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Biological effects of intraspecific chromosomal
polymorphism in malaria vector populations*
G. B. WHITE I

Two attributes shared by mosquitos (Culicidae)
and fruit flies (Drosophilidae) are their possession of
" giant " polytene chromosomes, which facilitate de-
tailed cytogenetic research, and the capacity of some
species to be colonized readily in the laboratory.
Genetic studies of both these families of Diptera
could therefore be expected eventually to surpass the
stage attained already with Drosophila. Actually,
fruit flies are not particularly amenable to investiga-
tions in ecological genetics, owing partly to their
elusiveness in nature; on the other hand, the vast
background of biological information and tech-
niques available for the genetic analysis of the
behaviour, ecology, and population dynamics of
mosquitos is a considerable practical advantage.
Two developments have already forced malaria

entomologists, particularly in Africa, to focus on
cytogenetic techniques as a means of solving long-
standing problems. Working on sibling species of the
Anopheles gambiae complex, Coluzzi & Sabatini (1,
2, 3) described interspecific contrasts in the banding
patterns of larval polytene chromosomes and these
provide the best method yet available for the identifi-
cation of species. Similar progress on the cytogene-
tics of South American anophelines (Nyssorhynchus
species) is currently being achieved by Kitzmiller and
his group (4). Taking into account the results of
earlier studies on chromosome differentiation of
species within the A. maculipennis complex (5), it
would appear that cytotaxonomy could be of crucial
service to field entomologists faced with sibling
species for which there are no convenient morpho-
logic criteria for identification. The second vital
development that favours Anopheles far more than
Drosophila for certain aspects of genetic research is
Coluzzi's (6) demonstration of high quality polytene
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chromosomes in the nuclei of nurse cells of stage-III
and stage-IV ovaries from adult female anopheline
mosquitos. Thus the polytene karyotype of both
adults and larvae may be examined for features of
specific and infraspecific significance.

Since general reviews of the methods and achieve-
ments of cytogenetic techniques as applied to malaria
vectors are to be found in the literature (7, 8), this
paper describes the prospects for correlating intra-
specific karyotype polymorphisms with the hetero-
geneity of Anopheles populations for features of
applied biological interest.

CHROMOSOME INVERSIONS

As a form of chromosome mutation, an inversion
constitutes an intrachromosomal reversal of a block
of genes. For instance, a hypothetical gene arrange-
ment ABCDEFG may become ABEDCFG after rearrange-
ment. The inverted genotype will persist only if it is
intrinsically viable and, if so, it may or may not be
cross fertile with the standard genotype. A successful
new inversion is therefore an important evolutionary
step of the sort that frequently accompanies Dipteran
speciation. When standard and inverted gene arrange-
ments interbreed freely in a population, a situation
of balanced inversion polymorphism prevails in
which a proportion of individuals are inversion
heterozygotes. To achieve maximum synapsis in
somatic cells of the heterozygote, the homologous
chromosomes form a loop configuration. Such loops
are easily discerned in cytogenetic polytene slide-
preparations and have the important homeostatic
function of suppressing the process of crossing-over,
which normally gives rise to novel gene combinations
during meiosis. Therefore, while inversion hetero-
zygotes exhibit heterotic vigour, which may enhance
individual fitness, they reduce random genetic vari-
ability, which limits population adaptability. In prac-
tice, inversion polymorphism gives the selected aa-
vantages of restricted genetic variability, while the
lack of inversions exposes the population to the
consequences of unrestricted genetic variability.
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It has been shown repeatedly, from experimental
work on Drosophila, that the standard and inverted
arrangements function as " supergenes " that become
co-adapted in a stable population, presumably
through the accumulation of supplementary point
mutations, so that the fitness of inversion hetero-
zygotes is maximized. Further information on these
advanced genetic principles may be found in the
writings of Dobzhansky (10, 11), Ford (12), Mettler
& Gregg (13), Parsons (14), and Parsons & Mc-
Kenzie (15).

Factors controlled by chromosome inversions

To illustrate the principles that almost certainly
apply equally to Anopheles and to other vectors,
relevant examples of research conducted by the
Dobzhansky school during the past 30 years must
briefly be examined. They described the chromosome
banding patterns of many species of Drosophila and
documented the types and frequencies of inversions
occurring in natural and colonized populations.
Numerous cases were found where either environ-
mental changes precipitated a shift of inversion
frequencies or, conversely, the 3 karyotypes coexist-
ing in the population (i.e. standard homozygote,
heterozygote, and inverted homozygote) endowed
individual carrier flies with faculties that differed
strikingly in their behaviour, physiology, periodicity,
and even morphology. The inversion heterozygotes
were assumed to have superior fitness in each case
and this was frequently demonstrated, although the
mode of inheritance required that all 3 genotypes
should somehow survive in dynamic equilibrium.
Theoretically, the proportion of heterozygotes should
not exceed 50%; yet this was exceeded when the
survival of homozygotes was much lower (16). When
a number of separate inversions affecting different
regions of the chromosomes occur together in one
population, their combined presence may be so
advantageous that the incidence of multiple inversion
heterozygotes is elevated to a statistically significant
extent.
A summary of basic knowledge (taken from re-

views by Dobzhansky (11) and by Parsons & Mc-
Kenzie (15)) concerning the causal relationships
between biological factors and particular genetic
inversions found in various species of Drosophila is
presented in Table 1. Most of these relationships are
in a fine state of equilibrium. If they were not, of
course, one gene arrangement would soon completely
replace its inverted counterpart throughout the
population. Alternatively, the two genotypes might

Table 1. Biological factors related to genetic inversions
in various species of Drosophila

Extrinsic factors acting selectively on different inversion genotypes:

ambient temperature humidity

temperature shock

colonization

crowding

larval diet

climatic cycles

altitude

latitude

- urbanization -

' domestication -

? use of pesticides

Intrinsic factors responding to different inversion genotypes:
interspecific competitiveness growth rate

intraspecific competitiveness emergence time

mating speed

mating duration

fecundity

pupation site

sternopleural chaeta number

body size (variance)

longevity

prefer not to interbreed and would tend to form
distinct populations.
When natural events are fully understood, they

may be reproduced under laboratory control. For
instance, each summer in the southwestern area of
the USA, the frequency of the Chiricahua inversion
(CH) on chromosome 3 of D. pseudoobscura de-
creases relative to the standard arrangement (ST).
Genotype frequencies revert each winter and spring.
These effects can be induced by raising the tempera-
ture of a culture, thus favouring ST, or by reducing
larval crowding, thus favouring CH (11). It is
straightforward to translate these findings to circum-
stances in nature. The advantage of inversion poly-
morphism over chromosome monomorphism has
been expressed well by Parsons & McKenzie (15):
" the (inversion) polymorphism is an efficient way of
accommodating regular environmental variations
and other types of environmental heterogeneity, by
giving the population greater powers to adapt...

Insecticides and inversions
Attempts to show a relationship between inver-

sions and insecticide selection pressure have yielded
equivocal results. There is prima facie no reason why
a capacity to tolerate, or to fully resist, an insecticide
should lie in the chromosome segment that consti-
tutes an inversion; but in an insect that possesses a
highly polymorphic chromosome complement one
might at least expect inversion heterozygotes to
exhibit insecticide tolerance through heterosis. By
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chance, genes producing true resistance to insecti-
cides could come within an inversion, thus permit-
ting cytogenetic observations on, and perhaps mani-
pulation of, their presence and arrangement.

In view of this, Italian workers quickly exploited
Frizzi's (5, 17, 18) demonstration of polytene chro-
mosome inversions in the A. maculipennis complex.
They soon detected inversion rates increasing in
A. atroparvus selected with dieldrin or DDT (19,
20-22). Similar indications were obtained for
A. gambiae (23). Excessive enthusiasm led to some
unjustified conclusions gaining credence concerning
the positive relationship between certain inversions
and insecticide resistance. More cautious and thor-
ough work on A. labranchiae (24, 25, 26) and
A. atroparvus (27) revealed, as might be expected
from general findings with Drosophila cultures, that
inversion frequencies in experimental Anopheles
populations responded subtly to micro-environmen-
tal conditions. It took time to appreciate that relat-
ively small alterations in the environment probably
caused the trends in genotype proportions that ac-
companied, but were incidental to, selection with
insecticides. Subsequent investigators (28, 30) have
understandably been prejudiced against seeking sim-
plistic interpretations for inversion frequency shifts
in insecticidally selected mosquito populations, even
when a causal relationship appeared likely as in
Mariani's work with A. atroparvus and mala-
thion (29).

Searching for an explanation of the major natural
shifts observed in chromosome inversion rates of
wild American populations of D. pseudoobscura be-
tween 1940 and 1964, Dobzhansky and co-workers
(31) performed laboratory tests of the pesticide
effects on five polymorphic inversion arrangements
on chromosome 3. Earlier Japanese findings (32, 33)
had raised the possibility that some of these arrange-
ments might be endowed with a greater capacity to
survive DDT and dieldrin. Stringent collaborative
studies by the American and Japanese groups (34)
failed to substantiate any such link. Such negative
findings should be taken objectively, however, and
the possibility remains that genes for insecticide
resistance or avoidance could well lie within other
inversions in this or other species of Diptera.

INVERSIONS IN ANOPHELES

In the preceding section it was mentioned that
inversion polymorphism is a feature of Anopheles. In
other mosquito genera the chromosomes have proved

unsuitable for detailed study with the techniques now
available, although inversions are present in Aedes
aegypti (9). Some anopheline species appear to lack
polymorphic or "floating" inversions: Kitzmiller
(35) cited aztecus, earlei, and occidentalis as mono-
morphic, to which I would add marshalli, christyi,
and pseudopunctipennis franciscanus. These, and
doubtless many more, species therefore lack the
genetic plasticity embodied in alternative inversion
arrangements. Perhaps a majority of anophelines,
especially versatile vector species, do harbour one
or more polymorphisms, the greatest count known
so far being 12 distinct characteristic inversions in
gambiae species B (35).
Up to now, the most extensive exploration of the

functions of any inversion is the monumental work
on the Karachi (KR) inversion of A. stephensi by
Coluzzi and his associates. They have ascribed sev-
eral disparate attributes to this single inversion, but
are emphatic that " the evidence indicates that the
difference... is not determined by the inversion in
itself, but is a result of a process of heteroselection,
the two homokaryotypes being coadapted . . . " (38).
This means that the apparent properties of inversions
should be taken as applying strictly to the population
tested, and may not hold true for other populations,
least of all for those that are monomorphic for
standard or inverted arrangements. In certain strains,
some factors (shown in Table 2) have so far been
found affected by the stephensi KR inversion (also
termed 2Rb inversion (36)).
A great challenge lies in the need to investigate the

vectorial and malariogenic effects of inversions. At
the species level it is clear that fixed interspecific
inversion changes are associated with biological con-
trasts that may be moderate (cf. species A and B of
the gambiae complex), or major (cf. gambiae C with
A and B) in effect. What can be observed of the
ecological and behavioural effects of intraspecific
inversion polymorphism in wild populations? To
answer this question a long-term study (1970-74) of
the A. gambiae complex is now being carried out by
Coluzzi (39) in a WHO Malaria Research Project in
Kano, Nigeria. Provisional results for species A and
particularly species B show some high degrees of
correlation between certain karyotypes and traits
such as man-biting versus animal-biting, or indoor
versus outdoor biting and resting. Unfortunately it is
not convenient to give any firm facts from this highly
productive programme before its completion.
To illustrate what might be learned, we could

consider some interim conclusions of mine from
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Table 2. Characteristics affected by a polymorphic inversion in A. stephensi

Karyotype
Factor ST/ST ST/KR KR/KR

b/b b/+ +/+

egg size a

larval survival under crowding b

larval growth rate b

pupation (time of day) b

adult emergence (time of day) b

adult longevity b

heterospecific mating tendency c

DDT Tolerance d

circadian flight activity e

responsiveness to light e

long
(=stephensi spp.)
inferior

very slow

early

early
inferior

high
inferior

early

greater

intermediate short
(=mysorensis spp.)

superior
fast

inferior

slow

intermediate late

intermediate late

superior inferior

intermediate low

superior superior
late

lesser

a Coluzzi et al. (37).
b Coluzzi (38).
c Coluzzi (39).
d Davidson (48).
e Jones (49).

Jimma, Ethiopia. Observations in 1973 showed that
the two commonest inversions in gambiae species B,
designated 2LA and 2RB (1), varied seasonally in
frequency (Fig. 1) and that carriers of either or both
heterozygotes tended to bite later at night than the
double homozygotes (Fig. 2 and 3). It is implicit
from these two findings that the overall biting cycle
of gambiae B changed seasonally for genetic reasons.
The complete results of this work, which show a
remarkably high incidence of multiple heterozygotes,
are now being analysed for all factors of practical
importance related to epidemiology and control. One
very significant fact established by the two separate
studies in Nigeria and Ethiopia is that carriers of
either the standard 2RA homozygote or the 2RC
heterozygote arrangement tend to be the most exo-
philic and exophagic (39).

DISCUSSION

It is premature to assert that any aspect of the
vectorial capability of individual mosquitos may be
governed directly by chromosome inversion arrange-
ments, but there is increasing evidence to indicate
that inversion polymorphisms do influence biological
traits of the sort that are likely to affect the chances

of a mosquito transmitting human disease or of
being inherently more likely to evade control mea-
sures. Although concordance between the genotype
and phenotypic traits of behaviour or ecology cannot
be expected to be clear-cut, it is easy to see, for
instance, that the tendency (shown in Fig. 2 and 3)
for heterozygotes to bite man late at night might
force greater endophily upon them, while homozy-
gotes, which constitute the bulk of early biters, may
account for most of the extradomiciliary malaria
transmission. These are some of the complexities that
have now to be investigated. In passing, it is worth
mentioning that " new " inversions do crop up as
rare mutations (I have observed less than 1 per 1 000
in A. gambiae) and they are normally not viable.
When we have decided for each vector species

which, if any, of its known karyotypes is most
associated with zoophily and exophily and the like,
we might expect to see these karyotypes survive
preferentially in consequence of a spraying pro-
gramme; i.e., a shift of inversion frequencies
would be induced by environmental changes,
just as has been observed repeatedly in the last
30 years for populations of Drosophila (11). Cur-
rent studies without and within a sprayed area in
Nigeria confirm that this really happens (Coluzzi,
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Fig. 1. Changes in the percentage frequencies of
polymorphic inversion arrangements in Anopheles
gambiae species B associated with the onset of the
rainy season (data from Jimma, Ethiopia, 1973).
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Fig. 2. Proportions of inversion heterozygotes in
samples of A.gambiae species B captured biting man at
4 different periods of night. (Jimma, Ethiopia; June/
July 1973). Left columns = 2LA heterozygotes;
right columns = 2RB heterozygotes; centre (dark)
columns = double heterozygotes.
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Fig. 3. Biting cycles for different genotypes of A.gambiae species B at Jimma, Ethiopia,
July/August 1973. Simplified data from outdoor collections on man.
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personal communication). Where inversion arrange-
ments associated with exophily do not occur in a
population's gene pool, that population is more
likely to succumb to house-spraying because it lacks
this source of intrinsic behavioural plasticity. Indeed
I have seen this principle operating in some Ethiopian
localities, where exophilic genotypes were lacking
and gambiae B was readily eradicated. Wherever a
campaign is planned for the future, therefore, it
would be desirable to ascertain first whether the
target anopheline population is endowed with the
resource, in terms of inversion polymorphism, to be
rapidly selected for modified behaviour. Much disap-
pointment and money could thus be saved through
the timely introduction of cytogenetics at an early
stage of control planning. It must not be forgotten,
however, that the pre-judgement of a vector popula-
tion as cytogenetically suitable for control may not
always be correct, since even the most vulnerable
genotype could mutate spontaneously to yield a
strain refractory to control operations in progress.
Much attention has been paid recently to the

occurrence of sibling species of Anopheles. The out-
standing cases of the maculipennis, gambiae, and
punctulatus complexes may have created a false
impression that the contrasts in sibling species are
always the root cause of variation among hetero-
geneous vector populations. It should be abundantly
clear from the foregoing examples that polymorphic
inversion arrangements often influence temporal, be-
havioural, physiological, ecological, or morphologi-
cal variability without any definitive consequences on
speciation. Nevertheless, fixed (monomorphic) or
floating (polymorphic) chromosome inversion differ-
ences do commonly differentiate sibling species of
Anopheles, although this is not invariably true and
some pairs of homosequential mosquito species are
known (7). The best examples of homosequential
species occur in the Hawaiian Drosophila complexes,
within each of which the species may be morphologi-
cally but not chromosomally differentiated (40).
Parallel polymorphisms of certain inversion arrange-
ments are frequently shared by such closely related
species. While separate species may exhibit the same
karyotype, it must be remembered that different
populations of a single species, be it Drosophila,
Anopheles, or something else, may differ in respect of
the types or the frequencies of floating inversions
that they carry and, consequently, in the heritable
traits governed by these portions of the genome.

Genetics and taxonomy are seldom in harmony
when the combined morphology, ecology, ethology,

and cytogenetics of closely related insect populations
are considered. Anopheline workers have tended to
utilize cytotaxonomy and cross-mating tests more
strictly than recent work on Hawaiian Drosophila
would allow to continue. Some cytogenetic complic-
ations have already been discussed. What of hybrid-
ization tests? For a start, it is reasonable to expect
that intraspecific inversion polymorphisms would
affect the results of interspecific crosses accord-
ing to the inversion arrangements in the individ-
uals crossed. When crosses consistently show inter-
specific incompatibility, this positive result is incon-
trovertible evidence for species separation. But when
the hybrid progeny of a test cross are at least
partially fertile this negative finding is hard to
interpret without recourse to additional biological
evidence. Crosses between 28 species of Drosophila
from Hawaii revealed 6 instances of hybrid male
fertility, 4 unilateral and 1 bilateral, even though
these species possessed many distinguishing features
in their morphology, biology, and chromosomes
(41). This suggests, in the words of Carson (40),
" that sexual isolation is an essentially fortuitous
accompaniment of speciation ". The case of A. gam-
biae species D provides a good example of such
circumstances among mosquitos. This member of the
gambiae complex is the most differentiated and
morphologically recognizable (42), possibly owing to
genetic drift in a small population; yet the cross
male-D x C-female is fertile (43) in accord with the
close similarity ofC andD chromosome complements
(44). Proof that inversions can have more intraspeci-
fic than interspecific importance arises from the
existence of more inversion differences between
gambiae B populations studied by myself in East
African localities compared with those studied by
Coluzzi in West Africa, than between sympatric
species B and species C populations in the Ethiopian
highlands.

Before any generalization or interpretation could
be made, the karyotypes of each population of all
related species require scrutiny and comparison,
followed by an attempt to correlate any intra-
specific polymorphisms with biological variables.
This would reveal phylogenetic chromosome rela-
tionships between species as well as the functions of
chromosome variability within species. At the intra-
specific level, perhaps, it might then be possible to
explain, to take one conspicuous example, why
A. funestus in northern Nigeria and Cameroon did
not respond as elsewhere to insecticidal control (45).
The latest achievements of research on anopheline
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cytogenetics are the discovery of a fixed inversion
difference in the sex chromosome of A. nuneztovari,
which distinguishes malaria vector populations in
northern South America from non-vector popula-

tions farther south (46), and the recognition of 3
distinct chromosome complements, now shown to
represent fully evolved species, among populations of
A. annulipes in Australia (47).
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DISCUSSION

RAMSDALE: The absence of field work on population
dynamics in relation to intraspecific and interspecific
differences is regrettable. There is a need for in-
creased training facilities on chromosome identifi-
cation in mosquito species.

WHITE: This is indeed a specialized technique requir-
ing collaboration between expert cytogeneticists and
field entomologists.

GRAMICCIA: Field technicians might be given train-
ing in preparing slides for expert examination at
reference centres.

NAJERA: I agree, but I think that they might also
be trained to recognize local chromosome alterations.

WHITE: A technician can quickly be trained to make
chromosome preparations, but for examination it
would be much safer to depend on centres of excel-
lence. The biochemical and behaviour speciation of
anophelines is much more frequent than their
morphological speciation.

EL-SAID: In a study of A. multicolor in Egypt no
natural infections were found, but in the laboratory
39.6% could be infected with P. vivax. A self-
perpetuating colony has been established.

LACHMAJER: Studies of the physiological age of
A. labranchiae atroparvus have been carried out in
Poland.
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