfully reach the
appropriate developmental site but then fail to develop or are
killed by a defense response expressed by the mosquito (42).

At some time during their life cycle within the mosquito, all
pathogens must travel through the hemolymph-filled hemocoel
(Fig. 1, site E) when migrating to their developmental site or to
their site for transmission to the vertebrate host. Within the
hemolymph reside the primary immune components involved
in the recognition of nonself and in the initiation of defense
responses designed to kill foreign invaders (43, 183). Hemo-
cytes (blood cells) that circulate within the hemolymph play
major roles in recognition, phagocytosis, encapsulation, and
the production of specific enzymes and other molecules re-
quired for parasite killing. The mechanisms used by the mos-
quito immune system to repel parasites, as well as the strate-
gies used by parasites to avoid recognition and destruction, are
perhaps the most thoroughly studied and important determi-
nants of vector competence.

These various barriers to parasite development within mos-
quitoes may or may not function to protect vectors from par-
asite development. The genetic makeup of a particular mos-
quito species, or strain of a single species, to a large extent
determines the success of a specific parasite-mosquito relation-
ship. Likewise, the genetics of the parasite can play a major
role in the ability or inability of a parasite to successfully adapt
to a particular mosquito. Consequently, there has been a major
effort during the last several years to develop the appropriate
tools to investigate more accurately the genetic basis of vector
competence in select mosquito species. However, little effort

has been invested by biologists in studies designed to under-
stand more fully the genetic components of parasites that en-
able them to effectively avoid destruction within certain mos-
quito vectors.

GENETIC BASIS OF VECTOR COMPETENCE

Clay Huff demonstrated 70 years ago that the susceptibility
of Culex pipiens to an avian malaria parasite could be increased
through selective mating strategies (99, 100), and subsequent
studies with filarial worms and Plasmodium spp. verified the
genetic basis for the susceptibility of several mosquito species
to these parasites (41). The availability of a genetic linkage
map for Aedes aegypti (168), based on isozyme and morpho-
logical mutant markers, enabled a number of investigators to
determine the chromosomal regions of genes with a major
influence on the susceptibility of this mosquito species to Plas-
modium gallinaceum (113), Brugia spp. (143, 144, 145), and D.
immitis (150). A recessive gene(s), located on chromosome 1,
was shown to control susceptibility to the filarial worms B.
malayi and Brugia pahangi (designated f m) and D. immitis
(designated f t), and a dominant allele (pls) on chromosome 2
controlled susceptibility to P. gallinaceum. It also was clear
from these studies that other genes, in addition to f and pls,
must be involved in determining parasite susceptibility in this
mosquito. However, the large number of segregating popula-
tions required to identify linkage associations with relevant
genes when using a mutant marker map prevented the identi-
fication of other loci that contribute to the parasite suscepti-
bility phenotype. Before studies could be conducted to identify

FIG. 1. Migratory routes and developmental sites within the mosquito for viruses, malaria parasites, and filarial worms. Developmental sites within the mosquito
are defined by the letters A to H, and migratory routes are represented by lines. Following ingestion in a blood meal (A), all the pathogens enter the midgut (B). Viruses
(represented by ——) then enter the midgut epithelial cells (D), replicate, exit the cells, and travel through the hemolymph-filled hemocoel (E) to the salivary glands
(H), where they again replicate and reside until injected into a vertebrate host. Malaria parasites (designated by z z z z z z) remain in the midgut for several hours, where
they undergo syngamy and ookinete formation before they migrate through the formed peritrophic matrix (C). They then pass through the midgut epithelium and lodge
between this epithelial layer and the basal membrane of the midgut, where they undergo sporogony in oocysts to produce sporozoites. At maturity, the sporozoites
rupture the oocyst, travel through the hemocoel, and penetrate the salivary glands, where they reside until injected into a host. When the filarial worms responsible
for human disease (– – – –) and dog heartworm (– z – z –) are ingested in a blood meal, the former penetrate the midgut epithelium and migrate to their developmental
site in the thoracic musculature (G) and the latter travel through the midgut lumen, migrate up the lumen of the Malpighian tubules, and enter the distal cells of the
tubules, where they develop intracellularly (F). Following a period of development, infective third-stage filarial larvae break out of the thoracic musculature or the
Malpighian tubules and enter the hemocoel, where they migrate thorough the open circulatory system to the head region. Unlike malaria sporozoites and viruses, which
are directly injected into a host when a blood meal is ingested, infective-stage filarial worms actively emerge from the head region of the mosquito and are deposited
on the surface of the vertebrate skin, which they enter through the wound made by the mosquito bite.
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Figure: Developmental sites and migratory routes within the mosquito. Blood meal (A), midgut (B),
peritrophic matrix (C), midgut epithelial cells (D), hemolymph-filled hemocoel (E), Malpighian tubules (F),
thoracic musculature (G), salivary glands (H). Viruses (—), malaria parasites (. . .), filarial worms of
humans (- - -) and dog heartworm (-.-.-) (Beerntsen et al., 2000)
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element was linked to a genomic clone of the Drosophila cin-
nabar (cn) gene, which is a morphological marker coding for
kynurenine 3-hydroxylase, and then injected into embryos of A.
aegypti deficient in this enzyme (khw) (52). The presence of
colored eyes in the offspring of the injected embryos and the
detection of an insertion into their genome by Southern blot
analysis indicated a successful transformation event (Fig. 4).

Investigations into additional markers and transposable el-
ements are in progress in order to make the transformation
process more efficient and streamlined. Although the mutant
khw strain has been used successfully for transformation stud-
ies, it is not a particularly robust mosquito (Beerntsen and
James, unpublished). Therefore, there is a need for visible
markers, such as green fluorescent protein (GFP) (26) or yel-
low fluorescent protein (YFP) (156), that, because they do not
need to be introduced into a particular recipient strain, can
facilitate the assessment of a target gene in any strain of mos-
quito. Toward this end, Peter Atkinson and his research group
at the University of California—Riverside have been investi-
gating GFP as a visible marker for transformation. They have
used the Hermes element to successfully transform A. aegypti
with GFP and have observed expression in transformed off-
spring in all developmental stages from the embryo to the adult
(188). YFP also has been used successfully as a marker in
transformation experiments of A. aegypti, with expression pat-
terns similar to those observed with GFP (D. A. O’Brochta,
personal communication). Other transposable elements, in-
cluding Minos and piggyBac, also are being tested as possible
transformation vectors. Each is effective in mediating transpo-
sition in the Mediterranean fruit fly, Ceratitis capitata (90, 131),
and they now need to be assessed for their ability to integrate
into mosquito genomes.

Currently, transformation of the A. gambiae genome is an
area of intense research due to its importance as a vector of
human malaria. Although success in this arena has been
slower, Zhao and Eggleston (268) recently demonstrated that
the Hermes element mediated the stable transformation of an

A. gambiae cell line. It is now probably only a matter of time
before Anopheles spp. are successfully transformed.

With the success of transformation in A. aegypti, it becomes
possible to genetically engineer a pathogen-resistant mosquito.
Genes with the potential to inhibit parasite development can
now be introduced into the A. aegypti genome, expressed in
specific locations, and assayed for their ability to block patho-
gen transmission. The antipathogen gene would be a part of a
chimeric gene that also would include the transposable ele-
ment, a marker gene to identify transformants, and a promoter
to direct expression of the antipathogen gene in specific tis-
sues. Depending upon the developmental sites of a particular
parasite or virus, the antipathogen gene would be expressed
specifically in salivary glands, hemolymph, midgut, Malpighian
tubules, or thoracic musculature. Recently, tissue-specific gene
expression has been demonstrated in transformed mosquitoes
using a promoter/reporter construct (46). In these studies, sal-
ivary gland promoters for the Maltase-like I (Mal1) (106) and
Apyrase (Apy) (225) genes were able to direct the expression of
recombinant firefly luciferase in Hermes-transformed A. aegypti
in a developmentally specific and sex- and tissue-specific man-
ner (i.e., in adult female salivary glands) that was identical to
the expression of the endogenous genes.

There are a number of candidate molecules that could serve
as antipathogen gene products. Each molecule has advantages
and disadvantages that must be critically assessed to find an
antipathogen molecule whose production creates the least pos-
sible physiological stress on the mosquito (105). Antipathogen
molecules could be endogenous mosquito genes that would be
expressed and then subsequently limit parasite transmission.
Candidate molecules include mosquito defensins and cecropins
that usually are not produced in response to infection with
filarial worms or malaria parasites but are effective against
eukaryotic parasites (28, 135, 136). Serine proteases and phe-
noloxidases that are critical enzymes in the melanotic encap-
sulation pathway may be other potential antipathogen mole-
cules. Antipathogen molecules also might include a mosquito
receptor that facilitates tissue invasion by binding to a partic-
ular pathogen ligand. In this scenario, an overexpressed solu-
ble receptor would bind competitively to the pathogen ligand
and, in turn, prevent it from recognizing and binding to tissue-
bound receptors. Likewise, an overexpressed soluble form of
the pathogen ligand could competitively bind to the mosquito
receptor and prevent binding of the pathogen-bound ligand. In
either situation, the required pathogen-tissue interaction does
not occur and pathogen transmission is prevented. A resistant
phenotype also can be created by expressing recombinant sin-
gle-chain (ScFv) antibodies (260) designed from monoclonal
antibodies that block pathogen invasion of mosquito tissues.
For example, monoclonal antibodies to the P. gallinaceum cir-
cumsporozoite protein, which is the most abundant surface
protein on sporozoites, block sporozoite invasion of salivary
glands (256) and vertebrate host tissue (116, 192, 203). Studies
now are in progress to express anti-circumsporozoite protein
recombinant ScFvs in the hemolymph and salivary glands of
mosquitoes in an effort to prevent malaria transmission (105).

Engineering a parasite-resistant mosquito population will no
doubt depend upon not only selecting a suitable antipathogen
effector molecule but also linking it to a suitable promoter such
that the resulting chimeric resistance gene minimizes the fit-
ness cost to the recipient mosquito. Promoters that are induced
only following ingestion of a blood meal might lessen the
fitness cost compared with a constitutive promoter. Examples
of inducible promoters associated with blood feeding would be
midgut genes like glutamine synthetase (224) or the late tryp-
sin gene (3). However, the timing of gene expression is a

FIG. 4. Eye color phenotypes in Hermes-transformed adult A. aegypti. Trans-
formation of the khw (white-eye) strain of Aedes aegypti with a Hermes transposon
carrying a wild-type copy of the D. melanogaster cinnabar gene (encoding kynure-
nine hydroxylase) restores eye color. Counterclockwise from the top left: head of
a wild-type mosquito showing deep purple eyes; head of a khw/khw mosquito
showing white eyes; three heads of transformed mosquitoes from independent
Hermes insertions showing different eye colors. The variability in the eye color
among transformed lines presumably results from insertion site effects that
modulate the expression of the transgene.
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Figure: Transformation of the khw (white-eye) strain of Aedes aegypti with a Hermes transposon
carrying a wild-type copy of the D. melanogaster cinnabar gene (encoding kynurenine hydroxylase)
restores eye color. Counterclockwise from the top left: head of a wild-type mosquito showing deep purple
eyes; head of a khw /khw mosquito showing white eyes; three heads of transformed mosquitoes from
independent Hermes insertions showing different eye colors (Beerntsen et al., 2000).
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causing instability of the inserted sequence. If this were the

case, stabilisation of the inserted sequences would come

about by loss or damage of the element’s inverted repeats.

The mariner transposable element has also been success-

fully used for the transformation of A. aegypti. However,

transformation rates were not as high (,4–6%) (Coates et

al., 1998; Moreira et al., 2000) as for Hermes (4% to 12%)

(Jasinskiene et al., 1998; Pinkerton et al., 2000; Moreira et

al., 2000; Allen et al., 2001). Integration of plasmid flanking

sequences was also detected in mosquitoes transformed by

mariner (Coates et al., 1998). A Minos-construct trans-

formed Anopheles stephensi efficiently (,10%; Catteruccia

et al., 2000a) but flanking plasmid sequences were detected

when used to transfect A. gambiae cell lines (Catteruccia et

al., 2000b). Alternatively, the piggyBac element appears to

have many desirable advantages. It has high transformation

rates (up to 60% in Coleoptera; Berghammer et al., 1999; 5–

10% for A. aegypti; Kokoza et al., 2001a; 3.5–6.5% for A.

stephensi; Ito et al., 2002 and data not shown) and seems to

integrate precisely (Grossman et al., 2000, 2001; Kokoza et

al., 2001a; Nolan et al., 2002).

4. Selection of markers for transformation

Initial attempts to transform mosquitoes used insecticide

and antibiotic resistance genes as markers (Miller et al.,

1987; McGrane et al., 1988; Morris et al., 1989). This

approach turned out to be problematic because of the difficulty

of discriminating transformed from non-transformed larvae.

Drug concentrations that kill 100% of the non-transformed

larvae and allow the survival of every transformed larva

were difficult to determine and resulted in the selection of

too many false-positives. The use of genes that correct a muta-

tion of an eye colour gene proved to be far superior and

successful. A major breakthrough in the early days of Droso-

phila transformation was the discovery that the Drosophila

cinnabar gene encoding the kynurenine hydroxylase could

rescue the A. aegypti white-eye colour mutation (Cornel et

al., 1997). Using this eye colour marker Coates et al. (1998,

1999) and Jasinskiene et al. (1998) first reported the stable

transformation of A. aegypti using Hermes and mariner trans-

posable elements. Although effective, this strategy has the

disadvantage that it can only be used with organisms for

L.A. Moreira et al. / International Journal for Parasitology 32 (2002) 1599–1605 1601

Fig. 1. Pattern of green fluorescent protein (GFP) expression in transgenic Anopheles stephensi mosquitoes transformed with a piggyBac vector (Horn et al.,

2000). The GFP gene was under the control of the eye-specific 3XP3 promoter. (A) Two larvae: transgenic (bottom) and non-transgenic (top). GFP is visible in

the ocelli and salivary glands of the transgenic larva. (B) Transgenic pupa. Note GFP fluorescence in some of the eye ommatidia. (C) Eyes of a non-transgenic

(left) and transgenic (right) mosquito. Note that while all eye ommatidia of the transgenic mosquito express GFP, the pattern of fluorescence depends on the

angle of incident light.

Figure: Pattern of green fluorescent protein (GFP) expression in transgenic Anopheles stephensi
mosquitoes transformed with a piggyBac vector (Horn et al., 2000). The GFP gene was under the control
of the eye-specific 3XP3 promoter. (A) Two larvae: transgenic (bottom) and non-transgenic (top). GFP is
visible in the ocelli and salivary glands of the transgenic larva. (B) Transgenic pupa. Note GFP
fluorescence in some of the eye ommatidia. (C) Eyes of a non-transgenic (left) and transgenic (right)
mosquito. Note that while all eye ommatidia of the transgenic mosquito express GFP, the pattern of
fluorescence depends on the angle of incident light (Moreira et al., 2002).
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Cheating Mendelian Inheritance: gene drives

within the host80, and therefore could be used to 
express transgenes that target pathogens in vector 
species81–84.

The most important parameters that affect the spread 
of Wolbachia are the relative hatch rates from incompat-
ible versus compatible crosses (penetrance of CI), the 
relative fecundity of infected females, and the maternal 
transmission efficiency. If Wolbachia reduce fecundity 
or show imperfect maternal inheritance, the frequency 
of infected individuals must first exceed a threshold 
value before spread can begin85. Drosophila simulans 
has been used as a model species for understanding 
Wolbachia population invasion, although the infected 
Aedes albopictus and Culex quinquefasciatus mosquito 
species show more favourable spread dynamics — very 
high frequencies of maternal transmission and pen-
etrance of CI, and lack of observable fitness costs86,87. 
The threshold frequency that would have to be exceeded 
before Wolbachia becomes positively selected would be 
far lower than in D. simulans.

There are several advantages of using Wolbachia as a 
drive system. Its wide host range77 means that Wolbachia 
that are transformed to express a particular anti-pathogen 
product would probably also be applicable to a range of 
secondary vectors, although this also means there is a 
small risk of movement into non-target species (although 
such events do happen, they are ecologically very rare). 
Outcrossing to maximize fitness is facilitated by its 
maternal inheritance, because no selection would be nec-
essary after crossing infected females with field-caught 
males. Opportunities for recombination with wild-type 
Wolbachia strains would be limited owing to its strict 
intracellular location and maternal inheritance, and it 
is not expected to be unduly affected by the presence 

of inserts (BOX 2). Repeated spread and invasion of 
naturally Wolbachia-infected populations are possible 
using superinfections of different Wolbachia strains that 
can be created by microinjection88.

One disadvantage to the use of a Wolbachia-based 
effector-gene expression system is that insect tissue or 
stage-specific promoters to restrict transgene expression, 
which reduce fitness costs, cannot be used. An alterna-
tive that would allow the use of such promoters would 
be to identify and use the genes that control CI as the 
basis of a nuclear drive system, analogous to Medea. 
Modelling has shown that this approach can be efficient 
in Wolbachia-infected populations89; however, the feasi-
bility of this strategy can only be properly assessed when 
the mechanism of CI is fully elucidated.

Alternative strategies for using Wolbachia and 
CI have also been proposed. A virulent Wolbachia 
strain called wMelPop shortens adult lifespan in 
D. melanogaster, in addition to inducing CI90. If suc-
cessfully transferred into vector insects this phenotype 
could be used to reduce disease transmission83,91. Only 
a small percentage of the population survives long 
enough to transmit pathogens, owing to the pathogen 
extrinsic incubation period. Modelling has shown 
that despite reducing fitness such a strain could still 
spread under a range of conditions, although increased 
release frequencies would be required, and could 
markedly reduce disease by removing the sector of 
the mosquito population that is responsible for most 
pathogen transmission.

The most important research priorities for the devel-
opment of a Wolbachia-based drive system are achieving 
stable Wolbachia transformation and developing the 
means for secretion of effector gene products into the 

Table 1 | Comparative characteristics of potential drive systems* 

Characteristic Classes of potential drive systems

Transposable 
elements

Natural meiotic 
drive 

Engineered meiotic 
drive or HEG

Engineered 
underdominance

Wolbachia

Is a release threshold required 
before population spread begins?

No No No Comparatively 
high

Usually low 

Is efficiency of drive dependent on 
insert size?

Yes No No; unknown for 
HEGs

No No

Is there a mechanism for repeated 
spread?

Different 
transposable 
elements might be 
required

No Redesign of target 
sequence 

Different 
promoters and 
suppressors 

Incompatible 
strains

Can insect tissue-specific 
promoters be used? 

Yes Yes Yes Yes No

Is there a mechanism for transgene 
removal from the population? 

No No Redesign of target 
sequence 

Large-scale 
release of wild-
type insects

Incompatible 
strains

Is there a risk of spread to non-
target species?

Low Close to zero Close to zero Close to zero Low

Is the system known to function in 
important pest species?

Yes Yes, but insensitivity 
alleles occur

No No Yes 

Is there a potential use for the 
same system in secondary vectors?

Yes Unlikely Yes Yes Yes

*In many cases the data that support specific characteristics of a drive system are still preliminary. In this table we make the assumption that for all drive systems, 
strains can be constructed with low fitness costs and appropriate levels of gene expression. HEG, homing endonuclease gene.
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Figure: Comparative characteristics of potential drive systems
(Sinkins and Gould 2006)
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Figure: Transmission of a conventional allele compared with that of an active transposable element
such as the P element. Note that, in the case shown, 75% of the gametes contain transposable elements,
and thus this element could afford to kill up to 25% of its offspring and still become fixed in the population
(Kidwell and Ribeiro, 1992).
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Figure: Gene drive dynamics (Hua-van et al. 2005).
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Parasitology Today, vol. 8, no. I0, 1992 327 

transposition. For example, there is considerable 
circumstantial evidence for the recent, rapid, 
worldwide invasion of P dements (Fig. 2 and Ref. 
16). The results of Drosophila population cage 
experiments are consistent with this extremely 
rapid spread 7'8'1°. 

Many mathematical models of the dynamics of 
transposable elements have been developed (see 
Refs 17, 18), and some of these are now beginning 
to be adapted and used to try to understand the 
factors that determine whether transposable el- 
ements will invade and become fixed in previously 
naive populations. Although there is much current 
discussion regarding mechanisms of regulation of 
transposition and how such mechanisms might 
affect the population genetics, there is general 
agreement that transposable elements, under 
certain circumstances;, will spread quickly into wild 
type populations, even when this spread is at the 
cost of reduced fitness of their hosts. This apparent 
paradox may be explained easily when the inherit- 
ance of a Mendelian allele is compared to the 
inheritance of a transposable element (Fig. 1). 

In contrast to the case of a Mendelian allele, when 
a transposable element-bearing individual mates 
with a wild type one, the element in the hybrid may 
transpose to one of many sites in the genome, 
eventually spreading: to all of the chromosomes. 
This means that F1 hybrid gametes will contain 
more than 50% of the T gametes expected if 
inheritance is strictly Mendelian. This is why many 
transposable elements that have a transposition 
efficiency of one, ie. 100% of the hybrid gametes 
carry transposable elements, can kill nearly 50% of 
their offspring (equJivalent to reducing fitness by 
50%) and yet spread and become fixed in popu- 
lations. They thus have a twofold advantage over 
their Mendelian counterparts. For example, with an 
efficiency of one, and a decrease in fitness of 40%, 
the element will still have an advantage over the 
wildtype. Ahernatiw:ly, with an efficiency of 80%, a 
transposable element could afford to kill 30% of its 
hosts and still, spread to all individuals in the 
population. It is no wonder that more than half of 
the genomes of many eukaryotes are composed of 
such DNA sequences, or their remains 19. 

In the case of P elements, a reduction in 
transposition frequency often occurs following the 
spread of these elements in a population. This is 
due, at least in part, to the formation of a number of 
truncated, nonautonomous elements that produce a 
defective transposase that inhibits transposition 2°. 
This state of transposition quiescence is thus 
maintained when two P individuals mate within a 
stable P population, but when a P-bearing indi- 
vidual mates with a wildtype individual, this 
regulation breaks down and transposition occurs. 
Based on the P element model, the choice of a 
transposable element to drive a gene into a wild 
population will, therefore, depend on the absence of 
the element in the recipient species. However, other 

families of elements, with different types of regu- 
lation, may not be limited in this way. 

Experimental data on the behavior of P elements 
in populations is consistent with the theoretical 
predictions of the model developed in Box 1. P 
elements in nature have an efficiency of trans- 
position that is close to unity, because high genomic 
P element copy number in P flies ensures that the 
progeny will also be of the P type. Also, the 
frequency of hybrid dysgenic sterility, a measure of 
the decrease in fitness associated with P element 
transposition, is typically less than 50% in crosses 
involving natural populations zl, an observation that 
is in accordance with the predictions of the models 
for successful spread 18'zz. The challenge today is to 
find out whether these elements can be engineered 
(loaded) and used as vehicles to drive 'foreign' genes 
into wild populations. 

A mechanism to drive genes? 
Despite the now-routine practice of inter- and 

intra-specific gene transfer in Drosophila (using the 
method of P dement  transformation11), and 
evidence that transposable elements, such as the P 
element, can spread rapidly in natural populations, 
we have very little knowledge of whether these 
elements will spread in a similar way if they have 
been 'loaded' with additional DNA sequences. 
There is evidence that transformation frequency is 
associated with the size of the additional se- 
quences 8. Also, simulation studies predict that the 
probability of spread of a transposable element is 
critically affected by the values of certain par- 
ameters, namely, the basic reproductive rate of the 
element-bearing individuals, the infectivity of the 
element and the size of the population (J.M.C. 
Ribeiro and M.G. Kidwell, unpublished). How- 
ever, much work is still needed to find the answers 
to a number of outstanding problems. 

Problems 
The first problem to be solved for the majority of 

insect species is the identification of suitable trans- 
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Fig. 2. Graph showing the rapid spread of P elements in populations 
of Drosophila melanogaster worldwide during the past 70 years. 
(Adapted from Ref. 16.) P element-bearing strains are represented 
by closed triangles. Strains lacking P elements are represented by 
open squares. 

Figure: Graph showing the rapid spread of P elements in populations of Drosophila melanogaster
worldwide during the past 70 years. P element-bearing strains are represented by closed triangles.
Strains lacking P elements are represented by open squares. (Kidwell and Ribeiro, 1992)
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Types of trees: Birth, Death and Inactivation

species are active today [10]. There are several mechan-
isms by which ERVs can proliferate and these are
becoming increasingly well understood [2]. Proliferation
can occur by an intra-cellular retrotransposition process
within the germline, either in cis (where the virus supplies
all the necessary proteins for replication) or in trans
(where defective viruses are complemented by proteins
from other viruses). Alternatively, ERVs might form
infectious exogenous particles and thereby reinfect germ-
line cells. It is possible to distinguish among these
mechanisms by determining whether purifying selection
has been acting on the retroviral genes gag, pol and env.
Reinfection requires functional copies of all three genes,
whereas retrotransposition in cis requires only gag and
pol. Retrotransposition in trans requires an intact
promoter, located within the long terminal repeats
(LTRs), and other motifs for the expression and packaging
of viral RNA, but does not require any functional
retroviral genes. A comparison of purifying selection
amongst genes shows that the majority of HERV families
have proliferated by reinfection [7,11]; we concentrate on
that mechanism here. The purifying selection observed in
HERV families is consistent with multiple rounds of
reinfection between proliferation events, as is the case
with murine leukaemia virus [12,13]. A small number of

HERV families appear to have retrotransposed and,
interestingly, these have reached greater copy numbers
in the genome than their reinfecting counterparts [11].

There is a good chance that new ERV elements will
acquire mutations during reinfection or retrotransposition
because both mechanisms involve an error-prone reverse
transcriptase replication. Some mutations, such as stop
codons and frameshift mutations, will render new ele-
ments immediately inactive (i.e. unable to proliferate by
reinfection or retrotransposition in cis). By contrast, re-
activating back mutations will be improbably rare. Once
integrated into the genome, ERV elements will also accu-
mulate host-induced inactivating mutations as a result of
replication errors during host cell division. Additionally,
recombination between the proviral LTRs will remove the
coding region of the ERVs, leaving behind only a ‘solo LTR’
[14,15]. These can be thought of as ‘fossil’ ERVs that
accrue cumulatively through time – hence w85% of HERV
elements are present in this deleted form [4,8].

Modelling the evolutionary dynamics of ERVs

Current models of retroelement proliferation are informal
and fall into a continuum. At one extreme is the ‘strict
master gene’ model [16], in which just one actively
proliferating element exists and produces only inactive
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TRENDS in Microbiology 

Figure 1. Comparison of observed and simulated HERV family phylogenies. (a), (c) and (e) are phylogenies of the HERV-K(HML5), HERV-F(b) and HERV-K(HML2) families,

reconstructed from real data. (b), (d) and (f) are selected simulated phylogenies of the same size, obtained using the model in Box 2 (simulation software available from the

authors on request). Each simulation was performed for a length of time directly proportional to the phylogeny depth in Table 1. Tree imbalance and starlike-ness statistics

(B1 and g) are reported for each phylogeny. Phylogeny (b) was simulated using parameters bZ1.3, dZ0.05, pZ0.72 and iZ0.35; phylogeny (d) was simulated using

parameters bZ6, dZ0.05, pZ0.95 and iZ0.35; phylogeny (f) was simulated using parameters bZ1.1, dZ0.1, pZ0.65 and iZ0.35. The units of b, d and i are per lineage, per

unit genetic distance.

Opinion TRENDS in Microbiology Vol.13 No.10 October 2005464

www.sciencedirect.com

Figure: Phylogenies of the human endogeneous retrovirus HERV-K(HML5), HERV-F(b) and
HERV-K(HML2) families, reconstructed from real data (Katzourakis et al., 2005).
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Phylogeny and Demography

subtype B (although exponential growth cannot be
ruled out). This suggests that, for HIV-1, skyline
plots have greater discriminatory power than do
LTT plots, which indicate only that both subtypes
have increased exponentially22.

Both LTT and skyline plots are appropriate for
exploratory analyses of population change because
they do not make assumptions about the form of this
change. Thus, they help in the subsequent choice of 
a demographic model for parameter estimation;
however, they do not provide formal tests of
hypotheses or model selection procedures.

Survival models

New work has approached the problem of 
estimating demographic history from gene sequence
data using statistical models that were originally
designed for the analysis of survival data23–25. The
data used are divergence times among a group of
sequences as estimated from a phylogenetic tree.
The number of lineages within a reconstructed
phylogeny increases with time but, if the time axis 
is reversed, it provides a representation of survival
data with one lineage dying at each dichotomous
node. The ages of the divergences measured on 
the phylogeny from present to past can thus be
considered as failure times. Some failure times 
are often not precisely known in survival data, and
this is called CENSORING26. Consequently, branching
times that are not exactly known can be treated as
censored or interval-censored data23,24. This 
method assumes that, for each lineage, there is an
instantaneous diversification rate δ(t), which is
estimated by maximum likelihood analysis and 
has two components, an instantaneous birth rate
σ(t) and an instantaneous death rate ε(t). It is
assumed that σ(t) and ε(t) cannot be estimated
separately, which can be justified because the
information about death events can only be found 
in the extinct lineages24,25. An advantage of this
survival method is that it allows for MULTIFURCATIONS
in tree topology.

In survival analyses, the change (or constancy)
through time of δ(t) is specified by a simple curve,
called a hazard function. LIKELIHOOD RATIO TESTS
(LRT) and AKAIKE INFORMATION CRITERIA (AIC) are 
then calculated to compare models with different
assumptions with respect to δ(t), and thus test
hypotheses on the tempo of growth in lineage
number. Specifically defined models of
diversification can be constructed for analysing
differences in demographic histories between clades
(or groups of lineages). With several clades under
analysis, models can range from the null model,
where all clades have the same δ, to a model where
all clades have a different δ. Although developed
primarily to examine phylogenies of recent species,
the use of survival models is equally suited to
intraspecific gene genealogies, and has been used 
to compare population demographic histories of
island populations of beetle species on the
Canary Islands27,28.

TRENDS in Ecology & Evolution Vol.16 No.12  December 2001

http://tree.trends.com
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(a)
A B C D E
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F G H I J

(c) K LM N O
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Past

Past
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F G H I J
Present

Present
K L M N O

Fig. 1. Hypothetical genealogies and corresponding phylogenetic trees
from (a) a population of constant size, (b) an exponentially growing
population, and (c) an exponentially declining population. In all cases,
current populations are of equal size (n =15) and five sequences (A –E,
F–J, and K–O) were sampled from each population. Differences in tree
topologies are due only to the effects of sampling sequences from
populations with different dynamics. The coalescent provides a robust
theoretical framework that relates the expected time between
coalescent intervals (node heights in the tree) and past population
dynamics. Thus, using coalescent-based methods, it is possible to infer
historical changes in population size from samples of gene sequences
obtained from extant populations.

Figure: A fundamental result of coalescent theory in population genetics is the finding of a
relationship between COALESCENT TIME and population size. For any two sequences drawn from a
population, the probability that they coalesce at a given point in history is a function of population size
(Emerson et al., 2001).



GMM

CJ Struchiner

Players

Vector

Gene Drive

Coalescence

What we did
Steps

Pipeline

Mining for TEs

Branching

Results 1

Genetic
Complexities

Steps

1. mining the two mosquito genomes currently available
in search of TE families;

2. fitting, to selected families found in (1), a phylogeny
tree under the general time-reversible (GTR)
nucleotide substitution model with an uncorrelated
lognormal relaxed clock (UCLN) and a
non-parametric demographic model;

3. fitting a non-parametric coalescent model to the tree
generated in (2);

4. fitting parametric models motivated by ecological
theories to the curve generated in (3).
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Like a Virus

400 nucleotides upstream of Pol II–tran-
scribed genes (13).

The retroviruses HIV (human immunode-
ficiency virus) and MLV (mouse leukemia
virus) share many structural features with
LTR retrotransposons. In general, HIV in-
serts into many sites throughout actively tran-
scribed genes (14), whereas MLV integrates
preferentially into the promoters of active
genes (15). The preference of retroviruses for
insertion sites in and around genes may ex-
plain the occurrence of leukemia-producing
insertions into the promoter of the LMO-2
gene in 2 of 10 patients undergoing retroviral
gene therapy for severe combined immuno-
deficiency (16).

Non-LTR Retrotransposons
Non-LTR retrotransposons are typified by
LINE-1 (long interspersed nucleotide ele-
ments–1, or L1) elements of mammals. Full-
length non-LTR retrotransposons are 4 to 6
kb in length and usually have two open
reading frames (ORFs), one encoding a
nucleic acid binding protein, and the other
encoding an endo-
nuclease and an RT
(Fig. 1). Because
these elements en-
code activities nec-
essary for their ret-
rotransposition, they
are called autonomous
even though they prob-
ably also require host
proteins to complete
retrotransposition.

Some non-LTR ret-
rotransposons integrate
at specific genomic
sites. R1 and R2
of Drosophila melano-
gaster and Bombyx
mori integrate at specif-
ic ribosomal RNA gene
locations (17), where-
as heT-A and TART
elements help maintain
the telomeres of Dro-
sophila melanogaster
chromosomes (18) and
TRAS1 and SART1 in-
tegrate into telomeric
repeats of B. mori (19).
In contrast, mammalian
L1 elements apparently
integrate at a very large
number of sites in the
genome because their
endonuclease prefers to
cleave DNA at a short
consensus sequence
(5�-TTTT/A-3�, where /
designates the cleavage
site) (20, 21).

Our knowledge of most of the steps lead-
ing to retrotransposition of non-LTR retro-
transposons is sketchy except for the reverse
transcription process. In contrast to reverse
transcription of LTR retrotransposons and
retroviruses, this process takes place on nu-
clear genomic DNA through target primed
reverse transcription, or TPRT (Fig. 2) (22,
23). The great majority of mammalian L1
insertions are 5� truncated and much less than
the full length of 6 kb. However, the mech-
anism of 5� truncation is still unclear. In
about 30% of mammalian L1 insertions, but
not in Drosophila R1 or R2 insertions, the 5�
end of the insertion sequence is inverted. A
likely explanation for this phenomenon is a
variation on TPRT, called “twin priming”
(Fig. 2 legend) (24).

Retroelements Distinct from Both LTR
and Non-LTR Retrotransposons
Two infrequently observed families of retroele-
ments distinct from both LTR retrotransposons
and non-LTR retrotransposons have been de-
scribed. One is the DIRS1-like family that lacks

many characteristics of both LTR and non-LTR
retrotransposons. Discovered in Dictyostelium
discoideum, these elements have RT domains
with homology to LTR retrotransposons, but
they lack the aspartate protease and D,D35E
integrase of LTR retrotransposons (25). They
also lack typical LTRs, polyadenylate [poly(A)]
tails, and target-site duplications. Their mecha-
nism of integration is mysterious, but they may
generate closed-circle DNA by reverse transcrip-
tion, followed by integration using DNA
recombination.

The second family is an unusual class of
elements, exemplified by Penelope of Dro-
sophila virilis and Athena of bdelloid rotifers,
which contain characteristics of both non-
LTR and LTR retrotransposons (26). Like
non-LTR retrotransposons, they are frequent-
ly 5� truncated and have variable-length
TSDs. However, some have LTRs, either in a
direct or inverted orientation. Importantly,
their RT is disrupted by a short, classic intron
that contains in-frame stop codons and frame-
shifts, and intronless elements have not been
found. Moreover, their RT sequence is close-

Fig. 1. Classes of mobile elements. DNA transposons, e.g., Tc-1/mariner, have inverted terminal inverted repeats (ITRs) and
a single open reading frame (ORF) that encodes a transposase. They are flanked by short direct repeats (DRs). Retrotrans-
posons are divided into autonomous and nonautonomous classes depending on whether they have ORFs that encode
proteins required for retrotransposition. Common autonomous retrotransposons are (i) LTRs or (ii) non-LTRs (see text for
a discussion of other retrotransposons that do not fall into either class). Examples of LTR retrotransposons are human
endogenous retroviruses (HERV) (shown) and various Ty elements of S. cerevisiae (not shown). These elements have terminal
LTRs and slightly overlapping ORFs for their group-specific antigen (gag), protease (prt), polymerase (pol), and envelope
(env) genes. They produce target site duplications (TSDs) upon insertion. Also shown are the reverse transcriptase (RT) and
endonuclease (EN) domains. Other LTR retrotransposons that are responsible for most mobile-element insertions in mice are
the intracisternal A-particles (IAPs), early transposons (Etns), and mammalian LTR-retrotransposons (MaLRs). These elements
are not present in humans, and essentially all are defective, so the source of their RT in trans remains unknown. L1 is an
example of a non-LTR retrotransposon. L1s consist of a 5�-untranslated region (5�UTR) containing an internal promoter, two
ORFs, a 3�UTR, and a poly(A) signal followed by a poly(A) tail (An). L1s are usually flanked by 7- to 20-bp target site
duplications (TSDs). The RT, EN, and a conserved cysteine-rich domain (C) are shown. An Alu element is an example of a
nonautonomous retrotransposon. Alus contain two similar monomers, the left (L) and the right (R), and end in a poly(A) tail.
Approximate full-length element sizes are given in parentheses. [Modified from (31)]

R E V I E W

www.sciencemag.org SCIENCE VOL 303 12 MARCH 2004 1627

Figure: Classes of mobile elements: inverted terminal inverted repeats (ITRs); open reading frame
(ORF); short direct repeats (DRs); human endogeneous retrovirus (HERV); target site duplications
(TSDs); reverse transcriptase (RT); endonuclease (EN); intracisternal A-particles (IAPs); early
transposons (Etns); mammalian LTR-retrotransposons (MaLRs); 5-untranslated region (5UTR); poly(A)
tail (An); target site duplications (TSDs). Approximate full-length element sizes are given in parenthese
(Kazazian, 1994).
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PILER: identification and classification of genomic repeats

A tandem array (TA) is a contiguous series of intact
instances of a single element. An element found in a TA is
a satellite. A dispersed family (DF) has members that are
typically separated in the genome, i.e. that are rarely or never
found in tandem. DFs are often mobile elements such as trans-
posons or retrotransposons. A family that is not a TA but
whose members cluster in the genome is a pseudosatellite
(PS). PSs are intermediate between satellites and dispersed
repeats. In borderline cases the distinctions are arbitrary, but
it is nevertheless useful to define a separate category. Bio-
logically, satellites and PSs may be associated with similar
elements, and may not be distinguishable by low-resolution
experimental techniques such as fluorescence in situ hybrid-
ization. For example, the SAR_DM element1 in Drosophila
melanogaster is found both in satellites and PSs. Algorithmic-
ally, limiting a search to neighboring regions has advantages
that will be explained shortly. If the termini of an intact ele-
ment align with each other, it has a terminal repeat (TR). TRs
may be reverse complemented, as in Tc1 transposons, or may
not be so, as in Gypsy retrotransposons. TRs range in length
from a few bases to a thousand or more. We use the term ran-
dom process to mean an evolutionary mechanism that does not
show strong preferences for particular sequence signals: the
canonical example is segmental duplication. Unlike mobile
elements and satellites, which tend to produce multiple cop-
ies of a single element, segmental duplications are unlikely
to choose the same endpoints in two separate duplication
events. Each of these classes of elements, TA, PS, DF and TR,
can produce distinctive signatures or patterns of hits that are
highly unlikely to occur by chance, allowing reliable element
constructions. Intact, isolated members of a DF produce glob-
ally alignable regions (Fig. 1). While two globally alignable
regions are readily produced by segmental duplication, find-
ing three or more strongly suggests a process that is specific
to the sequence, such as a mobile element. TAs produce pyr-
amids (Fig. 2). Families with TRs produce overlapping hits
that fall into two subsets: (1) those close to the main diagonal
produced by a single instance and (2) hits aligning TRs from
opposite ends of different instances which are found at larger
and varying distances form the main diagonal (Fig. 3). In the
following sections, we describe efficient search algorithms for
these signatures that are implemented in our PILER package.

2 METHODS
2.1 Definitions
A hit is a local alignment of two regions Q and T , called its
images. The endpoint coordinates of image Q are denoted by
start(Q) and end(Q). Q = partner(T ) is the partner image of
T , and vice versa. We assume the length of the genome is L,
the set of input hits is H , the number of hits is N = |H |, and
the total length of all images in H is S.

1We use RepBase identifiers for known elements.
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Fig. 1. Signature induced by a DF. This is a schematic view of a
dot plot of a genome against itself with hits indicated by diagonal
lines. Intact, isolated members of a DF are seen as three globally
alignable regions, inducing hits x, y and z of similar length. The
dotted line is the main diagonal of the dot plot. Alignments in the
lower-left triangle are redundant by symmetry. Upper case letters
represent elements; subscripts distinguish instances.

B1 B2 B3 B4

B1

B2

B3

B4

a

Fig. 2. The signature induced by a TA. A TA appears in a dot plot
as a triangle filled by diagonal stripes, a feature we call a pyramid.
(To see a picture of a pyramid and its reflection, rotate the figure 45◦
anticlockwise). Notation is similar to Figure 1. Hits are separated
by diagonal distance a, which is the length of the repeated element
(B). Hit endpoints align, as suggested by the horizontal and vertical
dashed lines.

2.2 Finding local alignments
To find local alignments of minimum length (λ) and minimum
identity (µ) we used the filtration method of Rasmussen et al.
(2005) in a software tool PALS (Pairwise Alignment of Long
Sequences) that we developed (http://www.drive5.com/pals).
The indels required to make each local alignment explicit
are not computed, reducing computational overhead. The
algorithms described here require only hit endpoints and
so each hit requires only four integers of storage. PALS is

i153

Figure: Characteristic patterns of local alignments induced by certain classes of repeats (Edgar and
Myers, 2005)
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PILER: identification and classification of genomic repeats

A tandem array (TA) is a contiguous series of intact
instances of a single element. An element found in a TA is
a satellite. A dispersed family (DF) has members that are
typically separated in the genome, i.e. that are rarely or never
found in tandem. DFs are often mobile elements such as trans-
posons or retrotransposons. A family that is not a TA but
whose members cluster in the genome is a pseudosatellite
(PS). PSs are intermediate between satellites and dispersed
repeats. In borderline cases the distinctions are arbitrary, but
it is nevertheless useful to define a separate category. Bio-
logically, satellites and PSs may be associated with similar
elements, and may not be distinguishable by low-resolution
experimental techniques such as fluorescence in situ hybrid-
ization. For example, the SAR_DM element1 in Drosophila
melanogaster is found both in satellites and PSs. Algorithmic-
ally, limiting a search to neighboring regions has advantages
that will be explained shortly. If the termini of an intact ele-
ment align with each other, it has a terminal repeat (TR). TRs
may be reverse complemented, as in Tc1 transposons, or may
not be so, as in Gypsy retrotransposons. TRs range in length
from a few bases to a thousand or more. We use the term ran-
dom process to mean an evolutionary mechanism that does not
show strong preferences for particular sequence signals: the
canonical example is segmental duplication. Unlike mobile
elements and satellites, which tend to produce multiple cop-
ies of a single element, segmental duplications are unlikely
to choose the same endpoints in two separate duplication
events. Each of these classes of elements, TA, PS, DF and TR,
can produce distinctive signatures or patterns of hits that are
highly unlikely to occur by chance, allowing reliable element
constructions. Intact, isolated members of a DF produce glob-
ally alignable regions (Fig. 1). While two globally alignable
regions are readily produced by segmental duplication, find-
ing three or more strongly suggests a process that is specific
to the sequence, such as a mobile element. TAs produce pyr-
amids (Fig. 2). Families with TRs produce overlapping hits
that fall into two subsets: (1) those close to the main diagonal
produced by a single instance and (2) hits aligning TRs from
opposite ends of different instances which are found at larger
and varying distances form the main diagonal (Fig. 3). In the
following sections, we describe efficient search algorithms for
these signatures that are implemented in our PILER package.

2 METHODS
2.1 Definitions
A hit is a local alignment of two regions Q and T , called its
images. The endpoint coordinates of image Q are denoted by
start(Q) and end(Q). Q = partner(T ) is the partner image of
T , and vice versa. We assume the length of the genome is L,
the set of input hits is H , the number of hits is N = |H |, and
the total length of all images in H is S.

1We use RepBase identifiers for known elements.
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dot plot of a genome against itself with hits indicated by diagonal
lines. Intact, isolated members of a DF are seen as three globally
alignable regions, inducing hits x, y and z of similar length. The
dotted line is the main diagonal of the dot plot. Alignments in the
lower-left triangle are redundant by symmetry. Upper case letters
represent elements; subscripts distinguish instances.
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Fig. 2. The signature induced by a TA. A TA appears in a dot plot
as a triangle filled by diagonal stripes, a feature we call a pyramid.
(To see a picture of a pyramid and its reflection, rotate the figure 45◦
anticlockwise). Notation is similar to Figure 1. Hits are separated
by diagonal distance a, which is the length of the repeated element
(B). Hit endpoints align, as suggested by the horizontal and vertical
dashed lines.

2.2 Finding local alignments
To find local alignments of minimum length (λ) and minimum
identity (µ) we used the filtration method of Rasmussen et al.
(2005) in a software tool PALS (Pairwise Alignment of Long
Sequences) that we developed (http://www.drive5.com/pals).
The indels required to make each local alignment explicit
are not computed, reducing computational overhead. The
algorithms described here require only hit endpoints and
so each hit requires only four integers of storage. PALS is
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Figure: Characteristic patterns of local alignments induced by certain classes of repeats (Edgar and
Myers, 2005)
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R.C.Edgar and E.W.Myers

hit1 hit2

D S2

T*2

S1

T1 T*1 T2

genome

hit3

Fig. 3. TR search. First, candidate TRs are identified as hits such as hit1 and hit2 that align images of lengths (T ) and separations (S) within
bounds for mobile elements with TRs. In a second pass, hits that align candidates with each other, such as hit3, are identified by the following
criteria: (1) its images are approximately a pair of candidate TRs (T ∗

1 , T2) from different hits found in the first pass, (2) the candidates ‘joined’
by this hit have similar separations (S1, S2) and (3) its images are sufficiently separated in the genome, i.e. have large enough D.

designed for repetitive sequences (e.g. there is no limit on the
total number of hits or on the number of hits that overlap a
given region), and has optimizations for the special case of
aligning a sequence to itself.

One such optimization is a banded search for alignments
between regions separated by a maximum distance β (the
diameter of the band), which allows sensitive searches in
sequences of effectively unlimited length. For example, a
whole-genome banded self-alignment of Arabidopsis thalania
(116 MB) with λ = 100, µ = 0.9, β = 105 requires 5 min on
a 2 GHz desktop PC with 1 GB RAM.

2.3 Piles
A pile is a list of all hits covering a maximal contiguous region
of copy count >0. We construct piles as follows.

Create vector c of length L, set to zero.
Let W be the set of all 2N images in H .
For each image Q in W :

for x = start(Q) to end(Q):
Set c[x] = c[x] + 1

{Now c[x] is the copy count of base x}
Set P = 0 {P is number of piles found so far}.
For x = 1 to L:

if c[x−1] = 0 and c[x] > 0: {is x start of new pile?}
Set P = P + 1

if c[x] > 0:
Set c[x] = P

{Now c[x] is the identifier of the pile that covers base x,
or zero if x is unique }

Create P empty piles. A pile is a list of images.
For each image Q in W :

Set p = c[start(Q)]
Add Q to pile p.

Assuming a constant average hit length, this procedure
is O(N ) and is efficient in practice for typical input data.
O(N log N ) solutions that are not sensitive to hit length are
also possible.

2.4 PILER-DF
PILER-DF is a search method designed to find intact, isol-
ated members of a DF (Fig. 1). These are identified as sets
of t or more globally alignable piles, where t ≥ 3 is a para-
meter of the algorithm. (The minimum of three is required
to distinguish a DF from a segmental duplication). We define
pile(Q) to be the pile containing Q, and is-global-image(Q)
as true if Q covers a fraction ≥g of the bases in pile(Q),
where g � 1 is another parameter. Given a set of piles
P the search is implemented in O(N ) time and space as
follows.

For each pile p in P :
For each image Q in p:

Let T = partner(Q)
if is-global-image(Q) and is-global-image(T ):

Add edge p−pile(T ) to G

Find connected components of G of order ≥ t .

Each connected component is classified as a DF and inter-
preted as a putative intact mobile element. Note the important
difference between searching for globally alignable piles
versus globally alignable hits. Let A1, A2 and A3 be intact
instances of element A, and a be a fragment of A. Hits a-A1,
a-A2 and a-A3 are globally alignable to each other, but a
multiple alignment of these hits produces a consensus sim-
ilar to a rather than the intact element A. By requiring piles,
rather than hits, to align globally, this problem is avoided
(because the intact copies align with each other and an a-Ai hit
is therefore not globally alignable to the pile containing Ai).
Note also that while many DFs are due to mobile elements,
other processes can cause the DF signature. In particular, a
functional region found in multiple segmental duplications
(e.g. a paralogous exon) presumably tends to be more highly
conserved than its surroundings, inducing globally alignable
piles during a window in evolutionary time where the sur-
rounding region is sufficiently degraded not to align but
the functional region is still alignable. We call such features
buttes (drawing an analogy between geological erosion and
mutation).
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Figure: Characteristic patterns of local alignments induced by certain classes of repeats (Edgar and
Myers, 2005)
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progeny. In opposition, the ‘transposon’ [17] or ‘random
template’ [16] model supposes that all elements are active
and equally likely to produce progeny. Between these
extremes lies the ‘intermediate’ model [18], which
supposes that a proportion of retroelements in a family
are capable of proliferating. Such models were suggested
initially for SINE and LINE elements [17], and have been
referred to subsequently in the ERV literature [19–21].
However, these models have not been formalized so
quantitative comparison and testing with real data are
not possible.

We introduce here a quantitative framework that
explicitly incorporates mechanisms of ERV reinfection
and inactivation, and which unifies the continuum of
models outlined earlier. The framework can be
implemented as: (i) a set of differential equations that
describes the long-term deterministic dynamics of ERV
proliferation (Box 1), or (ii) a stochastic branching process
that describes the shapes of observed ERV phylogenies
(Box 2). The former does not consider stochastic effects
that are important when the number of ERV elements in a
family is small. Both implementations consider how the
number of active and inactive elements in a family change
through time and depend on four parameters: b, the rate
at which active elements replicate by reinfection; p, the
proportion of progeny that are inactivated by mutation
during reinfection; i, the rate at which elements are

inactivated by mutation during host cell division; and d,
the rate at which any element is removed by recombina-
tional deletion (Box 1). The size of an ERV family will
depend on the balance between the generation of new
active elements (determined by b and p) and their loss or

Box 1. The dynamics of retrovirus reinfection

If reinfection is the dominant or sole route of ERV replication then the

number of elements in an ERV family can be represented by a pair of

differential equations, which characterize the number of replication-

active (A) and replication-inactive (I) elements in the family.

dA

dt
Z bAð1KpÞKiAKdA

dI

dt
Z bAp C iAKdI

Each active element proliferates by reinfection, such that rate b

equals the rate of fixation of new elements in the host population. A

proportion p of new elements are replication-inactive, as a result of

mutations accumulated during reinfection. Host germline cell

division might also generate inactivating mutations – this occurs at

rate i per active element. Finally, both active and inactive elements

can be removed from the genome, at rate d, by recombinational

deletion. As with rate b, rate d represents the fixation of the deletion

event in the host population.

The behaviour of this model is surprisingly simple and has three

outcomes:

(i) If bpO(iCd) then both A and I will end up increasing indefinitely

at an exponential rate. Under some parameter values, I will

temporarily decrease to begin with.

(ii) If bp!(iCd) then the opposite occurs and both A and I will

ultimately decrease towards zero. However, depending on the

parameters used, I might temporarily increase initially.

(iii) If bpZ(iCd) then A will remain unchanged at its initial value,

A0, and I will tend towards an equilibrium value of A0dK1(b-bp-i).

Outcome (i) leads to runaway ERV proliferation that will ultimately

lead to destruction of the genome of the hosts unless ERV replication

is controlled in some way. Outcome (ii) can lead to ERV families that

initially grow in size but which are fated from the outset to decline at

a rate dependent on d and inevitably disappear from the genome of

the hosts. Outcome (iii) represents an unstable equilibrium and will

not occur in nature.

Box 2. A stochastic branching process model

A more realistic model of ERV evolution can be obtained by

converting the deterministic model (Box 1) into a stochastic

branching process, which represents the number of active and

inactive elements at time t as At and It, respectively. The stochastic

and deterministic models behave similarly when At and It are large.

The stochastic process considers each short time interval, Dt, during

which each active element can undergo the following events:

(i) Production of a new active element by reinfection, with

probability b(1-p) Dt.

(ii) Production of a new inactive element by reinfection, with

probability bpDt.

(iii) Inactivation by mutation during host cell division, with

probability iDt.

(iv) Recombinational deletion, with probability dDt.

Similarly, in each short time interval Dt, each inactive element

undergoes:

(v) Recombinational deletion, with probability dDt.

This process can generate phylogenetic trees that represent the

evolutionary history of ERV family proliferation (see Figure I). Each

branch in the phylogeny corresponds to an ERV element; new

phylogenetic lineages are generated by reinfection (event types i and

ii) and are removed by deletion (event types iv and v). Inactivating

host mutations (event type iii) convert an active lineage into an

inactive one. Each inactive element corresponds to a single external

phylogeny branch (or just part of one), whereas each active element

corresponds to one or more internal phylogeny branches (and

perhaps part of an external branch too; see Figure I).

(a)

(b)

Time

t0 t1 t2 t3 t4 t5 t6 t7

(i) (i)

(ii) (iii)

(iii)

(iv)

TRENDS in Microbiology 

Figure I. The stochastic branching process. Solid and dashed lines represent

active and inactive elements, respectively. Filled circles represent evolutionary

events, occurring at times t0, t1, t2, etc. Numbers in parentheses correspond to

the event definitions in the box text. (a) The history of an ERV family, beginning

at time t0 with one active element. Reinfection produces two new active

elements at t1 and t2, and a new inactive element at t3. Two active elements are

inactivated by host mutations at time t4 and t5. The remaining active element is

deleted at time t6. The host genome is sampled at t7, when three inactive

elements are observed. (b) An ERV family phylogeny, reconstructed from the

host genome sampled at time t7. The phylogeny is generated from (a) by

removing the deleted elements.
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Figure: Non-parametric demographic history inferred from the phylogeny tree reconstructed by
BEAST (see supplemental material) for each of the TE families studied. Thick lines indicate central
estimates (median) and were used to fit the models given by systems (1) and (2). Thin lines indicate 95%
limits sampled from the posterior distribution by the rjMCMC procedure. The classic skyline plots are
depicted by dashed lines. Logarithmic scale is used for the y-axis.



GMM

CJ Struchiner

Players

Vector

Gene Drive

Coalescence

What we did

Results 1

Genetic
Complexities
Genomes Compared

Evolutionary Dynamics

Heterogeneity

Artificial Selection

Virulence

Genomes Compared

OrthoDB Results | http://cegg.unige.ch/orthodb2/results

1 of 2 10/11/2007 1:03 PM

OrthoDB Results

Show Help Show History

1)  Text search

Show/Hide copy-number selectors

2) Specify copy-number profile (above) 

3) --select a common profile----select a common profile--  Get all

4) 

Blast

Home | Data | Services | Links

Figure: Insects tree



GMM

CJ Struchiner

Players

Vector

Gene Drive

Coalescence

What we did

Results 1

Genetic
Complexities
Genomes Compared

Evolutionary Dynamics

Heterogeneity

Artificial Selection

Virulence

Divergence of Orthologous Trios

(Fig. 1A). Indeed, the immune repertoire is one
of the most divergent functional groups as de-
fined by Gene Ontology classifications (fig.
S1A). Furthermore, with Dm as reference, sev-
eral Ag immunity genes are considerably more
divergent than their Aa orthologs. A similar trend
among all 1:1:1 orthologs was detected, implying
greater accumulation of amino acid substitutions
in Anopheles. One hypothesis that merits detailed
testing is whether this reflects a higher speciation
rate and diverse habitat colonization by Anoph-
eles as opposed to the more cosmopolitan Aedes.

Large variation exists in different immune
families in their proportions of orthologous trios,
mosquito pairs, and species-specific genes (Fig.
1B). Some families display exclusively species-
specific genes, somemostly trios, and others inter-
mediate variation. At one extreme are apoptosis
inhibitors (IAPs), oxidative defense enzymes
[superoxide dismutases (SODs), glutathione per-
oxidases (GPXs), thioredoxin peroxidases (TPXs),
and heme-containing peroxidases (HPXs)], and
class A and B scavenger receptors (SCRs), all of
which show predominantly trio orthologs. At the
opposite extreme are highly diverse immune
effector gene families, including three shared
antimicrobial peptide (AMP) families that col-
lectively exhibit no orthologous trio and only one
confident mosquito orthologous pair. The C-type
lectins (CTLs), which have been implicated in
immunity as opsonins and modulators of mela-
nization (see below), are intermediate, exhibiting
large expansions while retaining nine trios and
one pair. The present study reaffirms the family
diversity observed in our previous Dm-Ag com-
parison and further reveals substantial diversity
between the two mosquito species, at just over
half the evolutionary distance.

A fascinating picture emerged when we
disarticulated the immune responses into sequen-
tial phases (Figs. 2 and 3). Immune responses
begin with molecular recognition of microbial
patterns, producing immune signals. Some sig-
nals are modulated and/or transduced before ac-
tivating effector mechanisms. We observed that
each of the phases is characterized by different
evolutionary dynamics, which may collectively
account for the flexibility of the innate immune
system that enables adaptation to new challenges.

The immune recognition phase seems to
achieve flexibility through divergent evolution:
Gene duplications result in species- or lineage-
specific expansions and generation of novel
genes, whereas domain duplications lead to new
gene architectures. Consequently, fruit fly and
mosquito recognition proteins mostly form dis-
tinct cladeswithin each family (see SOM). Never-
theless, sequence divergence between reduplicated
recognition genes or domains remains limited,
possibly reflecting the relatively limited diversity
of microbial molecular patterns that are known
to trigger immune responses. The peptidoglycan
recognition proteins (PGRPs) and the Gram-
negative binding proteins (GNBPs) are recog-
nition receptor families that trigger signaling

through Toll or Imd pathways as indicated in
Fig. 2 (4). The Gram-negative recognition pro-
tein Dm PGRP-LC, which functions in the Imd
pathway, and its Anopheles ortholog each have
three functional PGRP domains; however, these
are more similar within species than between
species, indicating phylogenetically separate
domain reduplications. A sequence gap obscures
the full structure of the Aedes PGRP-LC ortho-
log, which apparently derives from the same
domain reduplication events that created Ag
PGRP-LC. Separate reduplication of two adja-
cent PGRP-LC domains inDrosophila generated
a novel gene, PGRP-LF, which is absent from
mosquitoes.

The function of PGRP-LC in Dm is antago-
nized by catalytic PGRPs that cleave and inac-
tivate peptidoglycan (5, 6). Mosquitoes also
possess catalytic PGRPs, but most have emerged
as species-specific paralogs (Ag PGRPS2/3 and
Aa PGRPS4/5). The fruit fly recognizes Gram-
positive bacteria activating Toll using the species-
specificDm PGRP-SD, aswell asDm PGRP-SA,
which belongs to a trio and functions in con-
junction with GNBP1, a recognition protein that
processes polymeric peptidoglycan (7). The two
additional Dm GNBPs are also fruit fly–specific;
one of them, GNBP3, recognizes fungi, possibly
through binding b1,3-glucans (8). A large expan-
sion has generated five mosquito-specific B-type

Fig. 1. (A) Divergence of orthologous trios. Immunity single-copy trios are compared with all single-
copy trios in terms of genetic distances of each mosquito species (Ag or Aa) protein to the corresponding
Dm ortholog (3) (fig. S1B). Signal transducers are highlighted. Red and blue lines indicate distance
means for immunity (red dots) and all trios (blue dots), respectively. (B) The repertoire of putative
immune-related gene families. The numbers of 1:1:1 orthologous trios (red), mosquito-specific 1:1
orthologs (orange), and species-specific genes (light brown) are summed to give the total number of
genes identified in Dm (first bar), Ag (second bar), and Aa (third bar) for each gene (sub)family. Families
are arranged from left to right, according to the decreasing proportion of 1:1:1 orthologous trios within
the family. Family acronyms that are not defined in the text include: CASPs, caspases; CATs, catalases;
FREPs, fibrinogen-related proteins; GALEs, galectins; MLs, MD2-like receptors.

www.sciencemag.org SCIENCE VOL 316 22 JUNE 2007 1739
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Figure: Divergence of orthologous trios (Waterhouse et al.,
2007).
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(26 ). Thus, the linkage between H603 and
resistance was due to linkage between two
freely segregating loci and not due to disequi-
librium by suppression of recombination
within a polymorphic inversion.

Outbred animal populations have been
used previously for fine mapping of traits
(27, 28), but rarely for initial gene discovery
by genome scan in field populations (29).

The novelty of the current study design lies in
the mass mating step used to produce the F2

generation. We chose the F2 study design
because it offers a large sample size. Al-
though mass mating among F1 mosquitoes
leads to loss of some inheritance information
(such as paternal relationships), phenotypic
effect and marker informativeness were suf-
ficiently large to help us identify genomic
regions with a strong influence on vector-
parasite interaction. We demonstrate that
field populations of A. gambiae exhibit sig-
nificant variation in permissiveness for para-
site development, and we point to two
genomic regions that affect this trait.

It is likely that there are other such resis-
tance loci, and the strategy we present can be
used to more extensively screen natural mos-
quito populations. By implementation of a
modified protocol to maintain pedigrees be-
yond the initial genome scan of the F2 gen-
eration, segregating resistance alleles could
be mapped at high resolution and positional
candidates could be identified. Extant pedi-
grees would also permit characterization of
the mechanisms of resistance. In the current
work, we detected resistance as a reduction in
oocyst number 8 days after a blood meal.
This is an aggregate phenotype that summa-
rizes all preceding events in parasite devel-
opment, and it is likely that different resis-
tance alleles cause developmental blockades
at different critical points. It is also possible
that some resistance mechanisms may inter-
act or synergize with human host factors such
as transmission-blocking antibodies or cyto-
kines in the infecting blood meal.

It would be of interest to identify the
molecular nature of these resistance loci,
which are probably rapidly evolving compo-
nents of the genome that define the points of
greatest adaptive friction between parasite
virulence factors and the mosquito host. In
plants, most genetically identified resistance
genes are pattern-recognition receptors for
pathogen virulence factors (30, 31), but com-
parable information is lacking in mosquitoes.
Continued parasite transmission by a vector
with a high frequency of segregating resis-
tance factors suggests that the parasite has
made adaptive responses to mosquito resis-
tance, perhaps by evolving multigenic and/or
polymorphic virulence factors for the insect
stages of the life cycle analogous to those
found in asexual-stage parasites (32). Viru-
lence in the mosquito host is under parasite
genetic control (33), but specific virulence
factors are not known.

Malaria-infected mosquitoes in nature typi-
cally carry fewer than 10 oocysts (18, 34). Far
higher parasite intensities can be achieved in
laboratory infections of mosquitoes, particular-
ly when genetically selected susceptible lines
are used (7, 8). Natural resistance alleles that
limit parasite development in the vector, such as

those described here, may prove to be an im-
portant factor underlying the small numbers of
oocysts observed in wild infected mosquitoes.
Genetic studies in the field as well as in the
laboratory will be needed to elucidate the mech-
anisms that can limit the propagation of P.
falciparum in A. gambiae and their respective
importance for natural transmission of the dis-
ease.
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Fig. 1. Infection phenotype of wild A. gambiae
pedigrees with natural P. falciparum. Histo-
grams show the infection phenotype of F2
isofemale families by microsatellite marker ge-
notype. Green bars show phenotypic distribu-
tions for the genotype indicated in the panel.
Open bars show the overall phenotypic distri-
bution for all phenotypes of the family com-
bined. (A) Family 98BF214. Green bars show
the phenotype for the indicated genotype at
marker H603. Mean oocyst number per mos-
quito for genotype 1-1 (n � 6) is 0.17 oocyst;
for genotype 1-2 (n � 44), 9.9 oocysts; for
genotype 2-2 (n � 33), 50.6 oocysts. (B) Family
97F2B4A5. Green bars show the phenotype for
genotype 2-4 (n � 8) at marker H290. This
family has seven other genotypes (Table 1).
Mean oocyst number per mosquito for geno-
type 2-4 (n � 8) is 8.0 oocysts; for all other
genotypes (n � 74), it is 28.6 oocysts. In all
panels, the width of the bars represents a range
of eight counts per bin. The first bar is centered
on 0 and has an effective width of 0 to 3
oocysts. The second bar includes the bin from 4
to 11 oocysts, and subsequent bins follow the
same pattern.

R E P O R T S

www.sciencemag.org SCIENCE VOL 298 4 OCTOBER 2002 215

 o
n 

Ju
ly

 3
0,

 2
00

7 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

Figure: Infection phenotype of wild A. gambiae pedigrees with
natural P. falciparum. (Niaré et al., 2002)
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Sustained Response to Artificial Selection
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R E V I E W S

in nature, there is, overall, no more evidence for stabi-
lizing selection than for DISRUPTIVE SELECTION.
Nevertheless, the slow rates of change seen in the fossil
record, together with pervasive genetic variation,
require that traits with even a slight effect on fitness
must, in the long run, be under stabilizing selection
towards a constant optimum.

The issue at stake, then, is the nature of the evolu-
tionary forces that maintain genetic variation. This issue
is important in itself, but also has practical relevance.
For example, the feasibility of using markers to assist
artificial selection, or to assess the risk of disease,
depends on the nature of the underlying genetic vari-
ants. The purpose of this article is, therefore, to consider
the genetics of quantitative traits from an evolutionary
perspective. In the next section, we review some of the
evidence from artificial selection experiments that
shows how much genetic variation is present, and then
go on to consider the nature of that variation. We also
consider how these differences are generated and, final-
ly, turn to the more difficult issue of how selection
shapes the genetic architecture of quantitative traits.

Sustained responses to artificial selection
High heritabilities allow rapid responses to artificial
selection and, with few exceptions, such responses are
seen3 (FIG. 1). Moreover, change can be sustained for 100
or more generations, which leads to remarkable changes
in phenotype. The most obvious explanation is that
trait variation is based on very many genes of very small
effect, an assumption known as the INFINITESIMAL MODEL10.
So, selection causes no appreciable change in the fre-
quency of any particular allele, and does not erode heri-
table variation, which allows the response to selection to
continue. However, QTL of large effect are frequently
identified in mapping experiments, and this makes
steady and sustained selection responses puzzling: alle-
les of large effect should be fixed rapidly, after which no
further response would be seen. Two factors might help
to explain this apparent paradox. First, QTL-mapping
experiments underestimate the numbers of QTL and
overestimate their effects (BOX 1). Second, mutation gen-
erates alleles of large effect, which can be picked up
quickly enough by selection to sustain a continuing
selection response11 — a possibility that we examine in
more detail below.

In explaining sustained responses to artificial selec-
tion, of the type seen in FIG. 1, the key genetic questions
are whether the response is due to alleles of large or of
small effect, and whether these alleles were present at the
start or arose by mutation during the course of selection.
Any alleles of large effect in the base population will
quickly be either fixed or lost, and their contribution dis-
sipated. They will contribute longest if they are initially
rare and are recessive, but even if they increase from just
one copy, such alleles will be fixed in relatively few gener-
ations. Specifically, a response to strong selection based
on additive alleles that increase the trait by around half a
phenotypic standard deviation can last no longer than
~20 generations; more generally, the time span is
inversely proportional to the size of the effect (FIG. 2a).

reproductive success (for example, the reduced survival
of babies with high or low birth weights7), it is usually
hard to know whether the fitness differences are actual-
ly caused by the observed trait8. A plausible alternative
is that deleterious alleles have pleiotropic effects on
quantitative traits, so that unfit individuals tend to have
extreme phenotypes. Moreover, a recent survey9 shows
that although there is evidence for DIRECTIONAL SELECTION
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Figure 1 | Examples of long-term selection response. a | Yoo116 took a large outbred
population of fruitflies, and selected six replicate lines for increased numbers of abdominal
bristles: the top 20% of the population (50 pairs) was selected every generation. All six lines
responded; by generation 85, the average number of bristles had increased by 16 phenotypic
standard deviations. Sharp jumps were attributed to selection of recessive lethals; these added
up to 11 bristles when heterozygous. At the end, when selection was relaxed (black triangles),
mean bristle score fell rapidly in those lines that carry lethals13. However, not all of the response
was due to lethals: one line (Ua) carried none, but responded. Moreover, genetic variance did
not decrease appreciably over the experiment, even after discounting the contribution from
high-frequency lethals117. b | Weber14 selected on ability to fly upwind in a wind tunnel. The
apparatus allowed very large numbers to be selected with high intensity: the 4.5% strongest
fliers were selected, and EFFECTIVE POPULATION SIZE was kept at 500–1,000. Mean flying speed
increased from 2 cm s−1 to 170 cm s−1 over 100 generations, at about the same rate in two
replicates. There was no detectable loss of fitness, and when selection was relaxed (black
triangles), the mean did not decline significantly. The smooth curve is fitted to the mean of the
two replicate lines.

GENETIC VARIANCE

The variance of trait values that
can be ascribed to genetic
differences between individuals.

STABILIZING SELECTION

Intermediate phenotypes have
greater fitness than extreme
phenotypes.

Figure: Top 20% was selected every generation for increased numbers of abdominal bristles; Line
Ua carried none recessive lethals (Barton and Keightley, 2002).
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in nature, there is, overall, no more evidence for stabi-
lizing selection than for DISRUPTIVE SELECTION.
Nevertheless, the slow rates of change seen in the fossil
record, together with pervasive genetic variation,
require that traits with even a slight effect on fitness
must, in the long run, be under stabilizing selection
towards a constant optimum.

The issue at stake, then, is the nature of the evolu-
tionary forces that maintain genetic variation. This issue
is important in itself, but also has practical relevance.
For example, the feasibility of using markers to assist
artificial selection, or to assess the risk of disease,
depends on the nature of the underlying genetic vari-
ants. The purpose of this article is, therefore, to consider
the genetics of quantitative traits from an evolutionary
perspective. In the next section, we review some of the
evidence from artificial selection experiments that
shows how much genetic variation is present, and then
go on to consider the nature of that variation. We also
consider how these differences are generated and, final-
ly, turn to the more difficult issue of how selection
shapes the genetic architecture of quantitative traits.
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High heritabilities allow rapid responses to artificial
selection and, with few exceptions, such responses are
seen3 (FIG. 1). Moreover, change can be sustained for 100
or more generations, which leads to remarkable changes
in phenotype. The most obvious explanation is that
trait variation is based on very many genes of very small
effect, an assumption known as the INFINITESIMAL MODEL10.
So, selection causes no appreciable change in the fre-
quency of any particular allele, and does not erode heri-
table variation, which allows the response to selection to
continue. However, QTL of large effect are frequently
identified in mapping experiments, and this makes
steady and sustained selection responses puzzling: alle-
les of large effect should be fixed rapidly, after which no
further response would be seen. Two factors might help
to explain this apparent paradox. First, QTL-mapping
experiments underestimate the numbers of QTL and
overestimate their effects (BOX 1). Second, mutation gen-
erates alleles of large effect, which can be picked up
quickly enough by selection to sustain a continuing
selection response11 — a possibility that we examine in
more detail below.

In explaining sustained responses to artificial selec-
tion, of the type seen in FIG. 1, the key genetic questions
are whether the response is due to alleles of large or of
small effect, and whether these alleles were present at the
start or arose by mutation during the course of selection.
Any alleles of large effect in the base population will
quickly be either fixed or lost, and their contribution dis-
sipated. They will contribute longest if they are initially
rare and are recessive, but even if they increase from just
one copy, such alleles will be fixed in relatively few gener-
ations. Specifically, a response to strong selection based
on additive alleles that increase the trait by around half a
phenotypic standard deviation can last no longer than
~20 generations; more generally, the time span is
inversely proportional to the size of the effect (FIG. 2a).

reproductive success (for example, the reduced survival
of babies with high or low birth weights7), it is usually
hard to know whether the fitness differences are actual-
ly caused by the observed trait8. A plausible alternative
is that deleterious alleles have pleiotropic effects on
quantitative traits, so that unfit individuals tend to have
extreme phenotypes. Moreover, a recent survey9 shows
that although there is evidence for DIRECTIONAL SELECTION
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Figure 1 | Examples of long-term selection response. a | Yoo116 took a large outbred
population of fruitflies, and selected six replicate lines for increased numbers of abdominal
bristles: the top 20% of the population (50 pairs) was selected every generation. All six lines
responded; by generation 85, the average number of bristles had increased by 16 phenotypic
standard deviations. Sharp jumps were attributed to selection of recessive lethals; these added
up to 11 bristles when heterozygous. At the end, when selection was relaxed (black triangles),
mean bristle score fell rapidly in those lines that carry lethals13. However, not all of the response
was due to lethals: one line (Ua) carried none, but responded. Moreover, genetic variance did
not decrease appreciably over the experiment, even after discounting the contribution from
high-frequency lethals117. b | Weber14 selected on ability to fly upwind in a wind tunnel. The
apparatus allowed very large numbers to be selected with high intensity: the 4.5% strongest
fliers were selected, and EFFECTIVE POPULATION SIZE was kept at 500–1,000. Mean flying speed
increased from 2 cm s−1 to 170 cm s−1 over 100 generations, at about the same rate in two
replicates. There was no detectable loss of fitness, and when selection was relaxed (black
triangles), the mean did not decline significantly. The smooth curve is fitted to the mean of the
two replicate lines.

GENETIC VARIANCE

The variance of trait values that
can be ascribed to genetic
differences between individuals.

STABILIZING SELECTION

Intermediate phenotypes have
greater fitness than extreme
phenotypes.

Figure: ability to fly upwind in a wind tunnel. the 4.5%
strongest fliers were selected (Barton and Keightley, 2002).
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Time and Place are Everything

Figure: Time and Place
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Trade-offs

Table: Possible evolutionary trade-offs between
epidemiological parameters and virulence: β transmission
probability; a biting rate of mosquitoes; τ incubation rate
(Medlock et al., submitted).

Virulence to Virulence to
mosquitoes, νV humans, νH

Transmission β increases with νV β increases with νH
Mosquito biting a increases with νV a increases with νH
Incubation τV increases with νV τH increases with νH
Recovery — γH is a function of νH
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Summary

Table: Summary of selective pressures due to transgenic
strategies and trade-offs (Medlock et al., Submitted).

Transgenic strategy
Increasing Increasing

Reducing mosquito mosquito
Blocking mosquito background infection-induced

transmission biting mortality mortality
β vs. νV νV ↑↓, β ↑↓ — νV ↑, β ↑ νV ↑↓, β ↑↓
β vs. νH νH ↑↓, β ↑↓ — — —
a vs. νV — νV ↑↓, a↑↓ νV ↑, a↑ νV ↑↓, a↑↓

Tr
ad

e-
of

f

a vs. νH — νH ↑↓, a↑↓ — —
τV vs. νV — — νV ↑, τV ↑ νV ↑↓, τV ↑↓
τH vs. νH — — — —
γH vs. νH — — — —

—: no selection. ↑: selection for increasing the parameter. ↓: selection for decreasing the parameter. ↑↓:
selection for either increasing or decreasing the parameter depending on quantitative features of the

effect of the transgene on the trade-off between virulence and the other epidemiological trait.
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