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Abstract 
Populations of Anopheles annulipes Walker s.1. from eastern and northern Australia were studied by 

crossing to a laboratory colony (Standard) and, in some cases, to each other. The resulting adult females had 
normal reproductive systems. Some of the crosses produced males with reduced testes. Extensive asynapsis, 
with or without banding sequence differences in the polytene chromosomes, characterised many of the 
progeny of the crosses. Four new X chromosomes were revealed and are illustrated. Rearing parameters 
showed evidence of genetic incompatibility between the chromosomal types. Duration of copulation was 
also found to vary. The evidence presented in this paper suggests that the taxon is a complex of up to 10 
species. 

Introduction ’ 

The taxon Anopheles annulipes Walker is Australia’s most widely distributed and, 
in southern Australia, most abundant Anopheles mosquito. Under experimental 
conditions these mosquitoes can transmit Plasmodium falciparum, P .  vivax (Roberts 
1943) and P.  herghei (Kalucy and McMillan 1970). An annufipes s.1. is also a major 
vector of myxomatosis (Fenner and Ratcliffe 1965) and has been found naturally 
infected with the causative agent of dog heartworm, DiroJfaria immitis Leidy (Russell 
1985). A number of arboviruses have also been isolated from this taxon e.g. 
Kowanyama (Doherty et al. 1968), Trubanaman (Doherty 1972), Mapputta 
(Woodroofe 1976), Tilligerry (Marshall el af .  1980) and Ross River (Marshall pers. 
comm.). Thus this taxon is important in the transmission of both human and animal 
pathogens. 

Many “species” of Anopheles have been shown to represent groups of species 
(Kitzmiller 1977; Green 198 1) indistinguishable by morphological criteria. These 
sibling or cryptic species are typical species in every other way and may have quite 
different ecological and behavioural characteristics that affect their epidemiological 
importance and vulnerability to various control practices (Hackett 1937; Paterson 
1963; White 1974; Green 1981). 

Green found that An annufipes s.  1. is a complex of at least 4 species (designated as 
species A, B, C and D). Species A and B occur sympatrically in parts of southwest 
Western Australia and species A and C co-exist in southern Queensland. Species D 
occurs in northwest Australia. All 4 species are distinguishable by their X 
chromosomes (Green 1972; Paterson and James 1973). In this paper we describe the 
results of our investigation into the taxon in the eastern states of Australia and the 
Northern Territory. 

Materials and methods 
Specimens were obtained from a number of localities in northern and eastern Australia (Fig. 1) as 

follows: Larvae were collected from Homebush, Woronora, McCarr’s Creek and Port Hacking (all in the 
Sydney region); Mittagong, Griffith and Dunoon (all in N.S.W.); Bulimba Creek and Airlie Beach (Qld). 
Eggs were obtained from adults caught in carbon dioxide traps in the Northern Territory (N.T.) and the 
larvae reared in Sydney. These were from Adelaide River, Blackmore, Jim Jim Falls, Roper River and 
Mataranka. Larvae were collected from Nowa Nowa and Mildura in Victoria and from St. Helens in 
Tasmania (not shown on Fig. 1). 

Laboratory reared females were inseminated using the forced mating technique of Ow Yang et al. 
(1963). Water from Woronora River was used in the oviposition cups and for larval rearing. The mosquitoes 
were maintained in an insectary at 25 03°C and 70% RH. Chromosome preparations were made from 
fourth instar larvae using the method of Kanda (1979) and photomaps prepared and compared using the 
method of Stalker (1964,1965). Comparisons were also made with photomaps prepared by Green of species 
A, B, C and D (Green pers. comm.). 

Four lines with completely synapsed, homosequential chromosomes were established. The origins of 
these lines were: The Standard strain, derived from Castle Hill (Sydney) in 1972 and maintained at  the Army 
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FIG. l--Collection sites of samples used in screening. 1. Castle Hill 2. Homebush 3. Dee Why 4. Woronora 4. 
McCarr’s Creek 6. Port Hacking River 7. Mittagong 8. Griffith 9. Dunoon 10. Bulimba Creek 11. Airlie 
Beach 12. Adelaide River 13. Mataranka 14. Roper River 15. Jim Jim Falls 16. Blackmore. 

Malaria Research Unit, Ingleburn, N.S.W. without any addition ofwild material since then; the Woronora 
strain, derived from a male and female collected as larvae from rockpools by the Woronora River just south 
of Sydney; the Griffith strain, derived from 6 females caught in carbon dioxide traps near Mirrool Creek in 
southwest N.S.W.; the Dunoon strain, derived from a larval collection from a domestic fish pond at Dunoon 
in northwest N.S.W. 

The following experiments were undertaken: Crosses to the Standard colony. Specimens from all 
localities except those in Victoria and Tasmania were crossed to the Standard colony. 
Crosses between the 4 N.S.W. lines. Fifteen of the 16 possible combinations were achieved. 

The following investigations were made: Examination of the polytene chromosomes of wild-caught 
material and the progeny of laboratory mated females. 
Examination of the gonads of progeny of laboratory crosses. 
Rearing parameters (number of eggs per batch, the percentage of eggs giving rise to pupae, days to first 
pupation, percentage ofeggs giving rise to adults and the sex ratio of the adults) were determined for each of 
the 4 N.S.W. lines and for the progeny of crosses between them. Some females laid more than one batch of 
eggs. The first and later egg batches did not differ significantly in the rearing characteristics measured (except 
for egg batch size). Hence these were pooled and analysis of variance (one factor, uneven replication) and 
least significant difference tests used except where otherwise stated. 
Duration of copulation. The time of mating during enforced copulation was recorded for the 4 N.S.W. lines. 
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Results 
Crosses with the Standard colony 
Polytene chromosomes 

The results of crossing An annulipes s. 1. from various localities with the standard 
strain are shown in Table 1. Crosses between the Standard laboratory colony and 
individuals from 3 localities (Homebush, Dee Why and Bulimba Creek) produced 
offspring with fully synapsed chromosomes. The X chromosomes and autosomes of 
these specimens were homosequential with the Standard. 

Table 1. Results of crossing An annulipes s.1. from various localities with the Standard colony. HS = 
homosequential; I. =i inversion complexes 

~~ ~~ ~~ 

OlTspring Test material 
Locality 

Chromosomes Testes X chromosome Source 

N.S.W. 
I .  Homebush HS, Synaptic 

2. Dee Why HS, Synaptic 
3. Woronora 1, Asynaptic 
4. Mittagong I,  Asynaptic 
5 .  McCarr's Creek 1, Asynaptic 
6. Port Hacking I, Asynaptic 

7. Griffith I, Asynaptic 
I, Asynaptic 

8. Dunoon I, Asynaptic 

HS, Synaptic 
Qld 
1. Bulimba Creek 
2. Airlie Beach I, Asynaptic 
N.T. 
1. Adelaide River 1, Asynaptic 
2. Mataranka 1, Asynaptic 
3. Roper River 1, Asynaptic 
4. Jim Jim Falls 1, Asynaptic 
5 .  Blackmore 1, Asynaptic 

*not species A or B but otherwise not classified. 

River 

normal 

normal 
normal 
normal 
normal 

Type 2 
Type 3 
Type 3 

normal 
Type 3 

Type 2 
Type 1 
Type 1 
Type 2 
Type 1 

St 

St 
w o  
w o  * 

* 
Gr 
Du 

fresh to brackish 
swamp margin 
man-biting trap 
forest rock pool 
forest rock pool 
forest rock pool 
forest rock pool 

road gutter 
CO, trap 
domestic fish pond 

freshwater creek 
freshwater creek 

C 0 2  trap 
CO, trap 
CO, trap 
CO, trap 
CO, trap 

In the offspring of all other crosses there was considerable asynapsis (compare 
Figs 2 and 3) and the X chromosomes were completely asynaptic, or nearly so. No 
wild-caught material had asynaptic chromosomes. 

Gonads 
In none of the crosses did the F,females have aberrant reproductive systems. In the 

3 crosses in which the offspring had synaptic chromosomes, the male reproductive 
systems were also normal. In other crosses, the male progeny showed gonadal 
reduction of 3 kinds (Figs 4-7). In Type 1, found in the hybrids from some of the N.T. 
material crosses, gonads were reduced to about 10% of normal size. Few spermatozoa 
with rigid tails were present. Several crosses of such males to Standard and hybrid 
females failed to produce offspring. Type 2 gonads, found in hybrids from some N.T. 
crosses and one type of Griffith cross, showed similar size reduction but were round 
rather than oblong in shape. This difference was consistent within families. No 
offspring have been obtained using such males in crosses. Type 3 gonads, found in 
hybrids from some N.S.W. and Qld crosses, were smaller than normal, though the 
reduction was. consistent within type. (The difference was not always as marked as in 
the photographs, since there was variation in the size of both normal and Type 3 
gonads). Spermatozoa were usually present. Such hybrid males produced offspring 
when crossed with Standard females and hybrid females, though hatching was 
reduced. 
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FIG. 2-Polytene chromosomes complement of the Standard strain of An annulipes. 

Analysis of N.S. U’. material 
Polytene chromosomes 

The X chromosomes of the 4 N.S.W. strains used in this study are shown in Fig. 8; 
they differ by the inversions as indicated. The X chromosome of the Standard strain 
was indistinguishable from species C of Green (pers. comm.). His species A was not 
found in N.S.W. but we examined some material from Mildura (Victoria) in which the 
X chromosomes were the same as Green’s A. His Species B and D were distinct from 
the N.S.W. material. Unfortunately, the chromosomes of the Woronora strain are 
difficult to prepare, being thin and indistinctly banded. This precluded full comparison 
between this strain and the others, though it was clearly unique. 

In all offspring between strains there was considerable asynapsis. The X 
chromosomes, except for a small region in the Dunoon/Woronora crosses, were 
wholly asynaptic (Figs 9-14). There were also autosomal differences between the 
strains, but these are difficult to define due to the extensive asynapsis. 
Gonads 

The female progeny of these crosses all appeared to have normal gonads. Testes 
varied in size within strains, but nevertheless there seemed consistent, minor reduction 
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FIG. 3-Polytene chromosome complement of the offspring of the cross Standard 0 Griffith d showing 
extensive asynapsis and inversions on 3 and 4. 

in their size in the progeny of most crosses. However, spermatozoa were present in all 
but the F, males of the Standard female Griffith male and Standard female Dunoon 
male crosses (Table 2). 

Rearing parameters 
Sex ratio differed from 1: 1 in several cases. In the Griffith/other strain crosses there 

was frequently a reduction in male numbers, which was due to the males dying in the 
process of eclosion. Larval or embryonic male death is unlikely to have been a factor as 
hatch and survival were not reduced. Coetzee (1983) found a similar phenomenon in 
crosses between An coustuni species A and B. 

Percentage hatch was not reduced in any of the crosses, but survival to pupation 
was lower in some lines. This is probably a consequence of the unsuitability of the 
laboratory conditions for the Griffith strain, rather than an indication of genetic 
incompatibility since this line had the lowest survival and their hybrids survived 
slightly better. In other cases (Griffith/Dunoon, Woronora/Woronora, 
Woronora/Standard) there was an excess of males. Survival to pupation was only 
reduced (though not significantly) in the Griffith/Dunoon cross, so this male excess was 
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probably due to factors other than female mortality, and the Occurrence of the 
anomaly in the pure line (Woronora) indicates it may be a natural phenomenon. 

Table 3 shows the number of the mated females which oviposited. Mahon et al. 
(1981) noted this statistic was subject to too many (uncontrollable) variables to be 
meaningful. It is interesting, however, to note the effect of female type on the 
percentage of mated females laying. The laboratory-adapted Standard strain females 

FIGS 4-7-Male reproductive systems: (4) Type 1: Standard Q Mataranka 8; (5) Type 2: Standard 9 Jim Jim 
Falls 8; (6) Type 3: Standard Q Griffith 8; (7) normal. 

FIG. 8-X chromosomes of 4 N.S.W. strains of An annulipes. The centromeric end is on the left 
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Table 2. Rearing parameters and reproductive system of offspring from experimental crossbreeding 

Sex 
ratio Male 

- 
- - 

X t  X X t  

diF batches Batch size surviving first % pupae - d gonads 
%eggs Days to 

xt Cross No. egg 

to pupation pupation emerging 0 

STiST 
GR/GR 
DU/DU 
w o i w o  
STiGR 
GRiST 

STIDU 
DU/ST 

STiWO 
WOiST 
DUiGR 

GRiDU 
DUiWO 
WOiDU 
WOIGR 

25 
9 

26 
15 
4 
5 

9 
9 

3 
11 
3 

4 
2 
2 
3 

77a 
58a 
50a 
74a 
63a 
74a 

55a 
92a 

34a 
82a 
43a 

47a 
164b 
49a 
31a 

52 
21 
60 
49 
48 
41 

53 
57 

32 
51 
42 

26 
65 
18 
23 

10.4a 
12.2ab 
9.4a 
9.9a 

10.7ab 
1 1 .Oab 

9.3a 
9.7a 

8.5a 
10.4a 
10.5ab 

9.3a 
9.0a 

13.5b 
10.7ab 

91a 
91a 
87a 
91a 
59b 
61b 

93a 
91a 

97a 
95a 
50b 

1 OOa 
93a 

l00ab 
' 70ab 

I. 14 NS Normal 
1.20 NS Normal 
1.07 NS Normal 
1.43 ** Normal 
0.38 ** Type 3 
0.33 ** Type3 

1.09 NS Type 3 
0.92NS Type3 

0.45 NS Normal 
2.11 ** Normal 
0.05 ** No mature 

males 
2.42** Type3 
0.95NS Type3 
0.50NS Type3 
0.25 * Dissection 

No sperm 

No sperm 

unsuccessful 
~~ 

NS = not significant, * = P < .05, ** = P < .01. 
ST = Standard strain, GR = Griffith, DU = Dunoon, WO = Woronora. 
t = Means followed by the same letter are not significantly different (P = 0.05). 
% hatch was always > 40% and considered normal, the parameter was difficult to estimate due to some 
delayed hatching. 

Table 3. Oviposition parameters (no. mated no. that 1aid:no. laying fertile egg batches) 

Female 

Standard Woronora Dunoon Griffith 
Male - Total 

Standard 17:9:8 

Woronora 13:7:7 

Dunoon 15:5:5 

Griffith 15:3:2 

(53",)* 

(54%) 

(33%) 

(20"A) 

14:2:2 

22:3:3 

1:1:1 
(100%) 

4:O:O 
(0%) 

(14%) 

(14%) 

19:5:4 
(26%) 
4:l:l 

(25%) 
57:19:17 
(33%) 
8:2:2 

(25%) 

7:3:2 

6:l:l 

9:l:l 

20:8:6 

(43%) 

( 17%) 

(11%) 

(40%) 

57: 1 9  16 

45:12:12 

82:26:24 

47:13: 10 

(33%) 

(27%) 

(32%) 

(28%) 

Total 60:24:22 41:6:6 88:27:24 42: 13:lO 23 1 :7062 
(40%) (15%) (31%) (31%) (30"/,) 

*% mated females laying. 

were most likely to lay, independent of the strain of their mates. Woronora females 
were least likely to lay, even though water from their natural breeding site was used in 
oviposition cups for all crosses. 

Duration of copulation 
Duration of copulation in forced mating is known to vary between species, but 

there seem to be no reported differences between the members of a complex. Fig. 15 
shows that the variation between strains in the annuhpes complex is significant. This 
may reflect differences in mating behaviour. 
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FIGS el4-X chromosomes from offspring of crosses between strains of An unnulipes from N.S.W.: (9) 
Griffith X Standard; (10) Woronora X Standard; (11) Dunoon X Standard; (12) Woronora X Dunoon; (13) 
Woronora X Griffith; (14) Dunoon X Griffith. 

Discussion 
It is not possible to conclude if individuals represent the same species, that is, have 

a common specific-mate recognition system in nature (Paterson 1982), simply by cross- 
mating. However, it is a useful first step in assessing genetic compatability. Hybrid 
infertility is frequently taken as being indicative of species level divergence. The 
reduced fertility of the hybrid males from many of these crosses strongly supports the 
hypothesis that their parents are not conspecific. The normal reproductive system of 
the female hybrids does not negate this hypothesis and there are many examples of 
fertile hybrid females and sterile hybrid males from crosses between sibling species in 
the genus Anopheles (Paterson 1963; Davidson et al. 1967; Kitzmiller et al. 1967; Miles 
1981). The fertile hybrid males from crosses between the Standard and the Woronora 
strain does not indicate that they are conspecific. At least partly fertile hybrid males are 
produced when members of the hyrcanus complex are crossed (Kanda et al. 1981) and 
in some crosses within the culicifacies complex (Miles 1981) and in one cross in the 
garnbiae complex (Paterson et al. 1963). The properties of the specific-mate 
recognition system, under natural conditions, normally ensures positive assortative 
mating. However, these constraints are over-ridden by the forced mating technique. 

Extensive asynapsis in hybrid chromosomes are characteristic of many 
anopheline species complexes (Paterson 1964; Davidson et al. 1967; Kitzmiller et al. 
1967; Green and Hunt 1980; Hii 1985; Green et al. 1985). Intraspecific cases of 
extensive asynapsis have yet to be demonstrated in Anopheles. Thus the asynaptic 
chromosomes in the offspring of many of these crosses (compare Figs 2 and 3) point to 
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FIG. 15-Duration of copulation at induced mating 0 1  4 strains of An annulipes. 

significant genetic divergence between the strains. Although over 500 wild caught 
specimens were examined, none had asynaptic chromosomes. However, most of this 
material was collected from areas in which only one chromosomal type has been 
detected. Experience with other Anopheles complexes suggests that asynapsis in the 
hybrids, in conjunction with the different banding patterns of the polytene 
chromosomes of their parents, would normally constitute sufficient evidence that the 4 
N.S.W. lines are 4 different species. Thus it is improbable that the chromosomal 
differences found form part of a continuum. However, collections need to be made in 
sympatric localities, i t  they exist, before any final conclusions can be made about 
assortative mating. 

The differences between the strains thus make it very likely that they are different 
species. Furthermore, Green’s Species A, B and D are distinct from our N.S.W. 
material. For practical purposes we suggest the retention of Green’s system and the 
N.S.W. material be classified, as species C (Standard), species E (Woronora strain), 
species F (Dunoon strain) and species G (Griffith strain). Airlie Beach and the N.T. 
material had different characteristics from the 6 members so far classified and from 
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each other (at least two types in the N.T.), so the complex probably has up to 10 
members. 

Naming the different species of An annufipes s. 1. will require determination of 
possible morphological characters that distinguish the species and comparison with 
the type specimen and those of species taxa at present in synonymy. Secondly, as is 
likely, if no morphological criteria are found, then the identity of the type specimen 
would have to be inferred from the distribution of the sibling species. For example 
specimens from Tasmania, the type locality of An annulipes, had the X chromosome of 
species A of Green. 
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