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Summary 

Isofemale lines of Drosophila melanogaster from six localities along the east coast of Australia, 
spanning 2900 km and 26 degrees of latitude, were assayed for their gonadal dysgenesis 
characteristics in the P-M system of hybrid dysgenesis. A strong clinal pattern with latitude was 
discovered. From north to south, the first two populations were typical strong P populations, and 
the next population was moderate P. The next population to the south was neutral ( 0 , with some 
weak P and weak M characteristics. The two southernmost populations were typical M 
populations. Much variance in P activity in P populations and in susceptibility to P activity in M 
populations was detected among isofemale lines. This clinal pattern with latitude of the P-M 
system is paralleled by similar clinal patterns for frequencies of common cosmopolitan inversions 
and of certain allozymes in Australia. A model of introductions of flies with different characteristics 
in the north and south could account for the P-M clinal pattern, but cannot account for an 
intermediate Q population, nor establish the inversion and isoenzyme clines at the same time. 
Current models of transposable element population dynamics are limited to single population 
dynamics, and are therefore inadequate for these clinal data. 

1. Introduction 

P elements are mobile genetic elements in Drosophila 
melanogaster that may transpose and replicate at high 
frequency under certain conditions in germline cells. 
Such transposition causes or correlates with some or 
all of a suite of phenomena, collectively termed 'P-M 
hybrid dysgenesis' since the necessary conditions were 
originally detected in crosses between M strain 
females (M for 'materna l ' ) and P strain males (P for 
'pa ternal ' ) , but not in the reciprocal crosses (Kidwell, 
Kidwell & Sved, 1977). The phenomena include 
temperature dependent gonadal dysgenesis, embry
onic lethality in F2 eggs, recombination in males, 
transmission ratio distortion, chromosomal breaks 
and rearrangements, and mutat ions, which are often 
unstable (Bregliano & Kidwell, 1983; Engels, 1983; 
Kidwell, 1984). Full-sized, intact P elements (O'Hare 
& Rubin, 1983) are competent or ' a u t o n o m o u s ' 
(Engels, 1984) in that they can mediate their own 
transposition and that of non-autonomous / 'e lements . 
The latter generally seem to be internally deleted 
versions of autonomous P elements. The degeneration 
process that forms deleted elements may be linked to 
transposition, since it can be relatively rapid under 
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dysgenic conditions (Voelker et al. 1984; Daniels et al. 
1985a; Daniels, Strausbaugh & Armstrong, 19856). 

The presence of autonomous P elements may be 
required for suppression of transposition, a l though 
recent results cast some doubt on this (Sakoyama et al. 
1985; H . M . R o b e r t s o n & W. R. Engels, personal 
communication). The transposition-suppressing state 
is at least partly maternally inherited and is called 
'P cytotype ' (Engels & Preston, 1979); its absence is 
called ' M cytotype ' . The two conditions are extremes 
between which are found different degrees of 
susceptibility to P activity (Kidwell, 1985). It is 
apparent that active P elements can be ' infective' , 
replicatively transposing to different chromosomes or 
different regions of the same chromosome (Kidwell, 
Novy & Feeley, 1981) in both M and P cytotypes, 
albeit at much lower rates in P cytotype (Preston & 
Engels, 1984; Engels, 1985). At the populat ion level, 
major areas that are not understood include the 
conditions under which P elements can invade a 
population, their population dynamics in an invaded 
population, their genomic and populat ional distribu
tions, and their effects on a populat ion both as 
potentially deleterious factors and as sources of 
genetic variation (Engels, 1985; MacKay, 1985; 
Kidwell, 1986). 

P-M hybrid dysgenesis was initially detected in 
crosses between certain wild strains and laboratory 
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strains (Kidwell et al. 1977). The differences between 
them suggested that there might be variation in P-M 
characterist ics a m o n g popula t ions in the wild. Surveys 
using reference crosses to define P-M characteristics 
have in fact provided a picture of great interpopulat ion 
var ia t ion a round the world (see next paragraph) . 
Reference cross A is a cross of males of a line to 
females of a tester M s t rain; cross A* is a cross of 
females of a line to males of a tester P strain (Engels 
& Pres ton , 1980). Lines are characterized as ' P ' if they 
cause high gonadal dysgenesis in cross A and low 
gonada l dysgenesis in cross A * ; as neutral or '£?' if 
b o t h crosses show very low dysgenesis; and as 'M' if 
cross A shows low but cross A* shows high gonadal 
dysgenesis (Kidwell, Frydryk & Novy, 1983). Mole
cular analysis has shown that phenotypically M strains 
are in fact of two types: some laboratory strains 
completely lack any P element-hybridizing D N A , and 
are called true M; all current wild M strains that have 
been tested and some laboratory strains have P 
element-hybridizing D N A (Bingham, Kidwell & 
Rubin , 1982; T o d o et al. 1984; Anxolabehere et al. 
1985; unpublished da ta) , and are called M' or pseudo 
M(Kidwell, 1985). Popula t ions are characterized as P , 
Q, o r M if most of the individuals they comprise are 
P , Q, or M respectively. 

In N o r t h America, South America and subSaharan 
Africa, virtually all examined popula t ions are P to Q 
(Engels & Preston, 1980; Kidwell et al. 1983; Anxol
abehere et al. 1984; Kidwell & Novy, 1985). Q popu
lat ions p redomina te in France and M populat ions 
p redomina te in southern and eastern Europe, north
ern Africa and across Asia (Anxolabehere, N o u a u d 
& Periquet , 1982; Anxolabehere et al. 1984, 1985). In 
J a p a n , P or Q popula t ions predominate , al though 
some popula t ions are M (Takada et al. 1983; Yama-
m o t o , H iha ra & Watanabe , 1984; S. Ishiwa, personal 
communica t ion) . Sparse da ta from India, southeast 
Asia, and Micronesia show Q to M populat ions 
(S. Ishiwa, personal communica t ion) . Considerable 
var ia t ion is typically found within populat ions, so that 
the above designations qualitatively describe central 
tendency only. 

Pr ior to this study, Austral ia had not been well 
surveyed for P-M hybrid dysgenesis. A few popu
lat ions, from southern lati tudes, had been shown to be 
Q or M (Kidwell et al. 1983; Anxolabehere et al. 
1985), and one s trong P line was known (Angus & 
Raisbeck, 1979). A prel iminary study by M. M. 
Green and J. B. Gibson (personal communicat ion) 

showed a modera te degree of male recombination 
(MR) in tests of extracted chromosome lines from 
Townsville, Queensland (19° S lat., on the east coast 
of Austra l ia) , and no MR activity of extracted chro
m o s o m e lines from Huonville, Tasmania (43° S lat.). 
These results suggested that a nor th - sou th survey 
might show variat ion in P-M characteristics. 

Accordingly, popula t ions from six localities span
ning 2900 km and 26 degrees of latitude along the east 

coast of Australia were surveyed. Gonadal dysgenesis 
in reference crosses was used as an assay of P-M 
characteristics. This paper reports the results of the 
survey, which show a dramatic latitudinal cline in P-M 
hybrid dysgenesis potential, and discusses hypotheses 
of its cause. 

2. Materials and methods 

(i) Localities and tested lines 

Localities for this study were chosen close to the east
ern coast of Australia, all at elevations of less than 
150 m, to avoid effects of local inland weather pat
terns. Six localities were chosen, spaced from 225 to 
875 km apart , and spanning 25 degrees of latitude, 
from tropical northern Queensland to cool temperate 
southern Tasmania. D. melanogaster populations 
from the localities were represented as collections of 
lines, each line started from a single wild-caught 
female. 

The localities, numbers of isofemale lines tested, 
and details of collection are as follows: CAIRNS, Queens
land (16-9° S la t . ; 16 lines; collected 25 November 
1982, by P. R . Anderson; under mango tree, on drop
ped fruit); ROCKHAMPTON, Queensland (23-4° S lat.; 
20 lines; collected 4 December 1982; by P. R . 
Anderson; banana bait traps in suburban locality); 
COFF'S HARBOUR, New South Wales (30-3° S lat.; 20 
lines; collected 21 March 1983, by I .A.B. and S. 
Easteal; in banana plantation, on discarded fruit); 
BATEMAN'S BAY, New South Wales (35-7° S la t . ; 18 
lines; collected 21 March 1983, by P. R . A n d e r s o n ; 
banana bait traps in suburban locality); C A N N RIVER, 
Victoria (37-6° S l a t . ; 20 lines; collected 21 March 
1983, by P. R . Anderson; banana bait traps in sub
urban locality); CYGNET, Tasmania (43-2° S la t . ; 20 
lines; collected 27 April 1983, by A. V. Wilks and J. B. 
Gibson; at cider factory, on crates of apples). Each 
isofemale line was maintained in the laboratory in 
30 ml vials on a standard cornmeal-sucrose-yeast-agar 
medium. 

(ii) Method of testing and scoring 

Gonadal dysgenesis in reference crosses was chosen as 
the most expeditious assay technique for P activity 
and for susceptibility to P activity. The lines from 
Bateman's Bay were assayed in 1985 (about 45 gener
ations after establishment); the others were tested in 
1983 (4-10 generations after establishment). The 
tester strains used were: H A R W I C H , a strong P strain 
with 30-50 P elements per haploid genome; and 
C A N T O N - S , a strong M strain completely lacking 
P elements (true M (Kidwell, 1985)). The properties 
of these strains in the P-M system have been 
well-characterized (Bingham et al. 1982). 

Two reference crosses were done with each line to 
characterize its P activity (measured as gonadal dys
genesis in cross A) and its degree of susceptibility to 
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P activity (measured as gonadal dysgenesis in cross 
A*) (Engels & Preston, 1980). Flies from the line being 
tested were assayed individually. Virgin females were 
held for three to seven days after eclosion before cross
ing. For Cross A tests, each male was crossed with five 
Canton-S virgins; for Cross A* tests, each female was 
crossed with five Harwich males. Each cross was made 
at 29 °C in a vial with medium. Adults were left in the 
vials for three (cross A) or four (cross A*) days, then 
discarded. On the 14th day, emerged F / s of both sexes 
were transferred to a fresh medium vial at 23 °C with 
live yeast and allowed to mature for four days before 
dissection of females to assay gonadal dysgenesis. An 
ovary was scored as non-dysgenic if an egg in even one 
ovariole was developed (Engels & Preston, 1979; Schae-
fer, Kidwell & Fausto-Sterling, 1979). A test was only 
recorded if ten or more F t females were produced; all 
Fj females produced were scored. For each isofemale 
line, reference crosses were performed until at least 
three individual males had been scored in cross A and 
at least three individual females in cross A*. The mean 
number of crosses scored per line in the cross A tests 
was 3-6, in the cross A* tests, 5 1 ; the mean number 
of F1 females scored per cross was 26. 

Each cross was scored for the proportion of dys-
genic females (with one or both ovaries undeveloped). 
This measure gives a somewhat higher value from the 
same raw data than the proportion of undeveloped 
ovaries, used in some studies (e.g. Anxolabehere et al. 
1984; Kidwell, 1985; Kidwell & Novy, 1985), or the 
proport ion of completely infertile F j females (prob
ably equivalent to the proportion of bilaterally dys-
genic females) used by others (e.g. Engels & Preston, 
1980; Kidwell et al. 1981). Unweighted means and 
standard errors of the cross A and cross A* scores 
were calculated for each line; the line means were 
averaged and standard errors calculated to yield cross 
A and cross A* means for each population. 

3. Results 

(i) Population means 

Since there are no conventions for defining the pheno
types P, Q, and M using the different ways of evalu

ating sterility, a line will be arbi t rar i ly called P if it has 
> 10% dysgenic females in c ross A and < 10% in cross 
A*; Q if it has < 1 0 % dysgenesis in bo th reference 
crosses; and M if it has < 1 0 % dysgenesis in cross A 
and > 10% dysgenesis in c ross A*. The means of the 
Cross A and Cross A* tests for the six popula t ions 
tested are presented in Tab le 1. The three nor thern 
populations differ dramatical ly from the two south
ern ones in their P activity potent ia l and in their suscept
ibility to P activity. The m e a n P activity values of 5 5 % 
for the Cairns population a n d 6 1 % for the Rock-
hampton population define them as typical P popu
lations; the mean P activity value of the Coff's 
Harbour population, 3 5 % , is much less, bu t still mod
erate P. The low degrees of susceptibility for all three 
populations class them as having P cytotype. Bate
man 's Bay is, on average, neutral or Q. The two 
southernmost populations s h o w little P activity ( 9 % 
for Cann River, 3 % for Cygnet) and show modera te 
degrees of susceptibility to P activity ( 3 3 % for Cann 
River, 4 7 % for Cygnet), a n d are thus M. The changes 
over space in P activity a n d in susceptibility both 
appear to be clinal with la t i tude. The changes occur 
reciprocally, as is expected f rom the known properties 
of the P-M system. 

(ii) Isofemale line means and variances 

The data presented in Table 1 and above are means of 
means, and they mask interesting var ia t ion within and 
among isofemale lines from the popula t ions under 
consideration. In Fig. 1 are presented graphs for each 
locality of mean P activity score and mean suscepti
bility to P activity for each isofemale line. Each graph 
presents the data for one local i ty; the graphs are pre
sented with a map^of the eas t coast of Austral ia. The 
general clinal pattern from n o r t h to south of the popu
lation means, described above , is seen to be due to a 
general trend of, firstly, lower ing P activity among 
lines with increasing la t i tude to 36° S lat., then in
creasing susceptibility to P activity a m o n g lines south 
of 36° S lat. It is immediately appa ren t that there is 
much variance among isofemale lines within each of the 
populations. The R o c k h a m p t o n popula t ion has some 

Table 1. Mean dysgenesis among lines for each population in reference crosses A and A * 

Cross A dysgenesis Cross A* dysgenesis 
Number (P activity) (susceptibility) 

S lat. of lines 
Locality (degrees) tested mean + s.E. ( % ) ° mean + s.E. ( % ) " 

Cairns 169 16 54-5 + 5 1 11 1+4 1 
Rockhampton 23-4 20 60-6 + 5-2 5-4+1-8 
Coff's Harbour 30-3 20 34-7 + 4-8 2-7 + 0-8 
Bateman's Bay 35-7 18 6-4 + 2 0 9-3 + 4-0 
Cann River 37-6 20 8-8± 1-5 33-0 + 6-7 
Cygnet 43-2 20 3-4 + 0-5 46-7±6-5 

° Unweighted means, + standard error, of the individual isofemale line means. 
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Fig. 1. Graphs of means of P activity (proportion 
dysgenic females in cross A, vertical axes) and 
susceptibility to P activity (cross A*, horizontal axes), 
with standard errors, for each isofemale line in the six 
populations tested, displayed next to a map of the east 
coast of Australia. The names of localities, their latitudes 
(°S lat.), and the number of lines tested from that locality 
(n) are displayed in each graph. 

lines with P activity values of nearly 100%, and others 
of only a round 1 5 % ; Coff's H a r b o u r has one line with 
a P activity value of 8 5 % , and others of less than 1 0 % . 
Half (9/18) of the lines from Bateman's Bay are vir
tually completely neutral or Q (no sterility in either 
cross A or A*), but a m o n g the rest one line shows 3 4 % 
P activity, and ano ther has 6 1 % susceptibility to P 
activity. A m o n g the lines from Cann River, nearly half 
have P cytotype (less than 10% susceptibility), but 
some show nearly 100% susceptibility; lines from 
Cygnet are more uniformly spread along the suscepti
bility axis, with values from 0 % to more than 9 5 % . It 
should also be noted that individual flies tested 
showed much within-line variat ion. The large stand
ard error brackets a round some of the means of lines 
in Fig. 1 reflect the large variance among individuals 
in these lines (as well as the small numbers of indi
viduals tested per line). Such variance is, in fact, the 

norm for natural populations, as P populations have 
been found to comprise individuals or isofemale lines 
with P to Q characteristics, and M populations 
manifest a range of Q to M traits (Engels & Preston, 
1980; Anxolabehere et al. 1982; Y a m a m o t o et al. 
1984; Kidwell & Novy, 1985; S. Ishiwa, personal 
communica t ion) . 

4. Discussion 

(i) Dysgenesis is due to the P - M system 

The formal possibility exists that the results described 
above a r e not due to the P-M system of hybrid dys
genesis bu t to some other interaction between the wild 
lines a n d the tester stocks. Based on Southern blot 
analysis of genomic D N A digested with the restric
tion enzyme Acc 1, using different P element probes, 
prel iminary results show that lines from all five popu
lations have many P element-hybridizing D N A 
sequences present in their genomes. However lines 
from t h e three northernmost populat ions have many 
full-sized P elements per genome (or potentially 
full-sized; based on the presence of a 2-36 kb Acc 1 
f ragment) , whereas those from the two southernmost 
popu la t ions have none or only a few full-sized 
elements (unpublished data). Thus the ' M ' lines in the 
sou the rn populations are correctly classified as M' or 
pseudo M (Kidwell, 1985). These results are consistent 
with o the r studies that show correlations between 
inferred numbers of full-sized P elements per genome 
and the P activity and susceptibility to P activity of 
lines f rom natural populations (Todo et al. 1984; 
Anxolabehere et al. 1985). I tentatively conclude that 
gonadal dysgenesis in the reference crosses may be, at 
least to a first approximation, a good indicator of the 
relative number of full-sized P elements, and that the 
gonadal dysgenesis observed in the reference crosses of 
the present study is in fact the result of P-M hybrid 
dysgenesis. 

(ii) Assumptions about the cline and P element 
biology 

D. melanogaster was present in Australia as early as 
1894 (Bock & Parsons, 1983), and was probably wide
spread b y at least 1923 (Malloch, 1923). It seems likely 
that P elements were not present in at least most D. 
melanogaster populations around the world prior to 
abou t 1950 (Kidwell, 1983; but see (Engels, 1986)), 
since they are not found in most lines collected before 
the mid-1950s in Nor th America, the mid-1960s in 
France , a n d 1970 in the Soviet Union (D. Anxol
abehere, M. G. Kidwell and G. Periquet, personal 
communica t ion ; a f ew early lines with P element 
h o m o l o g y are most easily interpreted as having been 
con t amina t ed during their time in the laboratory). It 
therefore seems likely that, prior to at least 1950, D. 
melanogaster was present in Australia as true M popu-
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lations (completely lacking P elements), and probably 
with a geographical distribution essentially like the 
present one. Thus hypotheses about the P-M cline 
must establish it within a 35-year period, and over an 
area with true M flies already present. 

An alternative assumption, that D. melanogaster 
populations in Australia were M' prior to a recent (i.e. 
since 1950) introduction of full-sized P elements, begs 
the question of the origin of the M' strains. Since early 
strains from the rest of the world seem to have been 
true M (as noted above), such an assumption suggests 
an Australian origin of the M' populations. This is 
merely a longer term version of the assumption of 
establishment of the present pattern within the last 35 
years. 

(iii) Hypotheses 

(a) 'Varying selection with latitude' hypotheses. 
Models have shown that selection against individuals 
with large numbers of transposable elements per 
genome could lead to ' regulation' of the numbers of 
elements per genome (Charlesworth & Charlesworth, 
1983). High temperatures could select for individuals 
with low P activity, since gonadal dysgenesis rises dram
atically in dysgenic flies reared above 25 °C (Engels & 
Preston, 1979; Schaefer et al. 1979). Indeed, mixes of 
P and M strains maintained in the laboratory at 27 °C 
resulted in P populations with reduced P activity 
potential compared to controls at lower temperature 
(Kiyasu & Kidwell, 1984), consistent with the 
predictions of a selection model (Charlesworth 
& Charlesworth, 1983). 

Air temperature (mean summer and winter maxima 
and minima) varies approximately linearly with lati
tude along the east coast of Australia. February 
(summer) mean maxima and minima are approxi
mately 32° and 25 °C for Cairns, Queensland 
(16-9° S lat.) and 21° and 12 °C for Hobar t , Tasmania 
(42-8° S lat., near Cygnet); and July (winter) mean 
maxima and minima are 25° and 16 °C for Cairns and 
12° and 5 °C for Hobar t (data from Commonwealth 
Bureau of Meteorology). If food sources such as rot
ting fruit are close to or above ambient air tempera
tures, then critical temperatures for the P-M system 
are certainly exceeded in the north of Australia, where 
a fly might complete its entire life above 25 °C; these 
temperatures are rarely even achieved in the extreme 
south. Disregarding the role of susceptibility in deter
mining the degree of gonadal dysgenesis, one might 
therefore hypothesize that gonadal dysgenesis (or, 
possibly, some other subtler deleterious effect of 
transposition) in the hot northern populations would 
select against P activity, resulting in lower levels of P 
activity potential in the nor th relative to populations 
in more temperate climes. Since the clinal pattern is 
obviously in the other direction, however, such an 
hypothesis can be dismissed. Even if the assumption 
that larval habitat achieves the same temperatures as 

ambient air is not made, larval hab i t a t tempera ture in 
the south is extremely unlikely to b e higher than in the 
north, so a direct effect of la t i tudinal tempera ture 
cannot have caused the cline by the selective mech
anism demonstrated in the l abo ra to ry experiments 
cited above. 

Other, subtler, selective processes could vary with 
latitude. It is conceivable that s o m e aspect of the gen
etic background of the host flies var ies clinally, lead
ing to the clinal pattern in P—M characteristics. 
Likewise, transposition and degenerat ion rates might 
intrinsically vary with latitude in a way that could 
establish a cline. N o data are avai lable at present for 
any such variability. 

(b) Other dines and' introductions' hypotheses. The 
P-M cline is in fact the third la t i tudinal cline found in 
D. melanogaster in Australia. K n i b b and co-workers 
have shown a dramatic cline in frequencies of the 
common cosmopolitan inversions with lati tude 
(Knibb, Oakeshott & Gibson, 1981), and Oakeshot t , 
Anderson and co-workers have d o c u m e n t e d clines in 
allozyme frequencies for several enzymes including 
alcohol dehydrogenase ( A D H ; E C 1 .1 .1 .1 ) (Oake
shott et al. 1982). Fig. 2 shows graphs of mean 
numbers of the common cosmopol i tan inversions per 
diploid genome, frequencies of Adhs, and P-M 
gonadal dysgenesis in crosses A and A*, plot ted 
against latitude for populat ions f rom the east coast of 
Australia. While the variation is la rge in all three da ta 
sets, the clinal patterns are d ramat ic and occur over the 
same latitudes. 

P-M hybrid dysgenesis has p robab ly not generated 
the cline in cosmopolitan inversions, since linkage dis-
equilibria between particular inversions and alleles at 
linked loci are found. In par t icular , In(2L)t is in 
marked gametic disequilibrium wi th Adhs and GpdhF 

(Mukai & Voelker, 1977; K n i b b , 1983); indeed, 
among 80 7n(2Z.)f-carrying gametes , K n i b b (1983) 
found only five carrying AdhF, a n d the inversion in
volved may well have been In(2L)Cy, a rare cosmo
politan inversion that is difficult to distinguish from 
In(2L)t (W. R. Knibb, personal communica t ion) . 
Such linkage argues strongly for a unique origin of 
In(2L)t, rather than on-going de novo creat ion at an 
appreciable ra te ; the same is p r o b a b l y true for the 
other cosmopoli tan inversions. Mett ler , Voelker & 
Mukai (1977) suggested that ' u n i q u e ' inversions 
might be 'associated with the syndrome termed 
"hybr id dysgenesis". ' In Austra l ia there is no ob
vious association of unique or ' e n d e m i c ' inversions 
with the clinal P-M hybrid dysgenesis pa t t e rn ; the 
frequencies of endemic inversions are low and similar 
(about 5% on average) in all popu la t ions examined 
(Knibb et al. 1981; unpublished da ta ) . It mus t be 
noted that the latitudinally clinal pa t te rn of Adhs 

frequency in Australia is only marginal ly affected by 
removal of In(2L)t-Adhs da ta ( K n i b b , 1983) as was 
shown for the weaker but similar clines in N o r t h 
America (Voelker et al. 1978), so that the clines in 
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P-M hybrid dysgenesis, cosmopol i tan inversion 
frequencies, and Adhs frequencies seem to be 
independent . 

The remarkable concordance of these three sorts of 
genetic variat ion suggests an introduct ion hypothesis 
as a causal explanat ion of the P-M cline. In t ro 
duc t ions from two areas , with different characteristics 
in the P-M system, with different Adh allele fre
quencies, and with different frequencies of the cosmo
pol i tan inversions, could have generated the pat terns 
seen today if the in t roduct ions were m a d e into the 
nor the rn and southern regions respectively and there 
were n o indigenous flies. However, as argued above , 
D. melanogaster was probably distributed in Aus
tral ia essentially as it is now prior to the earliest p r o b 
able in t roduct ion of P element-bearing flies. Active P 
elements can spread infectively through popula t ions , 
bu t inversions, allozymes, and defective P elements (in 
the absence of a u t o n o m o u s elements) cannot . It there
fore seems unlikely that any simple in t roduct ion 
pa t t e rn could simultaneously effect the three clinal 
pa t t e rns shown in Fig. 2 ; the P - M clinal pa t te rn was 
p robab ly secondarily imposed on pre-existing clines in 
isozyme and inversion frequencies. 

A ' t w o P in t roduct ions with degenera t ion ' hypoth
esis could establish a P - M clinal pat tern. A first in t ro
duct ion could have converted all Austral ian true M 
popula t ions to the P s ta te ; then the degenerative 
process that produces deleted elements could have 
changed them all to M'. [It should be noted that this 
lat ter supposi t ion, regarded as unlikely on the g rounds 
of pars imony by Engels in the context of discussion of 
the Recent Invasion hypothesis (Engels, 1986), mus t 
be accepted as a possible scenario, since the degener
ative process is known to occur (Voelker et al. 1984; 
Danie ls et al. 1985a, b).] A later reinvasion of P 
elements into the nor thern par t of Austral ia would 
generate P popula t ions and a P-to-M' t ransit ion zone 
moving southward . The clinal pat tern at the P-to-M' 
encounte r zone would depend on the interaction be
tween the diffusion rate of chromosomes into a popu
lat ion, the genomic transposit ion rate of the P 
elements into the M' genomes, and the precise relat ion
ship between numbers and types of P elements and the 
individual and popula t ion phenotypes. Such a model 
might generate a rapid switch of the phenotype of a 
popu la t ion from M ' to P as P elements invade, ra ther 
than an intermediate Q popula t ion as is found at Bate
m a n ' s Bay. Since invasion or chromosomal contami
na t ion experiments have not been done with M' lines, 
n o experimental da ta directly address this quest ion. 
However one can argue that if an introduct ion lead to 
a conversion of M' to Q, ra ther than to P , then in
vasion would not occur, as introduced P elements 
would only generate a Q populat ion in which they 
could not spread further due to suppression of t rans
posi t ion by P cytotype. A Q populat ion would act as 
a barr ier to further spread. Since P popula t ions are 
found over a large area in Australia, invasion dy-

Fig. 2. Mean number of common cosmopolitan inversions 
per diploid genome (ex Knibb, Oakeshott & Gibson, 
1981), frequency of the Adhs allele (ex Oakeshott et al. 
1982), and mean P activity and susceptibility to P activity 
(percent dysgenic females in crosses A and A*; data from 
Table 1) all plotted against degrees south latitude (°S lat.). 
Data for populations of D. melanogaster from the east 
coast of Australia are shown as connected dark squares; 
data from inland and elsewhere (including data from New 
Guinea, 8-8° S lat.) are shown as unconnected open 
circles. 

namics must not conform to such a model. The Bate
m a n ' s Bay lines were only assayed after some 45 
generat ions in the laboratory. It is possible that their 
characteristics had changed from weak P to Q in that 
per iod (although preliminary new results suggest that 
th is is not the case (unpublished data)). Therefore the 
' t w o P introductions with degenerat ion ' hypothesis 
c a n n o t be critically evaluated without more data on P 
e lement biology and details of the temporal and 
spat ial nature of the cline. 

(iv) General considerations 

K a p l a n , Darden & Langley (1985) have published the 
on ly model of the populat ion dynamics of trans-

https://doi.org/10.1017/S0016672300026677 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026677


Cline in P - M hybrid dysgenesis potential 

References 

Angus, D. S. & Raisbeck, J. A. (1979). A transmissable 
factor involved in hybrid sterility in Drosophila melano
gaster. Genetica 50, 81-87. 

Anxolabehere, D., Hu Kai, Nouaud, D., Periquet, G. & 
Ronsseray, S. (1984). The geographical distribution of 
P-M hybrid dysgenesis in Drosophila melanogaster. 
Genetique, Selection et Evolution 16, 15-26. 

17 

2 G R H 49 

Anxolabehere, D., Nouaud, D. & Periquet, G. (1982). 
Cytotype polymorphism of the P-M system in two wild 
populations of Drosophila melanogaster. Proceedings of 
the National Academy of Sciences, USA 79, 7801-7803. 

Anxolabehere, D., Nouaud, D., Periquet, G. & Tchen, P. 
(1985). P-element distribution in Eurasian populations 
of Drosophila melanogaster: a genetic and molecular 
analysis. Proceedings of the National Academy of Sciences, 
USA 82, 5418-5422. 

Bingham, P. M., Kidwell, M. G. & Rubin, G. M. (1982). 
The molecular basis of P-M hybrid dysgenesis: the role of 
the P element, a P strain specific transposable family. Cell 
29, 995-1004. 

Bock, I. R. & Parsons, P. A. (1981). Species of Australia and 
New Zealand. In Genetics and Biology of Drosophila, 
vol. 3a (ed. M. Ashburner, H. L. Carson and J. N. 
Thompson, Jr.), pp. 291-308. New York: Academic. 

Bregliano, J. C. & Kidwell, M. G. (1983). Hybrid 
dysgenesis determinants. In Mobile Genetic Elements 
(ed. J. A. Shapiro), pp. 363-409. New York: Academic. 

Charlesworth, B. & Charlesworth, D. (1983). The popu
lation dynamics of transposable elements. Genetical 
Research 42, 1-27. 

Coyne, J. A., Boussy, I. A., Prout, T., Bryant, S. H., Jones, 
J. S. & Moore, J. A. (1982). Long-distance migration of 
Drosophila. The American Naturalist 119, 589-595. 

Daniels, S. B., McCarron, M., Love, C. & Chovnick, A. 
(1985a). Dysgenesis induced instability of rosy locus 
transformation in Drosophila melanogaster: analysis 
of excision events and the selective recovery of control 
element deletions. Genetics 109, 95-117. 

Daniels, S. B., Strausbaugh, L. D. & Armstrong, R. A. 
(1985 ft). Molecular analysis of Pelement behavior in Droso
phila simulans transformants. Molecular and General 
Genetics 200, 258-265. 

Engels, W. R. (1983). The P family of transposable 
elements in Drosophila. Annual Review of Genetics 17, 
315-344. 

Engels, W. R. (1984). A trans-acXmg product needed for 
P factor transposition in Drosophila. Science 226, 
1194-1196. 

Engels, W. R. (1986). On the evolution and population gen
etics of hybrid dysgenesis-causing transposable elements 
in Drosophila. Philosophical Transactions of the Royal 
Society, Ser. B 312, 205-215. 

Engels, W. R. & Preston, C. R. (1979). Hybrid dysgenesis in 
Drosophila melanogaster: the biology of female and male 
sterility. Genetics 92, 161-174. 

Engels, W. R. & Preston, C. R. (1980). Components of 
hybrid dysgenesis in a wild population of Drosophila 
melanogaster. Genetics 95, 111-128. 

Kaplan, N., Darden, T. & Langley, D. H. (1985). Evolution 
and extinction of transposable elements in Mendelian 
populations. Genetics 109, 459-480. 

Kidwell, M. G. (1983). Evolution of hybrid dysgenesis deter
minants in Drosophila melanogaster. Proceedings of the 
National Academy of Sciences, USA 80, 1655-1659. 

Kidwell, M. G. (1984). Hybrid dysgenesis in Drosophila 
melanogaster: partial sterility associated with embryo 
lethality in the P-M system. Genetical Research 44,11-28. 

Kidwell, M. G. (1985). Hybrid dysgenesis in Drosophila 
melanogaster: nature and inheritance of P element 
regulation. Genetics 111, 337-350. 

Kidwell, M. G. (1986). Molecular and phenotypic aspects 
of the evolution of hybrid dysgenesis systems. In 
Evolutionary Processes and Theory (ed. S. Karlin and 
E. Nevo), pp. 169-198. New York: Academic. 

Kidwell, M. G., Frydryk, T. & Novy, J. B. (1983). The 
hybrid dysgenesis potential of Drosophila melanogaster 
strains of diverse temporal and geographical natural 
origins. Drosophila Information Service 59, 63-69. 

posable elements that takes into account a degener
ative process that generates deleted, non-autonomous 
elements. The degenerative process, replicative trans
position, excision, and self-regulation of numbers of 
elements per genome govern the dynamics of their 
model. Briefly, upon introduction of elements into a 
finite population, the active, complete elements in
crease in frequency very quickly to their self-regulated 
number, then the degenerative process leads inexor
ably (but possibly very slowly) to the loss of complete 
elements. This latter state can be a sort of quasi-
equilibrium, with a nearly constant average pro
portion of complete elements and total number of 
elements per genome for a long period of time. The 
model is limited to the dynamics of an element intro
duced into a single finite population, and as such is not 
directly applicable to the P-M clinal pattern in east
ern Australia. It is important for demonstrat ing the 
power of the degenerative process in controlling the 
quasi-equilibrium state in which a population would 
find itself after invasion was over. However models of 
the interpopulational dynamics of transposable 
elements are clearly needed before the distributions 
of P elements in nature can be understood. 

More data are needed also, both to define the nature 
of the cline between Coff's Harbour and Cann River, 
especially near Bateman's Bay, and to determine 
whether the cline is stationary or moving. Kidwell 
(1986) has argued that the current status of the P-M 
system in natural populations may be a transient 
condition of invasion of a species by a mobile element. 
If so, the clinal pattern in eastern Australia may be 
transient as well, and there is a certain urgency to 
sampling it. The dramatic juxtaposition of P and M 
populations within potential migration distances of 
the flies (Coyne et al. 1982) has not been described 
anywhere else in the world, and seems a unique 
opportunity to examine the active population 
dynamics of P elements in wild populations. 

I thank M. M. Green, W. R. Knibb, J. G. Oakeshott and 
especially S. Easteal for useful discussion during this 
work, and A. S.-F. Chong, S. B. Daniels, S. Easteal, M. G. 
Kidwell and anonymous reviewers for valuable comments 

on the manuscript. Wild-caught flies and isofemale lines 
were generously provided by P. R. Anderson, J. B. Gibson 
and A. V. Wilks. Much of this research was done while the 
author was a Postdoctoral Research Fellow of the Research 
School of Biological Sciences, Australian National Univer
sity; some of the work was supported by United States 
Public Health Service Grant (GM-25399) to M. G. Kidwell. 

https://doi.org/10.1017/S0016672300026677 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026677


/. A. Boussy 18 

genase clines in Drosophila melanogaster on different 
continents. Evolution 36, 86-96. 

O'Hare, K. & Rubin, G. M. (1983). Structures of P trans
posable elements and their sites of insertion and excision 
in the Drosophila melanogaster genome. Cell 34, 25-35. 

Preston, C. R. & Engels, W. R. (1984). Movement of P 
elements within a P strain. Drosophila Information 
Service 60, 169-170. 

Sakoyama, Y., Todo, T., Ishiwa-Chigusa, S., Honjo, T. & 
Kondo, S. (1985). Structures of defective P transposable 
elements prevalent in natural Q and (2-derived M strains 
of Drosophila melanogaster. Proceedings of the National 
Academy of Sciences, USA 82, 6236-6239. 

Schaefer, R. E., Kidwell, M. G. & Fausto-Sterling, A. 
(1979). Hybrid dysgenesis in Drosophila melanogaster: 
morphological and cytological studies of ovarian 
dysgenesis. Genetics 92, 1141-1152. 

Takada, S., Murai, M., Takanashi, E., Ohishi, K., Fukami, 
K., Hagiwara, N., Satta, Y. & Ishiwa, S. (1983). On the 
P-M system in natural populations of D. melanogaster in 
and around Japan. Japanese Journal of Genetics 58, 686. 

Todo, T., Sakoyama, Y., Chigusa, S. I., Fukunaga, A., 
Honjo, T. & Kondo, S. (1984). Polymorphism in distri
bution and structure of P elements in natural populations 
of Drosophila melanogaster in and around Japan. 
Japanese Journal of Genetics 59, 441-451. 

Voelker, R. A., Cockerham, C. C , Johnson, F. M., 
Schaffer, H. E., Mukai, T. & Mettler, L. E. (1978). In
versions fail to account for allozyme clines. Genetics 88, 
515-527. 

Voelker, R. A., Greenleaf, A. L., Gyurkovics, H., Wisely, 
G. B., Huang, S.-M. & Searles, L. L. (1984). Frequent 
imprecise excision among reversions of a P element-
caused lethal mutation in Drosophila. Genetics 107, 
279-294. 

Yamamoto, A., Hihara, F. & Watanabe, T. K. (1984). 
Hybrid dysgenesis in Drosophila melanogaster: pre
dominance of Q factor in Japanese populations and its 
change in the laboratory. Genetica 63, 71-77. 

Kidwell, M. G., Kidwell, J. F. & Sved, J. A. (1977). Hybrid 
dysgenesis in Drosophila melanogaster: a syndrome of 
aberrant tfaits including mutation, sterility and male 
recombination. Genetics 86, 813-833. 

Kidwell, M. G. & Novy, J. B. (1985). The distribution of 
hybrid dysgenesis determinants in North American popu
lations of D. melanogaster. Drosophila Information 
Service 61, 97-100. 

Kidwell, M. G., Novy, J. B. & Feeley, S. M. (1981). Rapid 
unidirectional change of hybrid dysgenesis in Drosophila. 
Journal of Heredity 72, 32-38. 

Kiyasu, P. K. & Kidwell, M. G. (1984). Hybrid dysgenesis 
in Drosophila melanogaster: the evolution of mixed P and 
M populations maintained at high temperature. Genetical 
Research 44, 251-259. 

Knibb, W. R. (1983). Chromosome inversion poly
morphisms in Drosophila melanogaster. III. Gametic dis-
equilibria and the contributions of inversion clines to the 
Adh and Gpdh clines in Australasia. Genetica 61, 139-146. 

Knibb, W. R., Oakeshott, J. G. & Gibson, J. B. (1981). 
Chromosome inversion polymorphisms in Drosophila 
melanogaster. I. Latitudinal clines and associations 
between inversions and Australasian populations. Genetics 
98, 833-847. 

MacKay, T. F. C. (1985). Transposable element-induced re
sponse to artificial selection in Drosophila melanogaster. 
Genetics 111, 351-374. 

Malloch, J. R. (1923). Notes on Australian Diptera with 
descriptions. Proceedings of the Linnean Society of New 
South Wales 48, 601-622. 

Mettler, L. E., Voelker, R. A. & Mukai, T. (1977). In
version clines in populations of Drosophila melanogaster. 
Genetics 87, 169-176. 

Mukai, T. & Voelker, R. A. (1977). The genetic structure of 
natural populations of Drosophila melanogaster. XIII. 
Further studies on linkage disequilibrium. Genetics 
86, 175-185. 

Oakeshott, J. G., Gibson, J. B., Anderson, P. R., Knibb, 
W. R., Anderson, D. G. & Chambers, G. K. (1982). Alco
hol dehydrogenase and glycerol-3-phosphate dehydro-

https://doi.org/10.1017/S0016672300026677 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300026677

