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gambi aroup  of mosguitoes conbains

species which are considered to be the most efficient
vectors of human malarial parasites in éfrica. All the
speuies  ip the group have been defined genetically and
the most acowate curront method of identitication 1o
chromosomal. The ease with which a field entomslogrst
can  identify vectars nas a direct bearing on the
metbods and effectiveness of control projramsmecs and
epidemicloginzal atudios. Clausical  taszanomy osing
morpholagy to identify  anopheling . was tho st

convaemant  method  availabic.  Howover. the senbors of

the An. gasl L aroup are virtually tdentical in Shaur
external appearancy. A concerted attempt has beoen wmade
here tp find some Simple morphological  characters
which may be used to idontafy the membors o+ Lthe group

found in sguthern Atrica.

females, their F-1 progeay.  and  wild
laryae {rom numerous lozalities in  southern Africa
were used in thas  study. The identification of the

species was either chromosomal, electrophoretic or

both. A method is provided for the correlation of
mounted musEeUMm specimens with phatngraphs af
chr s and slectromorphs.
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The results of the morphological study on the aduit
females show that hind leg banding patterns can be
usad  to group the major vectors gambige/arabiensis and
the lesser or non-vectors perus/guadeianoulatus. No
structwral characters were found which separate more
than 75% of individual An. aambiae and An. arabiensis
in a sisple way. Using the palp ratio and coeloconic
sensilla number, 4n. guadriannulatus and Ap. gerus
could be effectively separated. Characters on  the
immature stages can be used to identify #n. merus hut

not to separate the three freshwater breading members

An. gqambiae, An. arabiensis and An. gusdriannulatus.
Finally, a computer multivariate discriminant function
an~lysis of the morphological characters studied

separated 9774 of the individuals used.

Classical taxonomy for the identification af
individual specimens . is of limited use when dealing
with cryptic species such as the An. gambise complex.
Hawever, the study of the taxonomy is facilitated when
the studies are made using populations and samples
which have been defined by biochemical and cytological

methods .
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CHOETER ONE

GENERAL INTRODUCTION

1.1 Introd ion

There are two major reasons why the Anopheles gambise :
groug of aosquitoes wWere chasen for  this  study. oo
Firstly, the group includes major vectors in Africa of '
human  disease pathogens of the genera Wuchereria and .

Blasmodium. This means that & simple but asccurste

means  of  identificstion af the various species within o
the group is of prime epidemiolegical impartance and

has practical significance for the control and study s

of the diseszes. Secandly, the controversy surrounding

; the oroup, from the tise it was first postul ated that

"gqambiae” might be more than one species, nesds to be

putk in perspective in  the light of contemporary

knowlaedge., Bobh  these areas have alresady been dealt

with to gome ewxtent, wmither in isolated studies of

rarraw  flelds of interest or in reviews of the

L

literature, Probably the most significant piece af ;A'

work  done on the aamblae cmm’plex is that by Paterson

(1948)  in  an unpublished thesis. This will be dealt

with in some detall later.

SO S
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Gince the last raview (White, 1974) many changes have
poowrred.  As  theoretical coneepts have altered and
many nw Leehni gues have been introduced, this
requires that {he group once sgain be subjected to
critical consideration. Certain faud pes thab workers
have made in their studies of member species need to
be analysed su  that we may benefit from their

experience.

The mairt body of this thesis haz ag its aim a detailed
and comprehensive examination of the gross morphology
af the ganbiae complex. New technigues and approaches
are used in an attempt to find differences that are
useful in the practical identification of mosquitoes

in the fisld.

1.2 @pecies Complexes in the Senus Anopheles

In the early 1920"s the first indications appeared
painting to the existence of species compléxes. It was
noticed that in some parts of Europe there was a
curious absence of malaria where the common vector
Anopheles asulipennis {Medgan) was abundant
("Anophel ism without malaria®). It was eventually
shown by improved taxonomlc procedures that in fack
masdlipennis comprises at leart six sibling species

and that patterns on the eg9g chorion could be usetd to

af




3
separate them. 0 these six species, two were
discovered to be important vectors and a third was of
minor  Loportance. This explained the situation abuve
of Anophelism without nalaria’. Bates (1949 reviewsd

all the infaormation known at that time.

Essentially, the @n. maculipennis complex was first
resolved using behavioural ang morpholegical
characteristics, Laler, Lthe application of techniques
such as chromosome cytology and electrophoresis, o
tast gpenetical coneepts of species, revealed  that
species compleres are indeed rather common in
anophelines. For example, in the Oriental region
Apopheles maculatus consists of three species (Green
et al., 1985a), cuwligifacies three species (Green &
Miles 1980, Subbarao gt al, 1983 and balabacengis
three species (Baimai & Harrison, 1980). In Australia,
Anppheles farauki is  known to be & complex (Bryan
1970, Maban et al. 1981) as is anpulipes (Graen
1972a). In the Afrotropical region the taxon Anopheles
marshallii  comprises four species (Lamberi 1979,
1981), pharoegnsis two species (Miles gb al, 1983,
gougtani two species (Costzes 1982, 1983, , piepapnd,
tuwn smpecies (Costree 1982, 1984) and gambiae six
species.  to name jushk a few. DF the above, the gambise
complex i~ probably  the most significsnt because it
was the first ¢o be resolved by applying a definite

genetical conuept of epecies wsing genetic approaches.

sad o
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ceparate them, of these six species, two were
discovered to be important vectors ard & third was of
minor imgortance. This explained the situation abave
of “Anophelism without malaria”. Bates (194%) reviewed

all the information known at that time.

Essentially, the An. paculipennis complex was first
resalved using behavioural and morphological
characteristics. Later, the application of techniques
such as chromosome cyteology and electrophoresis, to
test genetical concepts of species, revealed that
species complexes are indead rather common in
anaphelines. For example, in the Oriental region
Anppheles maculatus consists of three species (Green
gt al., 198%a), culicifagies three species (Green %
Miles 1980, Subbaraoc gt al, 1983) and balapacensis
three species (Baimai & Harrison, 1980). In Australia,
Anopheles faraubi is  known ko be a complex (Bryan
1970, Mahon gt al. 1981) as is annulipes (Breen
1972a).  In the Afrotropical region the texon Angpieles
marehallil comprises four species (Lambert 1979,
1988), pharoensis two species (Mlles gt al. 1983),
ghustani two species (Coetzee 1982, 1983), giemanni
two species (Coetzee (982, 1984) and ogambias six
species, to name Just a few. OFf the above, the gambise
compien is probably  the nost significant because it
was the firet o be resclved by applying & definite

genetical concept of sperieses using genetbic approachan.
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It is almo of interest because althouph a large amount
@f work has been done on the siternal morpbology of
the QI oup most of the spescies defy taxonomic
separation, and genetical aethods still bhave to be
used to identify wild material. The members of this

group are truly cryplic species,

1.3 Histori

It is now more than 80Q years since Ross and go-workers
(1200)  discovered that the musquitoes which today are

known as  members of the Anopheles uvambiae Giles

complen, were highly efficient vectors of human
plasmodia and filarial parasites. The amount of
literalure publishad on the systematics of the group
since then is immense and only a brief, though

criticaly resume is given balow.

was first described by

Although  Anophe,
Biles in 1902, {i% was not until much later that the
spacies  correspending to this desoription became known
by this namz. Dp until 1924 when Christophers revived

the name of ga these mosguitoses were qenerally

known wnder  the name of @Auopheles gostalis Loew
(1866, Dinites  (1902) rejected the name gpstalis on
the grounds that the wonmon  species  known  ag

"costalis" did not  correspond  with  the description
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given by Loesw. Theobald (1903) defended the name of

custalis because “The species has been so long known

as gostalis by all the imporiant medical men in Africa
that endless confusion would ensue fshould the name be
changedl”. &uch was Theobald’s authority that the name

qambiae did not finally replace costalis wuntil

publication of Edwards’ monograph in 1932. Today it is

known that Dinite was correct and pnonhele:

costalis Losw is probably attributable to a member of

the serisz Paramyzomyia (Mattingly, 1977).

For the next thirty years taxonomic publications on
"gambiae" were rather limited and dealt mainly with
variation noted in adults (eg. Evans 1938, De Burca &
Yusaf 1942, De Meillon 1947, Holstein 1949, Harnay
1958) . However, numerous papers were being publisbet!
on the differences noticed in the Ltiaclogy of the
species. It was noted that the larval habitats varied
from oper, sunlit, freshwater poals {eg. De Meillen

1957, 15941, Evans 1938, Haddow

£ al. 1947) to
underground cement-lined water tanks (De Meillan,
1938), shaded pools (Causey eb al., 1943), marshes
(Vincke & Parant, 1944), ¢looded, well vegetated
islands (Parent % Demoulin, 1945) and pools with high
salinity (eg. Evans 1921, Ribbands 1944, Muspratt in

De Meillon 1947, Muirhead- Thomson 1951).

Gimilarly, the aduwlt biology alsa praved to be very

« m > et wad
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variabhle. Although “gambiae® in many areas was largely
anduphilic  and  anthropophilic  (Gordon st al. 1932, 3
Barber et al. 1932, Symes 1932, Sibbins 1933, De :

Meillon 1%41), as more data were collected it became

evident that the extent of zZpophily was often .

surprisingly high. The follewing records of percentage

positive for human blaosd in house collections give E

some idea of the range: Ethiopia $7%4 (Corradetti,

1938);  Kenya 71-78% (Symes 1932, Kauntze % Symes 1933)

and &2-80% (Smith in Wilsen, 1960); Pare area of i

Tanzania 41-86% (Smith in Wilson, 1%960); Zimbabwe

37-707%  ({Bruce-Chwatt & Gockel, 19&0)3 Burkina Faso

61-F9% (Hamon gk al. 1989); north Camercun 83%

{Cavalie & Mouchet, 1961). Collections from outside or

from animal shelters usually showed a much lowsr
e proportion  of human bloodmeals. In the Pare area of

Lo ®
oL Tanzania; 8Smith (1958) concluded that over half the 15T

"gambiae" were feeding on cattle. »

B With the advent of residual ingecticide spraying o

around 1947, a large number of studies wers concerned

9 ‘ with the resting behaviow of the species. Studies in ' T
-2 East Africa showed Ghat relatively few females left
i untreated houses after feeding (Muirhead-Thomson 1951,
: Gillies 1954, Smith in Wilsan 1940). However, in parts 2
] B

of West Africa 4-98% were found to leave on the night
of femding (Belfand 1955, Mouchet & Gariou 1957).

Moderate numbers of “gambiae" could be collected

9




7
resting  outside in Mali (Sautet & Marneffe 1943,
Holstein  1952), Burkina Faso (Haron et al. 1959,
aorthern Nigeria (Service, 1943), northern Cameroun
(Cavalie & Mouchet, 19613, Kenya (Symes 1941, Smith %
Drapear 1959, Tanzania (Praper % S8Smith, 1957),
Zimbabwe (Leeson 1¥31,) and Transvaal (De Meillpn,
1934, Gillies (1954) in Tanzania caught more than
3000 females within ten days, resting in an artificial

outdaor shelter.

Mastbaum (1954, 1957) was probably the first to
sp2culate on  whekher residual insecticide spraying of
houses coused “"gambiae" to change its behaviour from
endophilic and anthropophilic to exophilic and

zoophilic, vector to non-vector.

The major breakthrough came in 1962 when Faterson,
Davidson and Kuhlow individually published evidence
showing that “gambiae" was a complex of species or
forms, although an indication had already bsen
provided by Muirhead-Thomson <(194%, 1951). In  &all
three cases, the svidence presented was the results of
croass-mating  experiments. Paterson  (1¥62) and Kuhlow
(176%)  showed that the East African saltwater-breeding
form  was a distincd species. Davidson % Jackson (1962)
shtwed that the  freshwater— bresding "gambiae"
consisted of two "mating types" forms A and B, but it

wag  only later that these “forms” were accepted by
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resting oubside in  Mali {(Sautet & Marneffe 1943,
Holstein 1952}, Rurkina Faso (Hamon et al. 1959),
northern Nigeria (Servies, 19265, rnorthern Cameroun
(Cavalia % Mouchet, 1961), Kenya (Symes 1941, Smith %
Draper 1959), Tanzania (Draper & Smith, 19%7),
Zimbabwe (Lewwtn 1v31,) and  Transvaal (De Meillon,
1934), Billies (1956) in Tanzania caught mare than
000 females within ten days, resting in an artificial

outdonr shelter.

Mastbaum (1954, 1997) was probably the first o
speculate on  whether residual insecticide spraying of
houses caused "gambiae" to change its behaviour from
endophilic  and  anthropophilic to exophilic and

zoophilic, vector to non-vector.

The major breakthrough came in 19462 when Paterson,
Davidson and Humlow individually published evidence
showing that "gambiag"® was & camplex of speries or
forms, allthough an indication had already been
provided by Muirhead-Thomson (192435, 1951).  In  all
three cases, the evidence presented was the results of
cross-mating  superiments. Paterson (1962) and Kuhlow
(1962) showed that the East Afrigan saltwater-breeding
form  was a distinel species, Davidson & Jackson (1942)
showed that the freghwater- breeding “gambiae"
consisted of Lwo "mating types" forms A and B, but it

was anly later thet these "forms” were accepted by
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Davidson as species (Paterson, 1764). Davidson (1962}
completed all pousible cromses bebtween Ay B and the
two salkwater-breeding farms found in East and West
Afriza  and showed them to be incompatible, i.e., the

hybrid males were sterile.

It is  interesting to note here that as far back as
1944/45 two authors had already shown that melas, the
West African saltwater-breseder, was a separate species
from freshwater gambiae (Ribbands 1944, Muirhead-
Thomson 1948, 1947}, Muirhead~Thomson (1947) actually

eross=mated melas and gambjae and when he saw that thae

hybrid males were sterile, he rightly concluded that
they ware szeparate species, These pioneering works
were either ignored or ridiculed with spurious

arguments and "facts" (Bruce-Chwatt, 19500,

Patarson a2t al. {(1963) reported the axistence in
southern Africa of & third freshwater member of the
complex, Fform €. Later, Patersan (1964) shawed that
the three freshwater menbers co-exist syspateically at
Chirundu, Zambiay wi thout hybridizing, thus
contradicting earlier statements by Hawon (1963) and
later Coz & Hamon (1944). He checked the sex ratio of
the adults obtained from the epg batches fraom wild
females, examined the male progeny for fertility and
the larval polytens chromosomes for asynapsis. No

abnarmalities were noted in a sample of families from
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174 wild  inseminated females from  this area of
syapatry. He conciaded that tha three forms wers
mating positively assortatively and were, therefore,

separate species.

The significance of this conclusisn in the Ffight
against malaria bas been well argued by Paterson
(1943a, b). Paterson®s  thinking and his arguments in
favowr of a species complen  are summed up inhis
unpublished doctoral thesis (1968). This thesis pives
a good aritical review of the work published up to
1264 and a valuable insight into the concept of

species complexes.

Ideptifying  the speciss. The discovery tnat gambise
is a momplay felped to explain the pronounced
ecolugical and behavioural diversity af these
mosquitoes, where populations seemed to  vary their
breeding places, resting sites and host prefersnces to
suit  the imeediate circumstances. For example, there
was  the htypothesis that residual insecticide spraying
of houses exercised a powsrful selection pressure on
indoor  resting  “cambiae™. This supposetly caused them
to change their behaviouwr and rest eutdoors (Muirhead-
Thomson 1951 . These speculations ware proved

incorrect when P

roon ek al. (1963 discovered the
autdoor resting, zoophilic popul ation to be a

different species (form 0). Species O also happens )
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174 wild inseminated females from this area of
sympatry. He concluded that the threes forms were
mating positively assortatively and were, therefore,

separate apecies.

The significance of this conclusieon in  the fight
against malaria has been well argued by Paterson
{1963a, k). Paterson’s thinking and his arguments in
favour of a speciss complew are summed up in his
unpublished doctoral  thesis (1948). This thesis gives
a good critical review of the work published up te
1944 and a valuable ingight inko the concept of

spacies complexes.

Identifyine the speciss. The discovery that gambiae

is a complex helped to explain  the pronpunced
grological and behaviowal diversity af these
mosquitoes, where populations seemed to vary their
breeding places, resting sites and haost prefersnces to
suit the iomediate circusstances. For example, there
was  the hypothesia that residual inwecticide spraying
of houses exercised a powerfyl selection pressure on
indoor resting “gambiag”. This suppossdly caused them
to  change thelr behaviour and rest outdoors (Mulrhead-—
Thomson, 1951y . Thess specul ations were proved
incorrect  when  Paberson gt gl, (1963 discovered the
outdoor rapting, zoophilic popuiation te be a

different species (fore C). Species C almo happens to

= - . @ ez - . aad
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be  a non-vector of human malarial and filarial

parasites (see White, 1974).

Sa  obviously, the identification of the different
species becane extremely important. As laboratory
cross-mating technigues are laborious and time-

consuning, aore conveniant methads ware sought.

The West African saliwater~breeding form had long been
known  as "variation gelag" (Theobald 1903%, Evans 1938,
De Meillon 1947) and was described as a melanic “form”
of gambiag. The tolerance of the larvae to high
salinity distinguished pelas from the freshwater~
breeding species. Likewise, the East African
saltwater~breading species could be separated from the
others by salinity tests (Mulrhead-Thomson, 1951). The

namg merus nBnity {1902) was first proposed by

Paterson (1943, unpublished WHO/MAL document no. 421)
and  formally intreduced for this member of the complex

by Coluzzi (1964},

Coluzzi®s (1964) comprebensive morpholeogical study of
the four members of the gamblas complex, A, B, malss

and  merus, revealed some characters for eeparating the

saltwater-breeders from  the freshwater-breeders. This
had  alresady heen done to some extent by Ribbands
(1944) ,  Muirhaad-Thomson (1951) and Paterson (1943
unpublished WHO/MAL  document no. 421) . Coluzzi (1964)

'
|
!
b
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falled to +find reliahie characters for separating A
and B, which are sympatric over a large area of their

dizstribution.

Subsegquently, many workers have'attemptad te find

morphological  differences 1 the three fr
species (Ismail & Haomoud 1948, Zahar eb al. 1970,
Clarke 1971, White % Muniss 1972, Reid 1973, 1978z, b)
and  failed. Ramsdale % Leport (1967), GBreen (19713,
Bryan {1980} and  Burarod (14B)) tested existing
structural characters +for separating the members of
the aroup antd  found that they were not always

reliable.

Cytogenetic studies of the giant polytene chromosomes
found in the salivary glands of the fouwrt stage
larvee and the purse cells of the adult female
ovaries, showed that the banding sequences differed
between the five species (Doluxzi & Sabatini 1967,
1968, 194%). Breon (1970, 19721) and Service (1970)
showed the practical valus of using thess chromdsomal
differences for  routine  ddentification of wild
material, Davideen &% White (1972) and Hunt (1972)
confirmed the presence of a new sixth species of the
qambiae complex fram Uganda. The presence of this
species had been suspected from the work of Haddow gt
al- (1947) . The crossing and chramosame

characteristics were described bty Hunt  (1972)  and




Davidason &% Hunt (1973}, This is probakly the
azaurate and commen method  used these days

identifying the members of the complex.

More recently, electrophoretic enzymg studies

i2
most

for

have

shown  that the differences in the banding patterns are

diagnostic for separating the species (Mahon st al.

1978 Milas 1978, 1979). However, this technigue
.

reguires elaborate laboratory eguipment and advanced

technical koowledge. Interpratation of electrophoretic

resulits  reguires considerable expertise which limits

its application in practical malaria work.

The opamina  of the spec gs. Paterson (1948) discussed

the formal naming of the members of the ocambiae

camplex. White (1975) proposed the same rnames as those

suggested by Paterson  buk used rcather different

arguments  to  justify nis proposal. Discussions aboub

naming the ospecios ceased after Mattingly (1977

published an  article assigning the names suggested by

Paterson nine years previously.

The Hast African saltwater-breeder was assigned the

name MG, Dénitz  as mentioned abave, originally

sugpested hy Fateraon

(1963 unpublished  WHO/MAL

dacument no.,  421)  and  later supperted by Coluzei

(1964) . Kuhlow (1962} desuribed his saltwater-breader

as  a new species Anopheles tanaensis and this was sunk

b




inte  synonymy as  0@rus
Loc. gt

The name agelas Theobald
African saltwater-bresder

gould not definitely be

13

had priority (Paterson 1943,

was  retained for the Wesh
mven though the holotype

identified according to the

paramgters set down by Doluzzi (1944).

Species A was assigned the name gambiag Biles as the

type specimen appears to be & freshwater-breeding

mamber of the complex

Mattingly 1v77) and no

specimens of species B were found at the type lozality

by &illies (in Mattingly,

crucial evidence. Species

1977) although this is npt

C and D are alsa ruled out

or  present day distributional evidence. Anophelgs

qracilis Didnitz (1902)

because it is thought

published after

was sunk into  synanymy

that that deceription was

Giles (1902).

Specigs B is now known as arabilensis Fatton {(1905) due

to  the fact that it is the only species af the compley

found in  the Aden hinterland which s the type

locality of akien;

Spacies o has bean

assigned the name of

guadrisnnulatus Theobald (1911), The Lype specimen was

collected at  UOnderstepoor® on the Transvaal highveld,

Bouth Africa, and as species O haws been collacted at

high altitwies (sew White, 1974) 1t is possible thab
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it is this species (Mattingly, 1977). However, more
convincing evidence can be found in the 1939 Annual
Repart of the South African Institute for Medical
Research, whare Dr. H. de Meillon found "gambiaze" on
tha Witwatersrand, Transvaal highveld, resting inside

dairy stables and feeding on cattle.

Species Dy known only from Bwamba, Uganda, and &
mingral-water breeder, is considered tw be & new

spacies and has been named Anopheles bwasbae (White,
19858 .

Thrgughput the rest of this thesis “gambige" will

refer +o An. gamhise sensmy stricto, species A of the

complex, unless otherwise stated.

s € E s ks e sl




CHAPTER TwWQ

SPECIES CONCEPTS

The Anppheles gapbiae romplex is a good example of how
bioclogical problems have been selved by applying a

genetical species concept. Genetical concepis envisage

"species" as real biolegical mntities and not as

artificial units of classification (as are the genera

and higher categories). Because the gambias complex |
has been resolved in genetical terms, for clarity it }
is appropriate that “spgcies concepts" be considered
in moreg detail., Enough has been written on species

concepts to  warrant a thesis, or even a monographs on

its own. In this chapter,I shall only go into enaugh

detail to indicate the reasons for my preference for

one concept above the others. 070y
AN
U
I r-?
2.1 Ihe Taxpnomic Copceot Sl

It is not possible to discuss ppecies diversity in
natuwre  without  the  aid af classification and
nomenclature.  Aristotle can be considered the father
of biological classification. He suggested the idea of

“higher' and “lower" forms of life according to their
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degree of perfection, which others transiated into
evolutionary termy after 18952 (sze Mayr, 1949).
Linnasus is popularly considered the originator of
taxonomy as we know it today. He introduced the
binaninal mathod of nomenclature and  applied the
Aristotelian system of logic to classification. This
dystem was based on  the morphological  differsnces
vhserved and the idea that species are divine
crestians. In a way, this can be called a species
concept, however, it is an artificial taxvnomic
cancept  based purely on limited human observations of
data perceivable by human menses and is not considered

hera.

Taday we are aware of the concepbual distinctness of
taxonomic species and genetical species, and it is
becoming wmore generaliy accepted that there erist at
least two kinds of genetical sgpecies. THiIS is an
igportant  1pgical advance in Population Biology since
this awareness is a first step towards avoiding the
subtle nonsense generated by wnwitting conflation of
specigs concepts., There is a definite relationship
betusen  taxonomin  species and genetical species which
can be clarified; howsver, first it is necessary to
consider the rival concepts of species in genstical

tarmns.

Most biclogists are in agreement that species are real
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biotogical entitims and net artificial categories
recogrised by man. However, there are two schools of
thought on  the genetical nature of species and how
they arise. These are: §) the Isolation Concept and 2)

the Recognition Concept.

2,2 The Isplation foncapt

Mayr (19469) defined species as being '"groups of
interbreeding natural populations that are
repraductively isol temd from other such groups”. This
definition of Mayr'e 'is one of a long series of
definitions by several biologists saying essentially
the same thing, i.e., that "species" are gefined in
terms of thair reproductive isplation from other

spec.es. That is, it is a relational concept,

Dobzhansky (1937} believed it was through the action
of "isoplating mechanisms" that the species gene poal
was delimited. In so doing, he initiated a line of
thought which was te influence the majority of
biologists concerned with species concepts and modes
of speciation. This theory proposes that two distinct
papulations are reproductively separated by ad boc

characteristics called "isolating mechanisms".

Igolating mechanisms fall into two distinct categories




(Maye 19463, p 923

1) Bremating isblating m i emng

Seasonal and habitat isolation (potential mates
do not mest).

Ethalogical iseolation (potential mates meet but
do not mated.

Mechanical isolation (copulation is attempted
but no transfer of spere takes placed.

2) Posimating isnlatinog mechanisms

Bamete mortality (sperm transfer takes place but

ihe egg is nok fertilizedd.

Zygote mortality (egg is fertilized but zvygote
dies).

Hybrid inviability (zygote produces an F1 hybiid
of reduced viability).

Hybrid sterility (F1 hybrid zygote is fully
viable but partially or completely sterile,

or produses deficient F2 hybrids).

The use of the above criteria tends to direct thinking
towards what happens when twe species meet. Little
emphasis is placed on the important guestion of how
males and Females of the same species behave when in
contact with each other, It also implies that
differant species actually repel ore another (Hammond,

1982). The term ‘“wpecies integrity"” is often used

& e N Raa® "
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despite its "group selection" connotations. Dobzharsky
{1976} viewed species as "not accidents but adaptive
devices through which the living world had deployed
itself to master a progressively greater range of
environments and ways of living“. This is startlingly

similar to the theories of todays Creationist

seiuntists (see Hitching, 1982), and is, to say the

least; teleological. 4

Central to the isplation theory is the idea that

. «
2 ;
. i ;;' ¥ natural selection plays a part in evelving isolating

oy

methanisms. The provess is supposed to' follow the

following couwrse: two populations sepsrate, diverge

genetically to some ettent and then come together

: . : N again. Mating still oecws betwsen the two populations H
> 3 but *o some extent the hybrids are disadvantaged (not
viable, sterile, ill-adapted, etc.). Naztural selection

then favours individuals that mate only with their own o

giroup  and  thus reinforces their incipient isolating
mechanisms  (Ayala ek al. 1974).  (However, assuming h
that the two populations have diverged in allopatry to

such an  entent that their subseguent overlap produces .

disadvantaged hybrids suggests that natural selection
would not have  praduced reproductive iselating i
mechanisms,) Central to the theory of speciation by

reinforcement s the idea that isolating mechanisms

arise under selection in  sympatry with a closely

related spaciea, and that in allopatry these

it *a.
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characters somehow diffuse through the non-sympatric
part of the popuiation despite thelr disadvantages.
Mayr {1943) states "Where no other closely related
apecies occwr, all courtship signals can ‘afford” to
be ganeral, nonspecific and variable. Where other
related species ecoexist, however, nonspecificity of
signals may lead to wasteful courtship and delays,
even where no hetero-specific hybridization occurs.
Under these circumstances there will be a selective
premium on precision and distinctiveness of signals.”
The first sentence implies that the rale of
reproductive behaviour in leading to fertilization
does not matter. This clearly reveals that Mayr
regarded isolating mechanisas as true adaptations as

defined by Williams (1946).
2.3 2, ition Concept

In 1978 EY publication appeared which sericusly
questioned the thsory of isolating mechanisms andg
reinforcement (Faterson, 1978). Using the evidence
that other authors used to support the i{solation
theory, Paterson demonstrated the flaws inherent in
thelr axperinents and arguments. For example,
lahoratory experiments claiming to show empirical
suppart  for  reinforcement had actually been designed
in suth a way &8 to eliminate the outcome to be

expacted under population genetic theory of negative

prey P e caf
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hgterosis. When two populations of a species with
different recessive genetical markers were placed in
the same cage and allowed to interbreed, .nstead of
allowing the euperiment to proceed to its patural
corclusion, the nusbers of the two marked groups were
artificially kept at  equality after eth genaeration
(@g. Crossley, 1974) . Thus was reinforcement
reinforced! Paterson (1978) pointed out that such
interference is unacceptable and does not support the
reinforcement theory. This criticism has subseguently

baen empirically supported by Harper % Lambert (1983).

Having <for these ang many other reasons rejected the
"Igolation Concept” of species, Paterson provided a
satisfactory alternative. Paterson's (1985) definition
of a species is "...that most inclusive population of
individual, biparental orgasisms whith share a common
fertilization system. " in matile organi Bms,
individuals of & population in their preferred or
normal habitat share a commn specific-mate
recognition  system  (BMRS)  which iz a necessary
preliminary te fertilization. The SMRE comprises a
co~adapted signal-reaponse reaction ehain whose
function it e to ensure fertilization under the usual
conditions of the species preferred babitat. The SMRS
may take the form of vieual, auditory, chemical,
tactile ar any wther wsignals and responses (or

combination of these signals) exchanged hetwean
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potential mates or their celis. The B8MR8 is best
daveloped in  motile organisms, and plays a much less

important role in seskEiie animals and plants

(Paterson, 1985). For example, in orchids the SMRS is
raestricted to the interaction between the pollen and
stigma. The rest of the fertilization system is what
deternines  the limits of the gene pool, i.e., the

signalling betwesn plant and pollinator.

Using Paterson®s Recognition OSoncept, no mechanisms
are nseessary to protect mpecies  “integrity'. The
concept  involves a line of thought directed entirely
at & single population (species), and explains how the
individual  within that population behaves and what are
the limiting factors for gene flow. It is a non~
relational concepl, in  contrast to the Isolation

Concept.

In ronsidering how nfew species may arise, Faterson
(1985) states "...speclabion is an incidental effect
reswliting  from the adaptatien oFf the characters of the
fertilization system, among others, to a new habitat,
or way-of~life.” While members of o species remain in
their ror mal tiabitat  the characters of the
fertilization system are maintained under stabilizing
aelectian. When a amall group of conspewific
individuale become isolated from the main population,

lens weld) adapted characters to the new habitat,

- - o - - i
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including fertilization characters, will become
sub jacl to direetional selection. The new
fertilization systen would set the limits for gens
recombination. - Should the fertilization system then
differ sufficientiy from the parent population,
speciation can be said to have occurred. Although this
mede! of epeciation s very similac to Mayr's (1963)
view of groprephic speciation it is not identical.
Paterson (1985) states “Because Mayr conceives species
g0 terms  of  reproductive isplation, he is obliged to
invoke the pleiotropic modification of ‘isolating
mechanisms®  in  allopatry to account for geographic
speciation,* This is not a problem using the
Recagrition Contepk  of species ag speciation results
Ffrom the adaptation of fertilization characters to the

conditions in the new habitat,

2.4 Discussion

5 may seem, at firskt glance, that these two concepts
are  mutally correlated and to split them is splitéing
hairs,  Thise is not soy although Hammond (1962) aees ne
difFiculty  un o fuking them when he states "Attractants
then mey play  an impo tant role in providing greater
paportunitise  for homrgamebic  matings buk, to the
axtent  that thay are speocific, may also be invelvad in
the reperoductive  separativn of populations. Benarally

speaking  specifle  attractant signals may be regarded

2 s o A ke e
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ineluding tertilization characters, will becone
subject to directianal selaction. The  new
fertilization " system wouwld set the limlts for gene
reconbination. - Showld  the fertilization system then
differ swfficiently firan the parent population,
speciation can be sald to have occurred. Although this
model of speciation is very mimilar to Mayr's (19&%)
view of geographic speciation it is not identical.
Patarson  {198%5) stales "Because Mayr conceives species
Gdn terms of  reproductive isolation, he is ebliged to
invoke the pleickrapic modification of ‘isolating
machanisms®  in allopatry o account for geographic
speciation,” This ig not a problem using the
Reconynition Doncept of species as speciation results
from  the adaptabion of fertilization characters to the

conditions in the new habitat.

It may smem, at first ylance, that these two toncepts
are mulally correlated and to split them is splitting
halrs. This is nol so, although Hammond (1782) spes no
difficalty  in fusing them when he states "Attractants
then  may  play  an important role in providing greater
opportunities for  honogametic  aatings buk, to  the
extent  Lhat they are spocisic, may alse be involved in
the reproductive separstion of populations. Benerally

speaking  specific  attractant signals may be regarded
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as  contributing to repriductive barriers which are of
a mate ‘avoidance® type.” What Hammond seems bto fail
to realise is thet if we are to understand how

evolubian  ogeurs,  we musk  be sure to  distinguish

"adaptations”  from  incidental “effects" as Williams
(1966) o carefully explained. The point is that therls
i no wvidence that any of the "Isulaling Mechanisme®

are ad Dot characters (i.e., adaptations g.str.) as

Mayr claims. They “isolate® purely incidentally. There 1
is no evidence that they were selected to fulfil the 3
role of preserving the integrity of the species. It is
the confusion of Tadaptations” with ‘"effects" that

Hammond seewrs intent on doing. T
v

Paterson (17885) gives vary good reasons why the two
eoncuptes of  Recowntion  and  JTeolation are mutuslly i
exclusive. He argues that the isolation concept is not

compatible with the allopatric oode of speciation. .

)
How, he ashe, are isolating mechanisms, as ad hoc K
characters, presumed to arise in a situation of total o
allopatry, ®g. on islands? Mayr (1963), an ardent .
nroponant of spectation in  allopatry, does nob
adegquately  answer  Lhis  guestion, In his discussion, ¢
Fatersan ceonciudes that  “...all phenomena  overed by Ot

the rcategory ‘postmating  isolating mechanisms® (Mayr

1963 are xncim:r.er\ta]. to  delineating species, since

thay havs nathing to do with bringing about

fertilization”. Many more arguesnts are presented in

i el
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favour  of the recognition concept and  against the

isolalion concept.

i1 considering Darwin’s ldeas on the origin of species
Paterson (19859) states "...Darwin’s view of speciation
was detailed enough for ws to see thabt he accepted
species  arise as incldental congsauences  of
adaptation”. He yoes on Lo guote Kubn (1970)
"Far  many sen the abolition of that teleological
kind of evolution was the most signhificant and
least palatable of Darwin's suggestions. The

Bpprigs rece wised no goal set eithaer

by God or Nature."
and then says "Thus, in sharp contrast te  the
Isolation Concept, the Racognhition Concept is in
complete  accord with the revolutionary view of Darwin.
Morecver, thie Aecognition Coneept emphasizes the
incidental  pabure of speclation  and expresses it in
genstical terms, beoides providing a genetical concept

of specipe.”

In this thesis the geretical concept followed is the
Recognition Concept as a basis for delimiting the
field for gene recombination in the populations under

shudy.
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CHAPTER THREE

MATERIALS AND METHODS

A large section of this chapter would normally have
been included onrly as an appendix. However, there are
certain important modificakieons te techniques which
farm the basis of this project. I have, therefore,
placed all the relevant informatieon on collections and

iahoratory methods in one chapter.

3.2 Figld collections

Female mosqul tors, identified morphologically as

belonging to the Anopheles pambiaeg compler (Billies %

De Meillon, 1768) were collected by various m@ans from
numarous localities. A summary of this data is
presented in Table 1. Coliecting sites are mapped in

Figure 1.

LT
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4 map of Africa, seuth of the Equator, showing grid

localities of collection sites.
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Live wild females wers all subjected to the foliowing
laboratory procedures., Blood fed and gravid females
ware individually isolated in small tubes containing
damp filter paper to induge egg-laying. Unfed females
were offered a bluod meal before heing lsolated.
Famales which laid wpggs and survived were re-fed for
chromosomal identitication (see F.4). Those which laid
eges é\r\d. died were stored in liguid nitrogen for
electropharetic identification (see 3.5). In certain
cases, some of the F-1 progeny Were used for both
chromosomal and electrophoretic identifications. Some
wild Ffemzles were identified without obtaining egg

batches.

3.3 Morphplonical technigues

Each ®g9g batch obtained in the laboratory was treated
as follows. The gy batches were placed in distilled
water  in individual plastic bowls. The emerping larvae
ware fed on a mirbtuwre of powdered dog biscuits and
brewers ywast until they reaches late fourth stoge
develappent., At this  point the larvae wetre
individually dsolatad in small tubes. At pupation and
emgrgence  of the adult, the discarded larval and pupal
palts  were collected and stored in 80% alcohol. The
immature pelts were later mounted in phenol/alcsohol/

Canada balsam (Wirth & Marston, 1968). The adults were

o ®

0
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glued ante card triangles held on insect pins. This
agthod of rearing mosqguitoes ensured that immature k ﬁ
pelts and adults were correlated for every single

individual used in this study. o

On a few opccasions wild larvae were obtained from the

field and these were treated in the same way as the

F-1 larvae were. However, once thz adults emerged | A

were not killed and pinned out. Instead, an attempt L

was made to have each individual ideptified either s

chromosomally or electrophoretically. o

e

£

Adults used wnly for electrophoresis were kept alive i”’

for 24 hours and then anaesthetized with ether. The :

wings, 1legs and palps were carefully removed from the 3 ,E
body and dry mpunted on a microscops slide (Fig., 2). B j

The body was then stored in liguid nitroagen for later o

electropharetic examination.

Adults obtained from the larvas collected on  the

island of Grand Comoros were bubjected to a more
complicated roukine as a correlated chromosamal and >l !

electrophoretic  ddentitication was required. Obtaining

half gravid ovarise fram virgin females is extremely faa
difficult. Each fomale resulting from the )arvae was e e

isolabed  with  ten Anopheles panbias colony males for

four  tp five days and fed on sugar-water during this

o time. The +emales were then starved overnight and ; -

§ N 4
k4 B




Fhotograph  of
mounted, the
corners  only.
Faure™s gum
Entwllan. The

caizection,

FIGURE 2.

a slide with wings, palps and legs dry-~
woverslip heing held by mountant at the

Cleared antennae bhave been mounted in

chloral and the coverslip ringed with

slide is suitably lacelled for a museum
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offered a blood mneal the next morning. Where ovarian
development teook placze, the females were dissected,
their wings, legs and palps were diry mounted, and the
ovaries preserved in Carnoy’s  fluid for chromesomal
studies. The remains of the bodies were stored in

liguid nitrogen for electrophoresis.

The malas emerging from the Brand Comoros larvae wers
kept alive on sugar-water for at least five days and
were then used in sttempts at artificial mating (Baker
gt al. 1962, Prior to mating, the wings, legs and
palps were removed from the males and dry mounted.
Atter mating attempts, the bodiess weve atored in
liquid nitrogen for electrophoresis. One successfael
mating hetwesen a Comoros male and gamhiag celony
female was achisved and the affspring wera identified
using poth chromosomal and electrophoretic techniogues,
ang the internal male genitalia were sxamined for

sherility. '

Adults were examined under a styrec microscope ak S0X
magnification., Certain spots on  the wings, laegs and
palps  were meagursd with a micrometer eyeplece. Femnale
antennas  were clearsd  in 10% potasalum hydreosxide and
muunted  in Faure®s gum chioral {(Gatenby & Beams, 19503
for  examination of the coelocenic sensilia. Specimens
wsad  for  sceoning  electron  microscony wers anebones

dried (Truman, 1948) and mounted directly on stubs




FE

with double-sided selictape and sputter-coated eonce -

with gold to a- thickness of 20nms. @

Setal counte of the larvae and pupas followed the

systean of Belkin (1962) using & phase-contrast

@ microscope ak 400X magnification. 4

Hatched egge were preserved in alcohol, then air-dried L

and mounted for scadning electron microscopy.

3.4 Chr 1 identification 4

Half gravid ovaries (Christopher’s 1911, stage IID)
ware dissected from wild or F-1 progeny femaies. The N
terminal segments of the abdomen were grasped with
fine Forceps and the ovaries were pulled out of the

body while gertly squeezing the mosguito between tbhumb

and Forafingar. Thay were immediately placed in Y4
SRR Carnoy's fixative (3 parts 2thanol, 1 part glasial v e
3 scetic acid) and left for at least 48 hours (Hunt %

Cortzen, 1986a).

T Chromosoms  praparations were snade using the technigues

] of  Hunt (1973 and Breen & Hunt (1980). Ovaries were

removed  from  Carnoy's  and  placed in a drop of S50% i i
@ propionic  aclid on & microscope slide. After clearing
CR30 sec.)  the ovaries were browen up with disseching v%

\

needles and a drop of lacto-acetic-orcein added. The
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ovarioles were stained for 7 sinutes. A drop of S0%
propionic  acid was added and a caverslip dropped on
top, The coverslip was tapped to break the nuclei and
ralease the chromosomea. The ulide was then blotted
with filter paper, taking care npt to move the

caverslip.

Identification of the epecies was obtained uwsing
simplified chrompsomal maps (Figs. 3, 4). Photographs
of the chromasomen, both as a record of identification
and to produce the maps, were taken on a Vickers
phase~contrast microscope LXI000) using Kodak
Technizal Fan black and white film (ASA 50). The
negatives wers developed in Kodak HI10 for 8 msinutes
at  P0°0. Prints were developed in  Kodak D163 far 2

minutes.

E.9 Eleutrashoresis

Initia)l electrophoretic identifications were carried
oul using the techniques outlined by Mahon gt al.
(1976)  and Milesm (1978). This Invelved the use of
starch as  a gel matrix and the slicing of the sharch
inte 3 horizontal  layerd so that the snzyed systems
superakide diemutase BODY . ectanol  dehydrogenase

{Q0H) o glutamic-psyaloacetic transaminase (B0T)  and

anewpecific esterase (EHT) could be stained for.
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FIGURE 3. .
Chromasomnal map  of the X chromosomes showing AR
breakpeoints of inversions used to identify R K
arapis pathise and merus, with
kK
guadri annyl atus an the standard arrangement. The
arraws indicate the centromere end of the chromomomes.
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FIGURE 4.

Chromosomal map of arm 2 showing inversions o and p
which are wused to separate Acopheles gambiag from

Anopheles merus. Arrows indicate the centrbomeres.
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tater modifications o the technigue using stacked
polyacrylamide gels (Hunt, 1984) resulted in better
resalution af the slectromorph  bands  (Fig. @)
Variation within gambiss was observed at the 60T locus
in  the Brand Comoros sample (Hunt % Coetzes, 1984b),
and  the S0OD lorus in  the Yaka Yaka sample (Hunt %
Coetzee, in prep.). Howsver, this did not affect the
usefulness of the systems for the identification of

certain species of the complex (Miles, 1979).

The SOD/ODH staining methad weed for starch gels
tMahon &t al., 1976} was not E{"factive when using
acrylamide gels and had to be modified. Gels were
placed in & staining dish containing a solution of
S0ml  0.05M Tris/HC1  buffer pH 8.5, 25mg nicotinamide
adenine dinuclectide, S0mg nitro-~blue tatrazolium, Smg
phenazine methosulphate, lmi ethanal and 2. 2ml
2-actanol. The staining dish was then covered with
clear plastic and floated on a 3I79C waterbath for
2-% howrs in daylight or until both ODH and 80D bands
appearad. The gel was then transferred to a staining
dish containing aniy distilled water and left

avernight before fixing in 7% acetic acid.

Discussion of the use of chromasones and
electrophoresis  for the identification of the gambiae

complex is in Appendix IV,

A o e Lanm,




FIGURE 3.

Polyacrylamide gels showing the electrgmorph banding
patéterns used ta identify the fow species fngpheles
gambiae (2y A4-13) and arabiensis (S 8] (ODH) ,
auadrignnulatus (3 (GOT) and merus (14) (S00).

HE = human bloed marker.
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3.6 Discussion

Up until now it has not been demonstrated that it is
possible to correlate chromosome and electrophoretic
data with pinned museum specimens. That “=, nuseun
specime s have either originated froam identified
laheratory celony stosks or, rarely, from progeny of
identified wild material. The methods described above
allew an  accurake assessmant of the morphological
variation within populations  without subjecting the

ingividuals to excessive laboratury pressures.

In the present study [ decided aat to use larval
polytene chromosomes (found in  the salivary glands,
Coluzzi & Babatini, 1947) as a means of identification
because this technique does not allow the pressrvation
of morphological specimens. As this study i4 concerned
mainly with the identification of malaria vectors (as
should  all malaria contral prograsmes) the destruction

of the larvae would be counter-predu tiva,

Electrophoretic anzyne variatian displayed an
palyacrylamide gal matrices indicates that more
detailed studies are needed on this group of species.
The variation seen at  the fast (100) BOT lecus in
gambige may indicate that this species is polymorphic
for  this eneyme systoms. However, it was not possible

to  establish with certainty whether some individuals
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were heterozygous as the bands were too diffuse. Two
individuals of gambiase from Brazzaville were
heterzygous for the 105/100 loci. The 105 locus was
previously consl dered to he species-specific for

bwambae which is only found in Yganda (Milew, 1979).

The combined technigues for morphological specimens

carrelated with cytogenetic and electrophoretic

identification methods have bern published by Hunt %

Coetzes (1984},
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CHARTER FOUR

RESUL.TS

4.1 Adulis

Several morphological  characters have been ewamined
ineluding those reported on by previous workers
(Coluzzi 1964, Izmail % Haomoud 1948, Coetzee gt al.

1982 and the results are given below.

The palp ratio {length of segments IV + V/IID) was
used by Coluzzi (a264) and Bryan (1980) in West Africa
to differentiate ~iag and gambise, and by Bushrod
{1981) in  East Africa to separate pecus from aambise/
arabiensig. In tha resent study, 127 palpi were
measured and the resul¥s  are  shown in Table 2. Ao,

merus  (0.83-0.94)  has & rRtle signifigzantly higher
than the pther three species and 0% of the perus
sample would be identified on thig character alone,

(Bze Table F, Appendix 1)

Paips with thras pale bands (Fig. %) are most commonly
geen  in the freshwater members of the gambiae complex,

The salt-water bresders have & higher proportion o$
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Tahle @, Palpal ratios of feur speciss of the gambiasg

complex.

Species n Rangs Maan £.1.
aambiae 24 0.674-0.BE? 0.76 0.08
arahiensis 30 0. 6990, 82 .79 0.04
quadriann. Hn2 0.781~0.867 .79 0.04
merus 21 0.83-0.94 o.88 0.0

Degree’ of overlap.

Rangg %
qambiae/arabiensis 0. 4590, 859 88.9
gambise/guadriannulatus 0.711-0.85% {0.8
gambiae/merus 0, 83%-0. 857 11.1
ara“asnsis/guadriannulatyy  0.711~0.882 7. &
are  qsis/merus G, B3~0. 882 27.5
merus/ouadriannul atus 0. Q3-0, BET 17.8

4-banded palps (Davidsoe gb 8l., 1947). The number of
4~panded palps were s el with the  following
resulter  oamblae 04 termis8dy prablensis 4.46% (n=B6);
guadriannul atne 26.9% (ne-a i3y gargs 75,24 (=149) .

Cosloconis sensilla on  the antennae  (Fig. &) wers
counted on 197 specimens and the results are presented

in Table 3. An. merus bas sighificantly more sensilla
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A scanning alectron micrograph of antennal flagellum
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Table 3.
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Number of coslocenic sensilla on the antennae

of four species of the gambiae complex.

Mean na./ gambiae  arabiensis  quadri- aerus
$lagellar annulatus
seament n=65 n=41 n=47 n=44
1 2.3 2.6 2.5 4.3
2 3.6 4.2 3.6 5.2
3 4.1 4.4 4,2 &.0
4 .4 4.1 3.7 5.7
5 2.9 3.7 3.8 5.2
& 2.3 .z 2.8 4.1
7 1.9 2.1 2.4 3.1
8 0.5 0.9 0.8 0.4
9 0.3 0.6 0.8 0.4
10 0,02 0.2 0.02 0.07
11 o 0 o o
12 0,08 0.2 o o
13 o [ o [
1+ 2 5.9 6.8 &1 9.5
Tatal 21.2 za.2 24.8 34.5
Range 15-30 2139 1B-34 24-41
i ¥
- w - . . .




Scatter diagram

af cuelaconic

Anopheles, merus
aambise complex.

L

FIGURE 7

45

using the palpal index and the humber

sengilla showing the separation

From

of

the other three members of the

T 2N

e




Xadex

Palpal

94

92

88

86

84

70|

58

PO O e

merus

arabiensis

gambiae
quadriannylatus

*
*
O o e . ‘
a A
o . b4 $
A A N
IN
A A A B
A%@ aha A
3 na 9 N
9 ° B %AD A
L N gQDAE‘D N
o - Y =T
@@ @ Q
o a a A
R
o N
o a
° [ul
P R S ,
16 18 20 22 24 26 28 30 a2 34 38 38 40

Coeloconic  Sensilia




46
than the other three species with a mean total of 34.9
(sge Table E, Appendix I). This agrees generally with
the results of Ismail & Hammaud (196D although their
mean  total values differ slightly from those given

here,

Using Bushrod’s (1981) combination of palp ratio and
coeloconis  sensilla number, a graph was plotted (Fig.
7r which shows merus «s being quite distinct from the

others.

During a scanning electron il lopic study of the
Antennae, 1t was noticed that  as had more spicules
on  the bases of flagella segmpents 3 and 4 (Fig. @)
than did the other species. #As this character was
extremely difficult  to quantify, the follewing table
is only an indication of the npumber of spicules

present per species.

Table 4. Spicules on antennal segments.

Species Flagelium segments

i 2 3 4 k<]
aambiae L e + - -
arablepsis s e * - -
auadriannulatus R + * - -
merus e e 3 + +

o
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The size of wing spots (Fig., ?) and their presence or
absence were recorded. Statistical analyses of these
spots  are given i Tables A and B of Appendix 1.
Al though the mean size of several spots  showed
significant differences, these wers not sufficiently
large to be of use for easy ildeptification purposes.
The presence or absence of spets had po taxonomic

significance.

Hind Xep banding patterns (Doetzee gi al., 1982) ware
$irst  assessed subjectively, l.e., overlapping the
segmental  joints of not  (Fig. 10), and subsequently
subjected to quantitative analysis (Cosktzee, 1984).
Measuresents were taken of &he pale bands at the
joints of hind tarsomeres /4 and 4/5 (n=80&). Figure
11 shows the amount of wverlap in the size of the

bands on gambias/arabiensis and perus/guadriagnulatus.

5% of all specimens examined here could be grouped
using  this character. Statistics are given in Tables C

and D of Appendix 1.

Seanning  electron  sicroscopy  (SEM)  studies of the
tarsal rlaws (Fig. 12) wers  canductad  but  no

differences betwesn the species could be detected.

Bimilarly, both SEM and light microscopy studies of
the maie genitalia revealed no  obvious differences

batwaer the specias.
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FIGURE 9

Line drawing showing wing spots and palpal bands which

were measured or recorded for presence or absente.

FIBURE 10

Hind leg bandings used o diserdminate

gambiae/arabignsis from mprus/aladriannul atus.,

N
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FIGURE 11 E

banding measurements of gambiae/

and merus/quadriannulatus (solid ¥‘e‘ ’g
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FIGURE 12

Scanning electron micrographs (mag. X1100) of the fore

tarsal claws of Anopheles gasbiae, a) male, b) femake. B
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4.2

Pupas
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Full setal counts (Belkin, 1962) were done on at least
10 individuals per species. This entailed recording
the number of branches for 222 setae por pupa (Fig.

13).

Hetae which showed some differences were examined

Ffurther

and  the

number

of branches recorded for the

rest of the sample. Combinations of setal counts

devised by Coluzzi (1964) and Reid (1970a, b) were

also recorded. Thesz rasults are given in Tables §-7.

Table 5. Statistical amalysis of the number of

branches an 11 pupal setae.

Seta . Species n Range Mean, 8.D.
10-C qambiae 21 1-4 2.30 0.72
arabiensis b5 1-b 2.77 0.93
ouadriannul atus b0 1-5 2.42 0.7%9
merus 59  2-5 2.86 0.73
4-1 gambiae 83  4-9 6.08 1.20
arabiensig 56 4-2 404 1.04
quadri annul atus 51 4-10 bob7 1.24
merus 58 -8 5.41 0.97
a g ey - = mwn
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Table 5. cont.
Seta Species 1} Range, Mean, 8.0,
51 aanbiae Bs  1-3 2,29 8,63
arabiensis 58 14 2.6%9 0.57
guadriannulatus S6 1-4 2.82 047
merus a1 -3 1.98 0.51
7-I gamnbiae 7% 1-9 4,37 1.65
arabiensis 86 27 4,64 1.15
guadriannulatus 53 a7 8,09 1.38
merus 55 F-:1 G.96 1.75
4-I1 gambias 3 3-8 §5.1%9 1.37
arabiensis b1 3-8 S5.38 1.13
guadrianoul atus 58 4-9 &.34 1.258
merus b2 I-& 4.48 .92
6~11T gambiae B7 -5 2.29 0.90
arabjensis &9 1-5 2.96 B4
auadriannulatus 5 1-5 2.78 0.68
nerus 52 1-6 2.42 1.11
-1V gambi 80 1-3 1.69 bt
arabiensis a7 -2 1.84 2. 80
auadriannul atus 49 13 1.71 0.58
nErus 82 1-2 1.62 0. 49
[ I
- . P kN - s i

.
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Table 5. cont.
Seta Species n Range, Mean, 8D
R 23Y] aambiap RE 1-3 1.12 .36
arabiensis o8 1-3 1.28 0,48
quadriannulatus 59 1-2 102 4,13
merus b0 1-2 .15 0.36 SR
4V gagbiag 51 1-3 1,62 0,55 i
arabiensis &9 1= 1,58 0.585 :
guadriannulatus 49 1-2 1.5% 0,50 :
merus 55  g1-2 1.20 0.40 o
3-VI  gambiae 94 1-3 1.09  o.28 !
arabiensis 72 1% 111 0.32 =
quadriannulatus 62 1-3 1,10 0.35 -
merus 61 1= 1,02 0.13 ) y
g
7-VIi1 gambiae 97 13 t.18 Gy o
arablensis 69 1-2 1.28  0.45 e
F auadriannul atus 59 1-2 .02 6.013
P perus 58 1-2 1,02 0.3
2
i on
.
K
. & e o e " it i ad J”'




13

showing the setal numbering

Dorsal setae are on the left

right.
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Table &.

Statistical

with Coluzzi’s

11964y

analysis

values in parenthesis. Species

names have been abbreviated.
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of swetas combinations

Betae Spegies, .1 Ranag Mean 8.0,
445,11 aamb. 50 1223 16,80 .89
(140)  (13-25) {17.84) (2.27)
arab. 3 1021 17,038 2.52
{100y (131-24) (146.22) (2.58)
guad. 31 15-25 19.13 2,468
mErus 33 10-19 14,42 2,13
(a0 (10-16) {13.33) (1,377
1, ITI+IV  gamb. 50 ?-21 14,460 2.19
(140 (§-17) (13,03 €1,54)
arab. 27 1024 16,92 F.34
1o (12-24) (16.32) (2,49}
auad. 32 10-21 15.39 2,586
merus, Al 10-19 13, 94 2,50
(40} (10-30) (17.7%8) {4.5%9)
2, 1+11+ aanb, 49 24~40 3E. 02 4,13
111 (140)  (22-4%) (31.61) t4.20)
arab. 35 24-39 31,74 b0
(100} (24-39) (30,51 (2.95)
auad. 33 2340 2%.74 4,43
nerus 31 21-36 29,58 3,30
40y {28-40) $30,10) (315
2, IV aamh. A% 2439 28, 90 %.64
VI+VIT (140} (R1-36) (Rb.,04) (2,38
arab. 34 21-37 28,94 4.00
<iony  {22-3%) (27,50 (2,77)
guad. b3S 2A3-AD 27.38 3.99
33 21 2818 2,57
{400 (19-24) (22.95) {1,743
- e - s
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57 39
.
Table &, cont. !
Betaw Bpecias Ne fange mean Ha Lo
4,1142,V  qamk. 48 18~53 23.94 .26
+10,VIT <140y (18-30) (22.08) (2,35
arab. 33 18~31 24,61 2,88 ;
(100)  (18-32) (23 ZD (274 -
:
auad, 31 20-34 IISTY .30 o
5 asrus 31 1726 20,55 .26 n
SEAE 80)  (14-21) (17.73)  (1.81) i
1,
s
Table 7. Statistical analysis of setae combinations
proposed by Reid for East Afelics  (1975a) and West b oe
Africa (1978b). P
Setag Species N, Range. Mean, BaD. |
4,11~ qanb. 39 -1 - +10 4,24 2,64 ;
2,VII E.Afr. 43 3~9 5,50 :
arab. 35 18 4,37 1.75 -
E.Afr, 31 -2 - 4 1.10 !
auad. 31 3 - 12 6,45 2,06 o
nerus 31 -1 -4 3.00 1,63 it
?,VI1~  gamh, 50 g - 30 16,52 5.33 :
4,11 39 o - 22 13,20 p
a8 12 - 32 20,80 :
-
az & - 28 17.78 4,44
‘. 28 17 - 28 21.00
: 34 ~l - k1& B0
NN 31 2 - 2% 13.48 5,67
- 31 &~ 28 18,61 622
i
e EPRA 50 2 -7 2,96 1,23 i
. 44 z-5 2,50
F =8 2 -4 2,58 .86
27 2 -7 4.30
¥
g 30 2 -5 2,80 1,00 o
B
31 2-7 4,13 1.0%
o

- ® o Rl :'/,: i - ) anl }
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The 8tudent’s t-test for difference between means was
used for all  the setae in Table 5 and seta 3-I11 in

Table 7. The results are given in Table G, Appendix 1.

Differences in sekal branching between arabiensis in
Namibia and arsbiensis in the Transvaal and Natal were
compared with gagbiae from Namibia. The frequencies of
the oumber of branches of certain setae are shown in

Table 8.

Table B. Fregusscy of number of branches on some setas

of gambiae and arabiensis from MNamibia (W) and

from the Transvaal and Natal (E).

Seta Specigs No. branches
10-C 1 2 3 4 5 &
ganb. L20 43 30 07
arab. W 33 WA5 L1 L1
arab. E 202 s-2 35 W9
4-1 4, 8, & Z 8 9
aamb.. L0627 W43 .18 .06
arab, W LFO .40 4D
acab. € 02 34 45 37
51 i 2 3 4
1] RY:3 - 22
.89 « 31
02 wiE7 .59 02
7-1 1 2 3, 4 5 b, z
aamh- OB .18 .21 .81 .18 .07
ra. W 29 W87 .4
arab. E L0415 .24 .38 .13 .06
4-11 3 4, 3. &, 7 8
aank. P R TR S T V)
arab. W I3 iy w13
arab. E L08 .08 .46 .29 09
+
® s s Y i
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Table #. cont.
Seta Speries No, branches.
6~1I1 Yoo 2 4 =]
2amh . + 40 36 .24
apab. W L1585 44h 31 » OB
arab. E .08 ,22 .89 .09 ,05
&V 2 3
aamb. . &0 8O
arab. W .92 - 08
arab. E .85 + 45

Measurements were taken of

{Fig. 14) described by FReid

the male genital lobes

(197%a) to distinguish

ganhise and arabiengis in East Africa. bo usable

differgnces were found as

variable.

this tharacter is too




T T3 -

i

FIGURE 14

i
Male genital lobes of the pupde showing apparent

differences between gambiae and grabiensis.
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X400
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Latvag

Full setal counts (Belkin, 1962) were done on at least
five individuals per species. The number of branches
for 344 setae per larva wereg recgorded (Fig. 13) and
setas which showed differences were chosen. Only one
of each pair of setae is represented in Fig. 15. In
this study the number of branches of both setae for 32
characters wera recorded from 20 individuals per
species. These results were assessed and more counts
recorded for 11 of the gcharacters. The results for

these 1l characters are given in Table .

Table 9. Btatistical analysis of 11 larval characters

for the four species of the gasbjae complex.

Seta Snecies N Range. Mean 8.0

Ea sanbiae &0 13-R3 17.67 2,07
arabiensis 47 12-24 18.60  2.88
auadriannulakus a8 1224 18.73% 2.2&
DERME. 5%  iB-28 22,00 2.2V

1-F aambiag &1 4-13 B.61 2,53
avablensis g1 Heib G5 2,48
auadriannulatus 55 5-i8 10.4% 290
nerys 61 S-14 8.77 2.57

_ i e




Line drawing of a larva showing the numbering system

of Belkin (19462). The head, ‘thorax and abdominal

segments
on  the

terminal

(From Coetzee % Du Toit, 1979)

FIGURE 15

I to VI are illustrated showing dorsal setae
laft and ventral setse on the right. The

sagments VII to X are shown in side view.
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Table 9. cont.

Seta  Speciey N Ranue Mzan 8.0
2-F sambiae &0 8-18 13,35  2.26
arabiensis 49 10~21 15.22 2.79

ua nnulatus 58 10~21 14,36 2.43

rerus 57 8-19 14,14  2.59

1t aambise [31 25~83 32.854  4.59
arabiensis 54 23~90 132,82 4.10
guadrisnnulatus g7 2640 ' 3F.46 .33

Rgrus &1 34~58 41.02 4.25

9--11 gambiag &0 714 10,53 1.82
arabignsis P& 8-13 7.80 1.17
guagriannulatys &0 715 10,37 1,78

rus b2 510 8,00 1.20

10-11 gambias 5b 7 4,64 1,08
arabignsis 49 2-5 I. 45 0.6%
guadriannul atus 58 2-4 2.97 .95

59 2~ 3.27 .74

9-X11 aanbiae 57 8-12 7.40 122
arabjensis 55 b=11 8.78 1,32
auadrianpulatus 61 7-12 B8.98 1,22

mErus, &% 410 7.15 1.41

o
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Table 9. cont.
Bets Species Ranag Mean 8.0
{1V pambiae &=11 7.69 1.3
strabiensis 510 7,98 1.15
Quadriannul atug §-10 7.70 1.83
merug 59 5,23 1.19
9-v gambise 5-9 7.08 1.14
arabiensig 5~8 6.8 0.88
ouadriannyl stys 59 6.83 0. 93
perus 3-8 Se1b 1.23
T-V11 gambiae 4-8 5.85 0.82
arabiensis -7 5.82 0.69
guadristnulatus 5-9 6,75 G. 94
MBEUS =7 4.9% 0.9
Z-VIII pambiae &~12 8.6% 1.55
arabignsis 6-13% R.7Y 1.69
auadriannulatus 7-12 9.40 1.2
merus 510 770 1.24
The Student’s t-test comparison  of was

applied to all 32

are given in Table WM,

Appendix

characters used and these results

Mine of the 32

i
I
|
|
)

l

—
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characters showed no  significant differences between
the means of any of the species (p<0.001). Seven of
the 1% characters given in Tahle 9 gave t values which
showed a significant difference hetween merus and the
other three species. Twe of the 11 characters (setas
2-F and 10-11) gave significant t values for the

comparison of tha means of gambiae and arabiensis. An.

uadrisnnuiatus whowed significant differences from
all the other =mpecies on seta 9-VII. The remaining
charackter, meta 1-P, showet a significant t value only
between a comparison of +the means of gambiae and

guadriannulatus.

Larval setae used by Coluzzi (1964) and Reld (1973
were esamined in this study. The range and mean values

are given in Table 10.

a Full «mtal comparison betwaan Namibian and

Transvaal /Matal arabisnsis was not conaidersd as ohly

two of the larval pelts fros the Namibian sample are
in suitable condition. Howaver, the 2 selected setae
givan in Table 11 showed a tendency for Namibian
arabilensis to be more branched than the Transvaal/
Natal =ample. Namibian gambiag resemble Transvaal/
Natal arabiensis.

P 2
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Table

L8

11, Setal comparisons of ssmblse and grabiensis

from Namibia (W) and arabignsis from the Transvaal and

Natal (E).

nambiag srabiensis W. arabiensis £.
Seta 12-M
n 54 14 &
Rangs 12 1~2 1~2
Meran 1,62 1.43 1,09
B.Du 0,14 0,51 0.2%
Beta 1-VII
n 43 i 53
Rarige 1320 1520 13-19
Mean 18.77 17,75 15,70
8.0, 1,84 .42 1048
Four oaut of the seven Namibian gtabisnsis individuals

had  at least one seta 12-M hifid whereas anly 5 out af

28 Tr
seta

12~M bl

The shapes of

VIl (Reid

(197%)

angvacl/Natal arablensis individuale had  this

branched. UOne gagbiag  individoal  had one seta

ranghed while the other was simple.

the sternal plate on abdominal segment
197%) were exanined for all specimems. Keld

reparted a posaiblle difference in shape hetween

s

O




&%
gambias and arabjensis with those individuals having
the plate completely of  alpost divided telonging to
pambiae., The amount of variation recorded in the
present  stwdy was  considerable and no trend could be

detected {n any spocies towards the bi~lobed state.

4.4 Egns

The egn morpholoay  has been extensively used in West
Africa to aeparate pelas from gampias (Ribbands 1944,
Muirhead-Thamson 194%, Bryan 1980). The eggs of melas
are significantly longer and the deck opening on the
dursal  surface broader than all the other specieda.
Paterson (1962, 1944} and Kuhlow (19620 fount that on
size aleng it was possible Lo distinguish egg batches
af  parus from those of agpbiae s.8.. Coluzzi (19464)
hawever . found it difficult to describe  the
differences quantitatively and suggested "Comparison
on & gqualitative bhasis seems in practice to be the

mont advisable methud of diagnosis....”.

The drying of the eyg shells for scanning electron
microncopy caused a tremendous ampunt af’distartinn.
Unfortunately, thias was notiged too late to enable
measurensnts  to be taken from a large enough sample of

eqis from wild-caught fomales.

ol

2y

T




w0
The measurements given below were taken from wet,
unhatched epos obtained from four colonies housed in
the Botha De Meillon Insectary, Bouth African
Institute for Medigal Research. The colonies were:
aambige from The Gambia, garabisnsis from Zimbabwe,
auadriannylatus from  the Teansvaal, and merus from

Zululand, Natal.

Table 12. Measurements (in mm.) of colony eggs of four

species of the gambiae complex.

Specigs ns Rapae Hean 8D
LENBTH
aambiag 26 0500, 595 0,52 0.02
arabignsis S0 0.48~0.55 O 50 0un2
guadriannulatus 40 0 840,83 .48 G002
nerys S0 0,800, 63 .55 0.03
BREADTH
26 Q050,08 0. 06 0,08
50 0. O8~0, 09 .04 0.01
auadri sonulatus as 0. 040,07 DG .01
Mg, HO Du 004 10 0.08 0001

The values for the t~test are given in Table I of

Appendin 1.




71
f ﬁmmparisnn was made between the results in Table 12

and those published in the literature (Table 13).

Table 13, Comparisan of the means of egy lengths from

the present and previously published sources.

Spavies  Oriain. ... ne Tigtan Refarence
aamb. Unknown colony 102 0.504 Coluzzi 964
Tanzania v 100 0. 4%0 Paterson 19462
Gambia * 26 0 TR This study
arab. Unknown colony &2 0.499 Coluzzi 1964
Moz ambigue " 100 0.487 Davidson gb al
1967
Zimbabiwe " Ho .50 This study
auad. Swaziland 100 ©.474 Davidson gt al
1967

Transvaal colony 40 0.48 This study

nerus Unknown colony &0 0.542 Coluzzi 1944

Tanga " 100 0.575 Paterson 1962

" " 200 O libs  Pataraon 1964
Bwaziland " :1d] 0. 54 "
Mauritius 0 O Ha2 "
“ A5 0, 554 "

Zululand colony 80 Q.55  This study

The merus epge are significantly longer than the other
three species (PLO.001) while auadriannulatus appesrs
to be significantly shorter than wsither gapbias or
arabiensis  (pLQ.001).  In  the present study on colony
material the following percentage of individual egys
fell be(wemn the range of 0,48-0,5%mm gambiae 100%
arabignsis 100%, parwe VA% and guadelannulatus 45%.

&
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Scenning  electron microscopy studies of the egys were

carried out (Fig. 14} and no differences could be

datects in @ither the numeber or shape of the

tubercles or of the micropyle.

p g
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CHAPTER FIVE

DISCUSSION

5.1 adults
In 1903 Theobald wrote about the hind leg bandings of

An. gostalis (= oashiss) “... in fect, I have seen

fresh  specimens  in which it is nPearly absent.”
Coluzai (1964) states ‘“Another character relates te
the rings and spots of white scales on the tarsi which

on  the whele, are more extensive in A, merug than in

A. gambise popuiations examined. The ratic of the

length of the white ring to length of tarsus usually

gives definite discriminatery values."

Indeed, the hind leg pale bénd at. the junction of
tarsomeres I and 4 is a very good character for
grouping dambias/arabispsis and guadeiannulatys/merus.
Using the neasursment O.lmm  and  above, 99.6% marus
(n=243) and P4.8% guadrianoulgtus (n=185) wers grouped
corrackly. At 0.09ma  and less, 94.0% gaghiam (n=29%)
and  84.4% grabiangis (n=10%9) were grouped correctly. I
did not consider the "ratie of the length of white

ring to length of tarsus" te be worth measuring as the

axd
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results from the single measurement seen adeguate.

T White (1983) gives results of measurements of ten hind

leg bands for each of the six sewbers of the gambiag

group. The mean values for the four species gambiae,

arabiensis, guadrianoulabus and perus correspond well

with the results presented above. More data are neaded 5

Py for melag  and  bwamban before the usefulness of this
character for these species can be assessed,
especiaily in  areas of sympatry with other members of

the graup.

Significant differences were obhserved between the .t

means of some wing spot measurements and the number of

coeloconie sensilla on  the anterinae of gambize and ;_i
arabiensis. Unfortunately, ro simple combination of #
these characters could ba found which weuld allow most

N of the females of ihe twe species to ba identified. N
an. guadrignowlakus and merus can be separated by ) J
plotting the total number of coeloconic sensilla B
against +the palpal ratiso, as shown in Fig., 7. Bushroed 5%

{17681) used this method to effectively separate sa't-

o water tolerant mosquitoss (merus) from salt-water

2 susteptible masgul toes {oambiae/arabliensis) in
3 Tanzania.

L

o Bame  other adult charagters previously reported in the
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literature and not re-examined here are:

1) spermathecs size (Clarke, 31971) tested by Green
<1971) and White & Muniss (1972 and found to be
varianle

) wing spot ratios {Zahar gb al., 1970) for which
computer analysis was necessary. Discrimination was

good for ane lowality but net for others.

Thege two particular character states also suffer from
the drawback of having been tested initially on colony
material (as do many of the reported characters noted
here). BGreen (1771) measured the spermatheca size on
wild material in Zimbahwe. He Ffound that
guagriapnulatus bad measurements intermediate betwaen
gambiae and arabiengis, which makes the character

useless whare these three spzeies gccur sympatrically.

.2 Pupae

Table & in Appendis I shows a number of setae which
have mean  values that are significantly diffsrent.
However, none of these setag, nor any combination of
them, could be used with confidence to identify any of
the species. The best discrimination was vbtained by
subtracting the sum of seta I-i1I0 fram the sum of seta

4-11, Using 7 as the cut-off value, 96.84 of the mpe

15
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sampla had 7 ar less branchas; 80% of the

quadriar tad 8 or more branches. The total

number pf these iwo species identified correctly was

88.5%. The level of discrimination between gambiag and

arabiensis was murh  lower. For example, wsing the

follpwing combination of setae: sum 10,0 plus sum 5,1 g e
minus sum &,11I, oanly B80% of the gambiae sample and L
S2.9% of the arabiepsis sample could be identifi.”

correctliy. -

A comparison of the setal cosbinations proposed by e

Coluzzi (1944) (Table &) showed some differences i

between his mean values and those obtained in the

present study. He observed that the sums of setae

1,1IT + 1,1V may be of sbme use for the identification

of gambise and arabiensis. The mean value obtained in wy

the present study for gambiae is somewhat higher than
Caluzzi®s which minimizes the taxonomic value of this ©.
character. Alse, should quadrianpuiatus be present,

any valug the character may have had would be lost as

this species has a mean value interaediale between the

othar two.

The character combinations proposed by Reid (197%a, b)

to separate ogamhise and  arabigogls bad nao taxenomie

value far the samples studied here (Table 7). o

The interesting feature which emerged from the study “ 9
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of the pupal chactohany, was the geographic variation
mheerved in  arabiensis {Tabie B). Unfortunately, the
sample size from Namibia wae very small (n=7) and more
data are needed to  confirm  this variation.
Cytogenetically and eleutrnprmre";ically there appeared
to be no differsnce batween the Mamibian and Transvaal

populations.

5.5 lLarvae

Table H in Appendix I shows npumerous differences
between the means of the setae examined (pl0.C01 at a
minimum of 40 degrews of freedom). An. @Eres showed
the nost differences  and &  aumber of setal
combinations were tried in an effort to maximize the
difference betwesn it and the other species. These
combipstions proved less effgctive  than the simple
"wum  oFf seta 9-IVY. Using the sum of 9-IV as 12 ar

less, 87.4% of the @pecus sample  were identified

corractlyy as o more, 90,3% biag, P&3%
arabiensis  and 96.7% guadriannulatug were arouped
correctly. The $ values given in Appandix 1 are rather

high for this character ({1

/oambiae  10.55,
merys/arabiensis  12.89,  gerus/cuadriannulatus  8.72)
but the practical digcrimination of individual perus

g nonetheless not vary good {(only 87,1%). No attempt




78
of the pupal chaetotary, was the geoaraphic variation
ehserved in  arabiensis (Table B). Unfortunately, the
sample size from NMamibia was very small (p=7) and more
data are needed to  confirm  this  variation.
Cytogenatically and elm:trmphure(‘:ically there appeared
ta be no difference betwesen the Namibian and Transvaal

populations.

.3 [rvae

Yable H in Appendix I shows numerous differances
beteman  the means of the setae examined (pe0.0%1 at a
minimum  of 40 degrees of {freedom). An. pecus showed
the  wost differsnces and & number of setal
combinations were tried in an effort to maximize the
difference  between 1% and the other species, These
combinations proved less effective than the simple
"gupe of seta 9-IV'. Using the sum of 9-1V as IR or
lgas, 87.1% of the mnerus =sample were identified
carrectlyy as 1R or aore, 90,34 gagbias, 96.3%
arshiensin and  %6.7% aguadriannulatus were grouped
gorrectly. The ¢ values given in Appendif 1 are rathar

righ fur this aharaster (merus/aanbide 10, 55,

perus/arabiensd 12:.84,  perug. adcisonulatus  B.72)
but  the practical diserimination of individual merus

ie nonetheless not vary good lanly 87.1%). No attespt




79

was made to  find setsl combinations to discriminate

whers  the highest t value is

wambrae  and  prabiens

enly &6.88.

A comparison of setas used by Coluzzi (1964) and Reid
(1973)  with the present sanples shows some differences
in mean  values and in  some cases this affects the
taxonomic  value of the character. Examination of the ¢
values in  Table H, Appendix I, shows & out of the 14
characters used by Ooluzxi and Reld to have very
little or np statistical significance. The mean pumber
af branches on  setas 50 and 1-M show the greatest

statistical difference betwsen perus asnd the other

species and of these twe, seta 1-M is the best for
separating mgrus from the others. Where the sum of the
branches of seta 1-M was 7b or more, 83.9% gerys were
identified eorrectly; a sum of 79 or less groups 83.9%
aampbiae, 94.4% arabiensis and P0.3% guadrisonulabus.
This character is not as good as sets 9~IV mentionsd

above.

Prothoracic seta 1 (1-P) has been used extensively
sipce first preoposed hy Coluszi (1964), Coluezi found
that in eelopies of gambiae and arabiensis originating
from  Pala, Burkina Faso (Upper Volta), only 10% of bis
sample fall in the overlap range of B8-11 branches. In
sthe cases, though, discrimination was not as good

Patarson  {(1968) tested this character at Chirundu,

L, .Y X

oo e -
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Zambia, where fambiae, arabiensis and guadrisonulatus "

gecurired  asympatrically and found it to ba of no value. A

Breen (1771) studied a sample of guadrigonuliatus from
Chiredzi/lundi, Zimbabwe, and found Shat 527 of his

sample feil in the range 8~11 branches. He concludes

ol

S that this character eanpot be  used whare T
guadrianpul atus, pesurs  sympatrically  with  either of ﬁ
! the wother freshwater species. The present study shows f ~ j
[' that virtually no value can be attached to thig :’ i
T e character in  southern Africa, with only a slight .f -

significance (£=3.60) betwsen the means of gambiae and

ayadriannuiatus, and na differences betwaen the teans

of any of the others.

Two possibie explanations for the differences seen =

butween Coluzzi®s and RAeid's rasults and ay awn ares
a)  their extensive or exclusive udse of colany bred
material, and b passible localized geographic

variation. I,

The means for guadriannglatus in Table 10 taken from
Ribeire (1980} i vastly ditferant from  those
obtained in the present study. In the text., Ribelras S

limts his source of daba but  the  figures thak he

quotes  for  guadeismoulatus  cannot he found  in the

i X publications clted (Galuezi 19464, Davidson gt al. Fife
i ; 1947, Ismail % Hammoud 1948, White 1973, 1974, Reid b
o .
B ﬁ 197%a, by Ribelro gt al. 1979). At the sane time, »

.
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White (1973 gives coefficients of difference between

ogagriannulatuys and “species D' and refers to himself

*White, 1973, The raw data for guadriannulaius was
never published (White, pers.coom.) but White (1975
dogs state that “... as regards the larva, species C
rasembles species B most closely and differs only &
little from species A" The differences batween
Ribeiro®s (1980) figures and ny awn are enormouis (eg.
seta 2-C has a mean of 3.31 according to Ribeirao and
8.14 from my data). His data should serve ta identify
auadriannulatus  with  little diffizulty. In fact, most
of the mean values he gives are starilingly similar to
mean  values for the West African salt-water breeder
pelas  (Coluzzi, 1964). In fact, what Ribeiro did was
to use White's (19V3) coefficients of difference and
work out  the mean vaiues for guadrlanoulabus with the
assumption tnat the standatrd deviations of

ouadrisnnulatys are  the same as  those of his

"subspeciee”  gua iannulatus davidsond (Ribeire, pers.
comm. ) . He  considers thig te be a ressanable
assumption. it s, however unaceeptable. By
defirition  (Mayr, 1969, 9. 41), a subspecies must
differ taxgnomically from other populationsn of the
specien. Thus, g, davidgend oust be different from

gy and the wae of the sape standard

adadr L annul.
deviations 48 not, in fact, reagonable. Alse, it is
wagceptable  in statistical  analyses to assune that
the standard devistions of two sanples will be the

WA, The data given Ffor Quadriannulatue
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by Ribeiro (1980) must, therefore, be disregarded.

Beegraphic variation was again noted betwaen

populations from Mamibia and Transvaal /

o arabiensis
Natal. Twe populations of gambiae (Brazzaville, West
ffrica and Brand Comores jsland off East Africa) were
! mnamined for geographical variation and two setae,
13-C and 1~M, {iffered to some extent. Seta 1-M showed

the most difference and, in fact, the 1é6.1% of the

sample which overlapped with agrys far this sharacter

ie (see abave) all came from Grand Comoros.

1

4 Urfortunately, enee again no morpholpgical character
i

was  Foind Lo distinguish  individual  larvae of each

- specien.

5.4 Enas

The measurements from this study given in Tables 12
and 13 can only sarve as an indication of differences
hatwzen  the spercies. Throughout this study | have
constapkly  avolded wning colony material  and it is

unfortunate  that the eges from wild females could not

be measured (sew 4.4), My results of guadriannglatus

egy lengths indicate a difference between it and

;

«

gambisa and arabiengis. The mean length valus of

O.680m  is very similar to that (0,474mm) published by

-
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Davidsan gt al. (1967, Thay, howevar, state that "..
it thus seems impossible to distinguish the three
frashwater wpevies fram the lengths of their agos.”
If statistical analysis was carried out to test the
differences betwsen %he means, Davidson et al. do not

report this. The finding that merus eggs are

significantly longer than the three freshwater
breeders is in agreement with previcusly published

data (Table 13).

5.5 Mugeum collegtions

Bpecimens were examined from four museunm collections:
a) EBEritish Museum (Natural History}; b) London School
of Hygiene and TYropical Medicine; o) Smithsanian
Institution; d) Biosystematics Research Institute,
Ottawa. There are drawbacks to all these nussum
spacimens in one way or another. Many of the labels
lagk information on method of identification, or date

back to before the gambise complex was dafined, or are

labelled “gambiae group". Many ef the gpecimens
originate <from laboratory colonies. Some specimens
labelled as chromosomally identified still had large
blosd-filled abdomens which makes 1t doubtful that
usable chromesoms preparations were actually obtained

from these specimens.

e
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However, leg-handing measurements were taken and these
are  tabulated in Appendix 1I, together with the
predicted group each specimen should belong to based
an  the leg-banding criteria above. Despite the
reservations about the identification of most of the
specimens, the majority confarm surprisingly well to
the leg-banding aroups. I do, however, guestion the
identification of 7 speeimens of guadriannul atus (in
the BMNH) from Chirundu, Zambia, collected in houses.

The 1eg bandings indicate that thase may have been

misidents fied.

5.6 Dirrriminant Funghion Analysis

A computer muliivariate discriminant function analysis
(8A8 software) was used in ar attempt to maximize the
separation of the four species. A summary of the
materi axamined and the number of characters which
showed significant differences are given in Table 14,
Thirteen of thess characters were chosen for  the
computer analysis. They are: the hind leg handing
patterns; the number of coeloconic sensilla on
spgments 5, &, 9 and the total number; the palp index;
the sum of pupal setae 10-C, S-I, 4-1I, and 6~IIl; tha
sum  of larval setam 2-F and 10~Il3 the ege lenoth. A

total of 100 specimens were used.
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Table 14. ) FAMRAry of material examined and

characters showing significant differences.
No. Adults examined A06 .
No. Pupae examined 160 -,
No. Setae on each pupa 344 -
Total setae examined 11 960 11 960
Nexw Larvae examined 120
oY No. Betae on each larva 344
] Total setse examined . 14 440 14 640 3
. i
2, k
- No. Egga examined 166 o én‘ °
5 26 400 ’
T ¢
I o
< >
Characters showing significant differences ;
Adults 18 :
-
Pupae 10 N
Liarvae 23
. Eggs i
-
g -
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Using a stepwise method and running all four qroups at
ance, 974 total distrimination was achieved (Figs 17

and 18). One gambiag individual was misplaced in the

arabiensis group, and two arabiensis individuals were

misplaced, one sach in the nambiae and guadrignnulatus

groups.

e The following key was devised based on the characters

o found to have the highest discriminating value by the 3 ‘
¥ = computer analysis. ; ‘
i 1. Pale band at the jmint of hind A
o

b 7 tarsomeres T and 4, O,1MM OF MOFE..eeasercnnnrnn2

- This paie band O.O%mm Gr lESSiaccrraonrrsraranesd

2. Palpal ratio of 0.85 or higher......vessss. merus i
- This ratio 0.B4 or lower..........gQuadriannulatus (
5. ‘The sum of cosloconic sensilla on
+lagellar segments S5 + & + 9 of bath ©
antennag is 15 OF MOre@u.svaxecennarsenar@rabionsis #
- This sum i 12 OF 1@898.ccarsesevarsresnvaganbiae ‘n
This simple key  identifies 957  perus, 89% E

pguadriannuliatus, 78% arabiensis end 76% of the gambise

females used in this study, The probability aof correct

identification s increased if a minloun  of three

progueny  of & wild female are uweed and an average

measurement or count used for the key. The above
percentages increasns to 100, 100, 87.5 and 94

respectively.
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Using a stepwise method and running all four groups at

once, 97% total discrimination was achieved (Figs 17

and 18). One gambiag individual was misplsced in the
arabien

misplaced,

Qroup,  and two ars #is individuals were

ore each in the ambiae and guadriannylatus

Qroups.
The following key was devised based on the characters
found  to  have the highest diseriminating value by the

computer analysis.

Pale band at the joint of hind

tarsomeres 3 and 4, O.1mm GF MOF@. . unvraencannsd

This pale band C.0%mm or l186S.ssiscunns casen e

Falpal ratio of 0.85 or higher.ccaueuassrsaIBEUS

This ratio 0.84 or 1ower.....:. . guadriannulatus

The sum of coeloconic sensilla on
flagellar segments 5§ + & + 9 of both
antennae is 13 oF MOrB.wssrararrxesvwnarabionsis

This sum 15 12 OF 1@5S..cvssvrvssorcencss  Danmbiae

This

simple key identifies P merus, agY

Lapnilatus.  78% grabiensis and 74%4 of the gambias

females used in this study. The probabiiity of correct

identification ie ingreased if a minimum of three
progeny of & wild femele are used anpd an average
measurEment  or  count used for  the key. The above
percentages  increase  to 100, 100, 87,5 and 94
raspectively.

o - - o
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FISURE 17

Computer printout of discriminant function analysis of

four members of the gambiae group, with merus clearly
2=grablensis;

separated on the right. il=gambiaes

J=guadriannulatusy A4=merus.
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5,7 Ganeral

An  attempt was made to exanine #s many of the repac-ted
difterential characters as possible, Some, however,
were disregarded as they had already been discredited
in the literature and there seemed little point in
pursuing them. For example, measurements of the
spermathecas were not done as Green (1571) had showny
using wild material, that Clarke’s (1971) cHaracter
had no  practical value in the fieid wherae

auadrianoul abus mey ooEur.

The exelusive use of F-1 progeny from wild-caught
females had serious limitations, Wild femalss were
collected from nueerous localities, howsver, ot all
su-  wed, nor oid they all lay e99s. Some egy batches
obt.  ad were not  successfully  brad owt in the
laboratory. AL in all, oy sample size was severely
rastricted by uwsing F~1 progeny, as cpposed Lo colony
material. However, cthe sovantage of knowing that the
sampies  most prebably  recemble wild  material  very
elosely, compensates for .ovar nuesbers. Obviously more
data are needed and fros 5onc more localities to show

whether the morphologice’ Laracters reported here are

consistent within spec od  applicable  in  other

ArGan.
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CHAPTER BSIX

CONCLUSION A

It can be said that there are two distinct kinds of
human  endeavour  in the field of evoiutianary biology:
%‘ a} the science of classification, and b) the study of
? gene exchange and its consequences. Once a complex of : *

o species has been sorted out genetically, we can then

fit them into ouwr system ©f classification. Two

1] distinct activities in twn  digtinct fields of -t
endeavour  with no  judgenents  about which s more N
K . important. They have egual status, This thesis deals i -
) asgenfiially with lhe science of classification and the -y

& identification of a group of cryptic species.

.t Tha identification of vector species is of fundamental

importance for without 1t we cannot study the bialogy Ry
of tha individual species, work oubt the epidemiology .
of @ disease or study the spread of resistancet nor
can we begin to formulate ways of controlling them.
One  of the major flaws of the experimental malaria
cotrol  project  an the Barkl  districet of Nigeria
(Mplineaux & DBramicciae, 1980) was the inltial lack of -

identification «f the vestors. The reéasons for the
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fallure of the sprayving peogrsame  would  have been
known  wuch sooner 1f thi workers had besn aware of the

species with which they were dealing.

At present, chromesomal apalysis is the nost precise
and guickest means of ldentifying individual members
of the qambise group. A study such as that reported by
Shalley (1973, hawsver, does little to instill
canfidence in  the technigue. The identification of
suadriannulatus by ‘fravelled" pplytene chromosones
(Shelley, 1973) is totally inadequate and factually
incorrect,  Proparations  of  polytene chronosomes feom
ouagriannulatus can  be just as goed as those obtained
from the other members of the complex. The publication
of papers like this is counter-praductive in the €ight
against malaria.

Chr omosomal idertification daeg, hawaver, have

limitations. Morphologleally very distinet species can

have h wential el such  as Drasophila

-+ [0 and heteroneura {Craddachk, 1974) .
Bimilarly, morphologically similar species, such as
Angnheles funestus and  Paruni  (De Meillon ek al.,s

1977) may have + wential  chr (Breen &

Hunt, 1980}, These latter two species were recognised
from cross-mating stwdies. True cryptic species with

quential  chr antt ne evidence of hybrid

starility would pot be recognised. This ie probably
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the case in West Africa where Bryan gt al. (1982)
demonstrated linkage disequilibrium and heterozygote
deficiencies of polymorghic inversians in populations
of gambiae from The Gambia. Coluzzi et al. (1985
suggest "incipient speciation” far twa populations of
gambiae from Mali which show a coopiete lack of
heterozygotes between certain chromosomal inversions.
These West African populations show mo signs of hybrid

sterility nor chromosomal asynapsis when crossed in

the laboratery.

The electrophorstic separation of enzymes can confirm
the lack of gene flaw evident between sympatric
populations. Hawever, electromerph similarity does not
necessarily mean a single gene pool exists and many
instances are known whare chromosomally distinct
species have ddentical electromorph freguencies (ses
Futuyma, 1979, p419, Lambert & Paterson, 1982). The
use of electrophoresis for identifying individual
members of the gumbise complex is less precise than
chromosomes, but this caethod iz quite adeguate for
population studies, Onece electromorph frequencies have
been established for & species in & given area, a
large percentage of the unknowns can be identified
with econfidence (Miles, 1979). Individuals possessing
rare electromorphs, however, have to be disregarded
unless correlated with chrososomal identification as

was done with the gambise samples from Brazzaville and

S

nis.




Grand Comoros.

Morphological  idenkification of members of ths gamb
complen  is the least efficient method available.
Moreaver, this study has shown  that previsus
morphological studies of the group based on colony
material cannot be applied in the field, at least, to

southern African material.

The description of a subspecies of guadriannulatus
(Ribeirac et al., 1979) based purely on merphological
criteria is not acceptable in the light of present day
knowledge. As shown by Cambournac gt al. (19892,

quadriannuistus davidsoni from the Cape Verde islands

is chromosomally identical to grabiensis from the
nearby mainland of Senegal. Morphalogical geographic
variation is not 3 valid criterion for the naming of a
subspecies within a group of species which are defined

purely on genetical criteria

Morp: nlogical variation in differant geoaraphic
populations doms pose an interesting question: is the
variation eeen aw an indication of different species,
or aerely environmentally induced variation? Studies
by Coluzzi (1964) and Reid (1973, 1978a, b) indicate a

differance between West African and East African

populations of gambiae and grabiensis., The present
study shows ditfereances betwaen Namibian and




E

i g

94
Transvaal /Natal arabiensis and Brazzaville and Grand
Comoros gambiae. Studies o©n other Anophelinae from
narthern Namibia indicate that the species found there
are not found in either the Transvaal or Natal. An.
phargencis from Namibia is not the same as that in

Natal (Miles et gal.. 1983). An. "ziemanni" (actually

An. onpamibiengis Coetzee 1984) was alsp shown to be
different from ziemanni in South Africa. Species
occurring in Mamipia (eg. wellcomei) are not found in
South Africa (Gillies % De Meillan, 1968)

Circumstantial and very limited morphological evidence
indicate that grapiensis in Namibia may be a different
species from that collected in south-eastern Africa.
Whether the morphological differences between the
Brazzaville and Comoros gambiae indicate the same
thing for this species is much more speculativa. There
is  absalutely no cytogenetical or electrophoretic

evidence to support these speculatinons.

Phylogenies of the gambiag group have beean based an
chromosomal inversions {Coluzzi % Sabatini 1949,
Coluzzi g al. 1979) and nmorphological differences
{Ribeirn, 1980) (see Appeﬁdix II1). The =urrent method
of approaching a phylogenetic relationship based on
chromosome inversions requires an out-group comparison
(Carson 1970, Green 1982, Oreen gt al. 1985h). This

has not  been done for the gambiae complex (Coluzzi gt

al.s 1979). Relationships bagay on morpholagy
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(Ribeiro, 1%80) are suspect due to the nature of the
data used. Not only has colony material been shown to
ke inadequate, but the data used by Ribeiroc for o

guadrianoulatus was obtained by a method which is :

unacceptable atatistically. Furthermore, the use of

auagrianpulatus davidsoni is invalid as this has been

1., 1982). ALl N

shown to be arablensis (Cambournac et

conclusions drawn by Ribeira are therefare also S

invalid.

e ,,“"*“"’.“‘

The problems of identification of the gambiae complex

are by no  means unique within the Anophelinae.

Examination of the cowture  shows  that  great

P -

confusion reigns aver . question of the An.

balabacensis camplex in South East Asia. Some members,

- or “strains", of this group are efficient veéctors of ﬁ,

{ malaria and some are not (Reid, 1968). This is a

: & strong indication that one is dealing with more than A
) one species. Hybridization studies done by Kanda gt Z:

. s’? al. {198%) an An. takasagoensis Peyton & Harrison i

I
1980 and  five ‘“strains” of halabacensis showed a’\
considerable male sterility between crosses of strains E
within balabacgnsis. One ‘“strain®, however, yielded .
fartile male ant female offspring when crossed to
takasagoensis. This, according to Kanda gt al. (1985), .
indicates that takasagoensis is a variation of

balabacensic and not a separate spenies. These a

hybridization studiss were performed on  laboratory
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colonies. Alsc reported in the literature, but ignorad
by Kanda et al. (198%), is t{he record of a species An.

dirns Peyton % Harrison 1979 . This name has been

allocated to a "strain" of balabacensis and Kanda gt

al. do net indicate which of their strains is dirus.
An  added complicetion is that "dirus" has been shown
to consist of two species {Hii, 198%). ALl the cross-
mating and  chromosomal studies, of which I have
mentioned very few, have been conducted on colany

naterial. Some of these colonies are known o be

hybrids (Green, pers.comm.).

gpeculation regarding allopatric pepulations should
take inte accaunt current species concepts and learn
from éwamplas like the gambiae complex. Unlike Kanda,
HBii (198%) comes closest to these ideals and the
conciusions he draws are compatible with the data
praserbed, i.e.y, bhalabacgensis consists of several

different species, including dirus. All the above

studies mentioned were based either on cross-mating or
chromosomes ar both. No satisfactory answer to the
balabacensis question will be obtained until workers
on  the group sample directly from nature and correlate

chromosamnes with rorphology.
A sad aspect of all the studies mentioned here is that

very few species ldentifications of field specimens

can ba correlatan with other aspects of, say,

3 . = P R VI i
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hehaviow or marphology. Ideally, each individual wild
famale should be studied For al) chromosomal
identification, b) blood-meal analysis, ) sporezoite
infections, d) morphology, and @) electrophoresis.
This is not as imppssible as it sounds and a full
description of the necessary Lechnigues has been
presented by Hunt &% Coetzee (1986a). By correlating
all tnis information for individual animals, an
enarmous bady of data will become available and
numerous questions can be answered for whatever group
ene is amalysing. It might even, in the future, become
possible to identify individuals using DNA probes and
this would add  another dimension ko bthe data set.
Possibly guestions like "Is An. arabiensig in Namibia
the same speciez as that in Natal?" may be answered,
Perhaps applying all available techniques to tha West
African pppulations would explain some of the rasulis
obtained by Bryan gt al  (1982) and Coluzzi et al.
(1985). However, it is important to remember that the
genetical characters used to identify the species are
anly markers of the lack of gene flow (Milea, 1981).
It iz net chromosome  dnversion  or electromoeph
difierences which delimit the $ield for  gene
recombination. it iw hahaviow:, i.e., positive
assortative mating which defines the limits of the

gene pool.

With all these sophisticeted gensbtical techniques to
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identify individuals, it may be asked: what is the
function of classical taxonomy? The role of taxanomy
whan applied to anopheline masguitoes has  become
almost obsolete. That is, when applied in the
trraditional manner which is the description of
absolute morphological differences between species
(sometimes based on a single specimen!). This is no
longer applicable for groups of cryptic species
identified by genetical markers, such as the gamhise
camplex. Nao absoiuvte morphological differences were
recorded for the gambiae complex before I started, and
this study has not come wp with K any either!
Morphologicsl studies on  anapheline species must be
based on the progeny of identified wild females. This
anables ane  to  assess  the  variation within
populations, while minimizing the risk of dealing with

mixtures of species.

Having obtained an adequate correlated data base for a
population or populations, and assuming that geastical
methods bave revealed new species within & single
taxon, it shaufd then be simple to test morphological
characters for discrimination of genetical species.
Furthermore, one should be able to establish which, if
any, of the previously described and named synonyms of
the taxon might be assigned to the new genetical
species. This approach was followsd by Lambert &%

Coetzee (1982) in  thedr  study on the An. marshallil

7
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group.  They used multivariate ciscriminant function
analysis to  separate the adults of the marshallii
group of species. One of the major benefits resulting
fram the computer analysis waz that when the type
specimens of marghallii and its synonyms {(i.e., An.
prtchfordi, An. bransvaslensis and An. pseudocostalis)
were entered into the programme as unknowns, it was
possible to predict with ?5% confidence which
genetical group they belonged to. An. tracsvaalensie
was  shown to be the sams as marshallii (= species B of
the group), while pitchfordi and pseuwdocostalis were
not grouped by the computer. Based on this analysis,
Lambert & ULoetzee concluded that the other three
members of the marshallii group {(mpecies 6, © and E)
ware new’ specizs and named two of them (species A =

fn.  lsd

bensig, £ = An. buohi). Subsequently, mere
material of speacies £ has been obtained and this has
been described as  An. kosiensis (Coetzee gt al.,

1984) .

A combination of all avallable technigues and their
logical application is now essential for the under-
standing ©f the systematics of inswct vectors of
disepase pabhogens., The obvious limitations inherent in
the current identification techniques may be minimized
if @ combined approach  iw  used. Ultimately, the
characters used bave to be related to the behavioural
characters which determing the limits of gene exchanga

in nature.
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APFENDIX 1. :

STATISTICAL ANALYSIS . éi

Table A. Wing spot measurements (1 unit = 0.04mm).

Snnt  Species 1 Range. Mean S.D.

1 ganbiae 19 7-11 8.84 1,07
arabiensis 50 7-13 -] 1,31 X
guadriannuiatus 100 6-12 9.27 1.40 i

s
merus e 6~14 F.18 1.80

2 aambise 19 2-& 3.63 .91 X
arabiensis 90 3 4,26  0.92 e
guadriannulatys 101 2-7 4.05 0,97 :

i
ferus 73 -6 4.5%  0.77 1
i
|

3 ganbiag 19 14-20 17.1% 1,56 L
arabignsis 90 11-22 17,80  2.58 2
guadrianmulatus 101 1020 15,47 2,27 .

73 1125 16.34  3.31 :

4 aambiae 19 7-11 8.89 1010 :
arabiensis %0 513 8.53  1.46 it
quadri annulatus 01 7~15 .37 1.36 H

- perus 73 417 9.06  1.54 :
b

o ee " o .




B \
o <
101 i i
Table A. cont. 0. ! ;i
! P
Spot  Species n. Range Mean, 8.0y K q
5 . gapbize 19 6-14 11.84  1.61 - i
arabiensizs 20 415 11.21 1.66 A
guadriannulatus 101 B-16 1132 1,59
nerus 73 20 11.59  2.92 i
B!
6 gambiae 19 5-8 .79 071 Lo
arabiensis 20 4-12 7.9  1.39 o .
auadrisnnulatus 101 410 7,07 .18 :
merus 72 5-10 7.51 1.10
7 gampiae 1% 45 4,47 .61 ‘ .
arabiensis 90 3-7 5.09 0,92 ¢
quadrianulatus 100 37 5.04  0.95
nerus &% 310 5.80  1.31
8 gamhiae 19 -2 4,00 116
arsbiensig 90 1~10 4,02 1.28
auadriannulatus 100 Beud 4046 1,31
perus &% 0-13 4,13 2,16
Combined spots @47, @
Species. Ne...fanoe... Mean | ol t Q.00
auad. 37 6-i3 911 1,81
merus 26 9-14 10,62 1,42 4,018
S
- A
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Table B. Students t~test of wing spots (p<0,01). ,'0‘ q
Species pairs . Goot 1 Spot 2 Spot. 3 Spot 4 ?_5 ;
quad/gan, 1.27 2.16 2,643 1.449 .
auad/mer 0.7 5.5 1,582 1.804
quad/arab 1.773 1.528 4.925 4,329 s (
perus/aanh 0.787 4882 0.982 0. 452 o
merus/arab 1. 804 2,008 2,295 2.256 !
aanb/arsb, 2,425 3185 0.471 1017

Spat & Spot & Bpot 7, Spot 8

guad/gamb, 1,308 1.001 2,396 1,347 -

quad/merus ©.783 2.49 4,361 1.232 =
auad/arab 0. 488 4,791 0.347 2.333 :
merus/gank 0.358 2.7 4.312 0,252

merus/arab 1.043 2,242 4,008 0.4 b

aanb/arah 1.812 3,567 .84 0,063

Table ©. Hind leg pale band measurements (in am.) at

joint of tarsomeres 3/4.

Species ny Range Mean 8.0 !
gambiag 239 £.04-0,14 0,07 002

arabiensig 109 0.04=0, 13 0.08 .02 :
aiadriannulatus 155 0. GBR-0.20 Ql4 Q.02 ;
nErus 24T 0,080,120 0.14 0,02 :
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Table D. Students t-test of hind Leg bands (pgG.OUL).

Bpecies pairs

quad/danh

auad/merus 1.58

auad/arab 192,60

aerus/gank 17.86

erus/arab 20.41

gamb/arab 2,99

Table E. Students  t-test of coeloconic sensilla

(p<0.001) .

Flagellum guad/ guad/ guad/ merus/ merus/ gamb/

seanent =) 2 rab. amh arah ab

1 1.69 7,78  0.20° 10.69 7.86 2,00

2 0069 7,48 F.21 0 30,26 4,92 90,

3 1,68 8,18 0.69 11.B7 7,21 2.49

4 2080 10,16 1.76 15,68 H.02 4,53

g nEL O BBZ 0 1.33 0 14,54 643 4.90

& 526 %78  1.48 12,64  8.20  &.11

7 4,18 3,895 1.74  B.855  B.37  1.16

8 098 0,07  2.48  1.99 2,51 .98

L] F05 0,11 1.6l 297 L85 448

Total Hu9L  L0.2R 1.40 17,67  8.73 .75

142 1083 897 1,89 12,81  Z.63  5.98
3 A oy

o

"
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Tabla F. Students t~test of palp ratios (p<0.00L).

Species pairs t

quad/gani

auad/merus 10,

merus/aanh i

4
52
quad/arab 0.42
2%,
s

@erys/arab 9.

T
[
N
nN

qamb/aral

Table 6. Btudents t-test of pupal setae (p<0.001).

@uad/ auag/ auad/ merus/ msrus/ asmh/ i
Bata aamb nerus arab asmb arah arab SN .
10~C  0.95 3,22 2.8 4.68  0.63  5.57 ; L7
41 2.6 5.8  2.84 352  3.29  0.24 :fg
5-1 B8.87 1.35 3,00 8,82 .82 I '
7-1 2.8 1.86 5.57 4,70 1,08 3
4-11 5.19  9.33  4.44  3.38 4,82  0.87

&=111 .56 1.9G 1.20 .79 2.97 4.42 3

3y 2.09  2.67  4.04  0.54 1,70 2.43
oy 0.89  3.71 0.49 4,84  4.24  0.40

3-VI 0. 23 1.6% 0. 25 1.79 2.19 0. 56
7-VI1 2.89 1.71 8,28 2.86 4.2 1.49 L

3-1I1  0.40 4,79 1,10  4.35 4,72 1.74
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Table H. Students t-test of larval setae (p{0.001).

uad guad/  guad/ merus/ eerus/ gamb/ F
Geta  aamb _ merus  srab  osmb _ arah __arab
2-¢ 1.85 1.19  0.52 1,05 0,52 2
s-C 2.63 0.26 .87 6,80 1.94 ff
6-C 2.44 0.33  B.ZL 3.0 2,47 R
7-C 1.89 5.08  2.06 5.9  2.72 ‘é —
9-¢ 2,01 £.08  3.01  4.67  3.79 :

11-C t.16  1.91  2.40  0.45  0.89  1.17 f

13-C 1.33 2,61 2.22 1.5% 0.63 1.08

1-F .60 337 1,69 0,37 1.63  1.94
2-F 2.35 .47 1.71 1.76 2.08 2.88 ,‘
P 0.37  Z.48 1,31 2,02 0.59 1013 i
1M 0,83 (4.2 0.90 10,58 10.88 2,75

13- 3.22 5,04 5,93 0.94  1.85 2,29 5
1-1 0.96  0.14 1,23 0.79  1.34 2,23 |
4-1 3,69 8.1 1.96 548 &0l 1.59 o
9-1 0.3 10.92 2,75 8.9 .82 2.01 !
13-1 1.60 1.86 1,14 0.08 .61 Q.47 ?
511 0.16 538 1,19 2,74 1.68 0,92 .
9-11  ©.56 8,75  2.03 10.22  8.26  2.88

10-I1  3.60  4.40 5.2 8.13  1.32  4.88
13-11 527 2.05 4,98 1.32 2,92 1.48
2111 1.95 4,15 .16 2.28 264 0.63
6117 1.66 0,32 1,82 1,86 1.58  0.23

7-111 2,093

G~11% 1.87
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i
Table H. cant. B

g k|
9-1v 235 0.94  10.55 12,26 1.18 j 1
9-v 1.11 0,19 8,75 7.99 1.27 M,
VI 2.89 1,97 4.71 4.79  0.52 z
2-V11  0.22 4,19 4.61 1,30 3.25 c
9-YIT 4,86 5.29  5.12  5.07  0.23 S
I-VIII 2.6 Z.15  1.03 6,78  3.06 I~
S5-VIII 1.20 2.90 1.09 0. 39 1.46
1-§ 6,61 2,33 0.26 2,77 2.65 ,7
Table I. Students t~test of egg measurements (p<0.00L)
Species pairs Lenath Breadth
guad/aamb, 8.15 0.05
guad/meryus 14.63 2,91 8
quad/arab 5.7% 0.49
merus/ganh £ B Z:15 '
merus/arab 12.38 .68 i
gamb/arab, 0. 64 0.51

i
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APPENDIX TIL it
A [

PHYLOBENETICS OF THE ANOPHELES GAMEIL §

>

?
B

Prylogenstic relationships based on X chromosome 'Y

inversions for the members of the gambiae group were i
first propesed by OColuzzi % Sabatici (196%). A later
phylogenetic tree for the group {(Cojuzzi et al., 1979

based on  all  known inversians within the complex

favaoured  gua annulatus as the ancestral species. 3

However, no outgroup comparisons were made (Carson
1970, Green 1982, Green et al. 1985b). An.
guadriannuliatus was chosen as the ancestor a) because
of its "relict" distribution, and b)) for its
preference Ffor animal hosts (as  opposed ta mixnd

animal /man hiting behaviowr) . In a more recent

publication, White (1985) postulates that buagbae is a

recently evolved member of the group as the Semliki

Toresk is supposedly only %000 years old,

Using the techmigque developed by Vrba (1979 and

followed by Graeen (i982), the chromosomal inversions

are sehematically presented in Figu 19,  with
auwadrianaulatus  as  the standard arrangement in A and
gambiag as the standard in B. However, as nm sutgroup

has been ipcluded, the black squares ondy indicate

inversion  sequences unique to each species and do not




FIBURE 1%.

Shared and unique inversions of memhers of the gambiae
complex; a) using guadriannulatus as  the standard
arrangement, and b) with gambise as the standard but

net showing the inversion polymnorphisms.
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confer derived orf ancestral status on the characters
used. Hald soguares indicate polymorphic inversiohs.
Whare black squares are sharad by two or more species,
one can postulate that they shared a racent common
ancestor. Fig. 19b depicts the fixed inversiens unigque
to each species or groups of specles using gambias as
the wstandard. A1l it is possible to say fram these
s, bwambae and guadriannulatus may
share & common ancestor, gambias and aerys probably do

data is that pe

too, and merus and grablensis might have done. The

fact that @erus and arabiensis share the inversion 3a

and  that this inversion is polymorphic in gambiae may
indicate that the common ancestor of these three

species had 3a as a polymorphism.

The phylogenstic tree in Fig. 20 postulates that
inversion polymorphismns have been lost in @Ay
populations as I have taken into account the nead for
an  inversion sequence ta have arisen dinitially as a
heterozygote., Obviously, everythdng below the species
names is speculabtiaon and in  fact many more extinct
populations may conceivably have existed. Howaver,
without an  outgroup, little weight can be atbtached to

these diagrams.

The speculation by White (1974) amd Coluzsi eb al,

(1979  that  guadriennuliatus is  the ancestral  form




&

FIGURE 20
A postul ated phylogenetic tiree. The Textinct"”
populations represent unigue inversians which

presumably araose as heter~zygotes before becoming

fined in ane specirs or the other.
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cannet  be supported by the chromosamal data. Coluzzi
et al."s (1979 asseriion that the chromosomes of
puadrianpulatus  are “central® in  the group doss not
stand [£) to critical wvaluation. Iin Facty
ouadriannuiatus differs from gambiag by a single fixed
inversion ' on  the X chromosome. One can postulate that
the longer a species has been in existence the more
chanke it has  had  teo  accunulake inversion
rearrangements. In that case, gambiag is a better
candidate fa2 the ancestral form than gyadrianoulatus
a it has aight polymorphic inversians while
guadriannulatus only has two. Under the same premise,
arabiensis with 16 polymorphic inversions would be the
ancestral species, while merus having none would be
considerad to be the most recently svoived. The use of
quadriannulabus as the standard chromesome areangement
(Coluzzi gb al.. 1979 is a purely arbitary decision
and any other member of the group can serve just as

well, as is shown in Fig, 9.

Another reason given by Coluezi  eb al. (1979) and
White +1974) for the primitivensss of guaderiapnubatue
i its bolerance for temperate climates. This may be
so in Ethiopia, but in  Zimbabwe and South Africa
auadriannulatus’  preferred habitat is in the hot dry
lowveld  regions (Hunt  pers.  comm.  and  personal
abwarvations)y, a preference shared by many arabiensis

populations  in  Africa, The animal biting behaviour of
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gquagriannulatus may indeed be ancestral but this is
also shared by other members of the group. One could
just as well argue that the - catholic behaviour of '
merus or grabiensis (bites cattle or man) is more
suited far the ancestral form  than the specialized

behaviowr of either guadeiannuiatus (cattle biting) ar

gamhiae (man biting).

According  to  White (1985) “Since the Bamblian pluvial

peak, about 9000 years age, African lake levels have ; s,

receded (Rishop, 1971) and the hahitat of An. bwambae

has formed in the Sewcliki  valley." Thus, bwaasbag

cannet have speciated more than %000 years ago. As the

A ERY

distribution of bwambae is restricted to the Semliki
valley, Uganda (as Far as is known), speculation sn
the maximum age for the spacies based on  the
geological history of the ares is valid. To siggest a
maximun age for the species, ene must consider the age

of rifting, the criteris needed to produce the haline

springs and the age of emergence of dry land batween
the two lakes. The Lake Albert - Semliki -~ Lake Edward
Rift valley (sometimes referred to as the Albertine
Rift) has been active for several million years in 4
response to crustal thinning in this part of Africa. o
The last mafor rojuvonation of  the ritt boundary
faults and production of the present topography was

during the  mid-Pleistocene  (Bisho 1965)
s

Downfaulting of the graben, which continues tao the
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wresent  day, will have ensured high heat production in
the vieinity of the boundary faults. This, combined
with meteoric water inpul  (Arad & Morton, 1969)
produces  hot  springs. A source of meteoric water will
have been available wsince the lakes came inta being
which may have baen as long ago as 19 million years —
the age of the Oligocene, lower Mincene PIIT drainage
surface (Bautier, 1965). Hence, the most important
parameter to determine a maximum age for bwambae is
the age of emergence of dry land between lakes Edward

and Albert and the formation of the Bemliki vallay.

Biven that the hot springs are situated along the
ascarpnent edge, the environment of the species would
have been destroyed only when the graben was entirely
water—filled. The emergence of the Semliki valley
occurred before the Bamblian pluvial but later than
the Kamasian pluvial, within the Upper Pleistocane
{Cahen 1983, Bishop 1971). Since emergence, there have
been periodic recessions of the Semliki River leaving
tarraces ém, 12m and 40m above the river level during
the Nakurian, Makaliar and Gamblian prriods
respectively. The Fawressith stone industry, esamples
af which are found on the 40m terrace, has been dated
at  approximately 72,000 years (Zeuner, 1970) which
9ives a minimum age For the valley. The Middle
Pleistocens - Upper Fleistocene boundary at

approximately 187,000 years places a makimum age. Late

ST
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achaulian stone industries  aof inter-Kamasian ~
Gamhlian times have been dated at 115,000 years

(Zmuner, 19701,

Although Bishop (1971) mentions the age of 000 years,
this is ip connection with the Naivasha basin in Kenya
ang not with the Albertine rift. One must therefore
conclude that White (1985) has misinterpreted Bishop
and that the maximum age for bwambam is prabably much

older than 9000 years.

This last ssction on the geological history of the
HBemldki valley is heing prepared for a joint
publication with Mr. Kevin Walsh, Department of

Geology, University of the Witwatererand.
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APPENDIX IV

THE USE OF CHROMOSUOMES AND ELECTROFHORESIS FDR THE
IGENTIFICATION OF WMEMBERS OF THE ANOPHELES GAMEBIAE

COMPLEX.,

Tha members of the Aoopheles oanbiae complex were
defined originally &y differences in the mating
characteristics of the species (Davidson &b al.s
1947). Te determine what the mating types were, was a
tedious and time-consuming process. The discovery that
the giant polytens chromosomes, found in the salivary
glands of the Ffourth instar larvae and the ovarian
nurse celis of the adult females of the different
species, were marked by species-specific paracentric
inversions (Coluzzi 1968, Coluzzi & Babatini 1987,
1968, 1949) meant that laborious labpratory
erass-mating identifications could be dispenaed with.
Inltially however, the obhtaining of readable
chromosome  preparations from fourth instar larvae was
not  gasy. The problem was somewhat simplified by Green
{1970) who presented a chromesome map  of the X
chromogomes  from the ovarian nurse cells of fhe adult

females.

Anopheles ouadeiannulatis was chosen as the arbitrary

standard (Coluzzi gt al., 1979). The breakppints of

it
i
H
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tha fixed inversion differences in the other species
wera recorded on a standard chromosome map (see figs.
T % &), The chromosomes of unknrown individusls were
then compared ta these maps. JIdeptification of
individual females by this method is the most accurate
available. Extensive sampling in Africa from 1967 to
tha present tima bhas shown that the species-specific

chromosome rearrangenents are consistently reliable.

A second means of identifying members of the gambise
group  is the visualising of allozymes usisg harizontal
gel electrophoresis. Thiz method is rapid but its
accuracy depends on  a khowledge of the mohilities of
diagrostic allezymes in the population under study.
Mahan gt al. {1976) published a detailed explanation
of the usie af enzyme electrophoresis for the
ideptification of epecies in the gampise group. They
tested three enzyme systems and found two to be of
some  value. Superoxide dismutase ($0D)  was used to
idantify merus. Esterases 1, 2 and 3 were used to
identity arabiensis, gambias and guadriannulatus. They
found  the mathod 95% reliable. Miles (1978) included
melas and bwasbae in  an  extensive elestrophorstic
study (22 enzymes were considerad) on the group over
mueh of  Africa. He produced a biochemical key (Miles,

1979 using the following systems:
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the' fixed inversion differences in the othar species
ware recorded opn a standard chromosome map (see figs.
F % 4), The chromosomes of unknown individuals were
then conparad ta these maps. Ideptification of
irdividual femgies by this method is the most accurate
available. Extensive sampling in Africa from 1947 to
the present time has shown that the species~spacific

chromosome rearrangements are consistently reliable.

A second weans of identifying eembers of the gambiae
group  is the visualising of allozymes using horizental
gel elepctrophoresis. This method is  rapid bot dits
acturacy depends on & knowledge of the mobilities of
diagnostic allozymes in the population under study.
Mahon gt al. {1%76) published a detalled explanatian
of the uge af enzyme electrophoresis for the
idemtification of spacies in the gambiae group. They
tested three enzyme systems and found twe to be of
some  value. Superoxide dismubtase (S0D)  was uwsed to
identify perys. Esterases i, 2 and I were used to
identify arabiensis, aamblae and guadrisnoulatus. They
fonnd  the  method  P8% reliable. Miles (1978) included
melas and  hwambae in an  extensive electrophoretic
stuty (22 enzymes were considered) on the group over
much  of Africe. He produced a biochemical kay (Miles,

1979) using the following systemss

& A
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the fixed inversion differences in the other species
ware recorded on a stendard chromosome map (sse fige.
3 % 4, The chromesomes of unkoown individusls were
then compared to these maps. Identification of
individual females by this method is the most accurate
available. Extansive sampling in Africa from 1967 to
the present tiwe has shown that the species-specific

chromosome rearrangements are consistently reliable,

A second means of identifying members of the gambias
growp  is the visualising af allarymes using horizontal
gel electrophoresis. This method is rapid but its
acturacy  depends  on a knowletge of the mobilities of
disgnostic allozymes in the population under study.
Mahon gt al. {(197&) published a detalled explanation
of the use of enzyme electrophoresis fer the
identification of species in the gambiae group. They
tested bthrees enzyme systems and  found twe to be of
some value, Superoxide dismutase (S0D)  wae used to
identify wmgrus. Bsterases 1, 2 and 3 were used to

A and ayadviannulatus. They

identify arabiens
found  the method 5% reliable. Miles (1978} included
melas  end  hwambag in an  extensive electrophorebic
study (22 enxymes were considerad) on the group over
mueh  of  Africe. He produced & blochemicel key (Miles,

1979) using the following systems:
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superoxide disoutase (S0D) - slow (95%) perus, very

fast {105) bhwambae)

glutamate-pralcacetate transaminase (B0T) - slow

78 auadeianndlatuss

octanol  dehydrogenase  (DDH) - slow (90793}

arabjensig, fast (100/103) gambiaes

&) esterasa 1 (EST-1) - very slow (7Q/75/80) melas.
The prebability of error was 0,002 far East Africa and

0.07 for West Africa.

Comparison of the wuse of the above fechnigues for
identification purpeoses reveals some disadvantages of
both. Chromnsomal  identification neesds cytogenstic
expartise and many warkers find it diffiecult to foliaw
the banding patterns and recoghime fixed inversions.
The collection of field material is made difficult by
tha fact that half-gravid females are reguired for
thia method. This can Timit the wample size
considerably. Un the other hand, although field
sampling for electraphorenis im vary wimple,
sophisticated laboratory esquipment is necessary  to
process the sample. More important, while the use of
electromorphs B0 identify members of the group is

probably  one of the most convenient methods aveilable,

it must  be realised that such identificationg cannot

% Indicates e romorph mobility (Mabon af al., 19765

=

R e P R
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be apselute. The limitatione of this method have been
carefully described by several authors:

“The gene freguensiss we have entountered  in
Rhpdesia may not necessarily be representative of
those found elsewhere in Africa."  (Mahon gt al..
1976)

“‘Measurements of genebtic distance or similarity
baged on elactromorph fredquency data should be treatad
with caution, and not as a systematist's pansces. ...
Thesa values tan only be of use i¥ they are derived
from taxa whose individual biolegical species or
Bulispacias status has already been established,"
(Miles & Paterson, 1979).

"1t must be emphasized that the probabilitias of
identifyirg species A and B correctly are estimates.!
{Miles, 1979).

“One  or other of a pair of electromorphs with
which assortative mating is established in ane ares
may be absent, or at a low fragquency, in populations
representing the Bane two Fimlis for aens
recanbination in anpther.' (Miles, 1981).

"Benaticai whudies and particularly polybensg
chromosome  investigations are #%il)l  essentlal for a
ralisbie identification of the mambers of the ganhlae

compler. .. (Canbournac gt al., 1962,

In the light of this, 4% is important that the

g3
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identification af a species be contirmad

cytogenetically or by erossing experiments.

The sample of gambise g.l. bhtained from the island of
Brand Comoros is an excellent exanple of how
identifivcations shoulg be made (Hunt & Costzee,
198ék) . Twenky out of &4 females were chrompscmally
identified as gambige 8.8, Fifty-eight individuals
were ddentified electrophoretically as gambiae, based
an  the presance of the fast O0DH band - a result

cantirmned chromasomally in 1% cases and once by

croms-mating. The possibility that  arabiensls,
guadriannulatys  and merus may also ocowr on the island
conld nat be ignored. For this reason, gene
frequencies of any other membars of the group
occurring  in the area alse need to be worked ouk, This
would have to be done before disgnostic electromorpbs
can  be used as the sole means of identifying ganpbiag

group masguitose in the Comoros archipelago.

Not only is specific ldentificakion important  in
understanding malaria  transmission in any given area,
but, futhermsore, various chromosomal inversions within

are correlated with

the taxa ap neis  and  gambieg

diffarent behavioural btraits in the vector populations
in  West Africa  (Coluzzi gt al., 1979). Some of these

traits bave {mportant consequences for the control of
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vectar  populations  or faeic potential as vectors. For
this reason, it is incumbent on entomologists working
on this group o record inverslons that occur in the
populations they are studying in case these are
subsequently shown to be correlated with isportant

binlogical characteristics.

In conslusion, once electromorph frequancies for the
gambiae group species in a given area have been worked
ouk, electrophoresis can be used with confidence to
idantify Lhem, Howaver , until thisg ia donea,
elactrophoretic data must be cartrelated with

chromosomal identifications.
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