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PARTHENOGENESIS, as a substitute for syngamy, is widespread in nature. 
This is especially true for thelytoky, a type of parthenogenesis in which virgin 

females produce almost exclusively female offspring. The evidence is ovenvhelm- 
ing that this condition has arisen independently in dozens of species of organisms. 
Each case may indeed be regarded as a special evolutionary event in the sense 
that natural selection has favored the accumulation of genes which provide a ge- 
netic basis for parthenogenesis. 

Little attention has been given to experimental study of the origin of the thely- 
tokus state in the laboratory. This is probably due largely to the fact that most 
organisms cannot be reared sufficiently easily and in large enough numbers to 
make such a study feasible. After STALKER'S (1954) discovery of low-rate par- 
thenogenesis in Drosophila and his success in selecting for  increased rate in D. 
parthenogenetica and D. polymorpha, the writer has sought a species of Dro- 
sophila well adapted to an extended study of this phenomenon. Drosophila merca- 
torum has met the requirements; several wild strains show very low unselected 
rates of parthenogenetic development. Impaternates are mostly diploid females; 
they are highly vigorous and viable and are fully fertile when crossed to sexually 
produced males. Selection has resulted in an approximately 60-fold increase in 
the rate of parthenogenesis. 

MATERIALS A N D  METHODS 

The observations and experiments were carried out on laboratory stocks derived from nine 
wild strains (Table 1 ) .  They will be hereafter referred to by the letter designations shown. All 
of these stocks belong to the widespread northern subspecies, Drosophila m .  mercrrtorum. All 
have the same monomorphic sequential karyotype in the salivary gland chromosomes ( WASSER- 
MAN and WILSON 1957; WASSERMAN, 1962; CARSON 1965), being represented by the formula 
(relating to D. repleta) of X ,  2detuw3,3bfh, 4,5. 

Discovery of a low level of thelytokous parthenogenesis in  certain strains of D. mercatorum 
was made in April of 1961 (CARSON 1962). Measurements of the rate of parthenogenesis were 
made in two ways. In the case of all stocks in which the rate of parthenogenetic development of 
eggs is very low, virgin females were placed in  groups of 30 in single 95" x 25" papered 
and heavily yeasted vials. Each group was changed to a new vial after 48  hours and this process 
was repeated until the flies had been through from 4 to 10 such changes. The empty vials con- 
taining the eggs laid by these virgins were then incubated and each adult fly which emerged was 
sexed and counted. Only an occasional male was obtained, and these have been invariably sterile. 
Smears of primary spermatocytes of such males showed them to be diploid and to lack a Y 
chromosome. The size of their wing cells is the same as that of normal fertile males. 
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TABLE 1 

Laboratory strains of Drosophila mercatorum employed in the experiments 

Geographic origin 
of strain 

Rochester, New York 
La Palma, El Salvador 
Guatemala 
Lima, Peru 
Manizales, Colombia 
Hawaiian Islands 

Pupukea, Oahu 
Kokee, Kauai 
Kamuela, Hawaii 
Silversword Inn, Maui 

Symbol used in 
this paper 

Date of 
original collection 

R 
S 
G 
L 

Man 

0 
K 
H 
M 

October 1957 
August 1954 
March 1944 
January 19.4.5 
October 1963 

July 1963 
July 1963 
July 1963 
July 1963 

Collector and 
other data 

J. KRIVSHENXO 
W. B. HEED UTL-H62.60* 
J. F. CROW UTL 1413.7 
C. PAVAN UTL 1529.3A 
A. HUNTER Man-I 1 ; isofemale 

W. B. HEED C63 
H. L. CARSON C73 
H. L. CARSON C60.10 
H. L. CARSON C70.4; isofemale 

UTL=University of Texas Laboratory number. 

All females emerging were assumed to be of parthenogenetic origin. Repeated comparisons 
of the wing cell size of large numbers of impaternate females with hploid, bisexually produced 
specimens failed to reveal any polyploid individuals. In  fact, no triploid, tetraploid or haploid 
individual of D. mercatorum has ever been found. 

Estimates of low-level rates of parthenogenesis were made by isolating a sample of females 
from the strain being tested. Each female was provided with a vial of dark food and a small 
lump of yeast for  24 hours. The eggs laid during this period were then counted and an average 
number of eggs laid per female per 48-hour interval was computed. The total number of eggs 
screened for each strain was then estimated by multiplying (a) the mean number of eggs laid 
per female per 48 hours by (b) the mean number of females present in each 48-hour test group 
by (c) the number of @-hour test periods (intervals of laying). The rate of parthenogenesis is 
then expressed in percent unfertilized eggs giving rise to impaternate offspring. Some of the 
lower rates are more easily understood if expressed in terms of offspring per million eggs 
(Table 2 ) .  

When the rates are higher, masses of females were not used. Aged females (usually 4.0 for 
each test) were placed singly in individual oviposition vials and left for 24 hours. Each female 
was then either discarded or allowed to oviposit for another 24 hours. The eggs were counted in 
each vial and the vials then incubated in order to determine the percent unfertilized eggs giving 
rise to adult offspring. 

All rearing of Drosophila mercatorum has been carried out at 25" * 1.O"C. In the earlier 
work, when rates were low, the females were carried in groups for about three weeks; except as 
mentioned later, egg counts were made on 10- to 15-day-old females. In  the later tests, females 
were generally aged for from 7 to 8 days and tested at that time. 

OBSERVATIONS 

A. Tests for parthenogenesis in unselected laboratory strains: Virgin females 
from eight laboratory strains and from the F, between two of them were tested 
for capacity for parthenogenesis (Table 2). Only three of the strains tested mani- 
fested this capacity. Of these, the highest is the Salvador (S) strain in which ap- 
proximately one egg in 1000 laid by virgin females completes development, giv- 
ing almost exclusively diploid female off spring. The egg-laying capacity of the 
different strains varies greatly from an average of 2.6 per female per 48 hours in 
the Manizales strain to 150.9 per female per 48 hours in the F, of Rochester x 
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Salvador. The latter is much higher than either parent strain (52.4 and 46.1 re- 
spectively). The Lima strain showed a high egg-laying capacity both times that 
it was tested, although no parthenogenesis was found. 

B. Selection for increased rate of parthenogenesis in laboratory strains. 
1. The Salvador strain. Selection procedure involving cycles of bisexual and 

unisexual reproduction within the Salvador strain: As shown above, partheno- 
genetic off spring were originally obtained from the unselected Salvador strain by 
isolating virgin females at random and challenging them to reproduce without 
males. Of the 89 impaternate F, daughters, 52 were used in an attempt to found 
a parthenogenetic line. This line survived for seven months, or about 14 partheno- 
genetic generations; it finally declined to only two individuals and was discarded. 

A new bisexual stock was established by crossing 30 of the F, impaternate 
daughters back to ordinary S strain males. The F, from this cross (Table 3 )  has 
been labelled S-1-Bi, in which the first letter stands for  the strain designation, and 
the number set off by dashes indicates that the stock has had one generation of 
sexual outcrossing. “Bi” indicates the bisexual nature of the stock. 

As a general rule, the procedure that was followed in the first phase of the 
experiments was to alternate unisexual and bisexual reproduction. Thus, for ex- 
ample, S-1-Bi females were isolated as virgins and challenged to reproduce par- 
thenogenetically. The results of this and later selections for increased capacity 
for parthenogenetic development are given in Table 3. This table traces ten cycles 
of alternating unisexual and bisexual reproduction, extending for a little over one 
year. In each cycle, impaternate females were crossed to male sibs of their 
mothers. so that the amount of inbreeding is considerable. 

At the eighth cycle (June 1962), an improved and more accurate method of 
obtaining egg counts and measuring rate of parthenogenesis was instituted. Egg 
counts were made from 20 females, 10 at a young age (about 3 days) and 10 at 
the age of about ten days. Vials containing eggs laid by individual virgin females 
were incubated and an additional direct measurement made of the number of 
impaternate offspring produced by each female. Thus, in the table, S-8-Bi was 
measured in three ways: (1) the older method, (2) the new method, and ( 3 )  the 
direct method (see Table 3 ) .  As the direct method is obviously the more accurate, 
it has been employed in all later (second phase) tests where the percent of par- 
thenogenetic offspring is about one o r  above. 

The data in the right-hand column of Table 3 indicate a leveling-off of the re- 
sponse of the Salvador strain at around the 1% level. Accordingly, selection 
within the strain was discontinued and S-10-Bi males were used in crosses to fe- 
males from two other high-ranking selected lines (see Table 7) .  

Isolation of thelytokous substrains from the Salvador strain without outcross- 
ing: During each cycle of selection, the impaternate females which were not used 
to cross to males were placed together in a half-pint culture bottle and were chal- 
lenged to produce a unisexual sub-strain. The results are shown in Table 4. Al- 
though several of these substrains died out, most succeeded; five vigorous, easily 
maintained parthenogenetic strains are extant at the time of writing (Table 4). 
The rates of parthenogenesis in them were measured at various times after estab- 
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lishment. Except for S-0-Im and S-11-Im, the rates do not differ significantly 
from the mean of 1.02% [xz(7, = 8.6; p = .3] S-11-Im, furthermore, when tested 
by the indirect method, gave 98 impaternates from an estimated egg number of 
11,400. This yields a rate of 0.860%, which is not far from the mean. These values 
do not differ much from those found from S-5-Bi and later cycles (Table 3 ) .  Ac- 
cordingly, it may be concluded that selection has increased the rate of partheno- 
genesis approximately tenfold, from 0.1 % to a plateau of about 1 .OX. 

2. The Rochester strain: Cyclic selection for parthenogenesis was also carried 
out with the Rochester strain in a manner similar to that used on the Salvador 
strain. The data for the latter strain are given in Table 5. The Rochester strain 
begins with a lower level of parthenogenesis than the Salvador strain (Table 2). 
Over about one year and ten cycles of selection, the rate of parthenogenesis in the 
Rochester strain was increased about 50-fold from 39 per million eggs to 0.2% 
(Table 5 ) .  A plateau was apparently attained at about the seventh cycle. 

During this selection period, eight attempts were made to establish unisexual 
strains in the manner previously described for the Salvador strain. All uniformly 
failed; even R-6-Im and R-11-Im, which were begun with 146 and 203 females 
respectively, declined and failed after three or four months. 

3.  The bisexual bridge system: When a high-ranking thelytokous strain is ob- 
tained, the problem arises as to how new genetic variability can be introduced 
into the strain without seriously diluting the genetic basis of its parthenogenesis. 
Ideally, nonrelated males from high-ranking mothers are desirable for making 
such an outcross. Accordingly, along with each high-ranking thelytokous strain, 
a bisexual strain (“the bridge”) is maintained by a method first suggested by 
PROFESSOR H. D. STALKER. Each bridge is begun by crossing ten females from 
the thelytokous line to ten males from an unrelated strain. Fl males (called 
“Bridge1”) are then crossed to ten more females from the thelytokous line; all 
other F, males and females are discarded. F, males are called “Bridge2” and the 
process is repeated. As the process of bridging is continued, the males in the bridge 
lines become genetically more and more like the thelytokous lines. 

Various bridge stocks were used as a source of males in the most recent series 
of selections (see Tables 7 and 8). They carry, as the first two symbols, the letter 
and number of the impaternate stock to which they are bridged. The original 
sources of males used for starting the bridge stocks mentioned in Tables 7 and 8 
are: RSB-4, sibling males; OB-2, Lima, Peru males; RSB-5, sibling males; RSS-17, 
Maui males; 0-2, 0-1-Bridge5 males; RSS-14, sibling males; 0-1, sibling males; 
RSB-6, Kauai males. 

4. Selective advance in Rochester x Saluador hybrid strans. First phase selec- 
tions: In  March 1961, a mass mating was made between 30 Rochester females and 
30 Salvador males. F, females were isolated as virgins; from about a little less 
than a million eggs screened, 20 adults were obtained (Table 2).  These females 
were crossed en masse to a mixture of their sibs and double-cross hybrid males 
which were Fls from a double cross (Rochester P 0 x Salvador 8 8 ) x (Lima 
P P x Guatemala 8 8 ) . Thirty-nine females (RS-1-Im, Table 4) were obtained. 
The bisexual line from which virgins were isolated was called RS-1-Bi and cyclic 
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selection was begun as in the previously described cases. The details are given in 
Table 6. A plateau was attained after about four cycles and the level remained 
steady at about 0.12% through the 12th cycle. 

At each cycle, attempts were made to isolate self-sustaining thclytokotis strains 
without further outcrossing (Table 4) .  Although RS-1-Im succeeded for a while, 
it died out. At the third cycle RS-3-Im was established. It has been maintained 
easily in the laboratory without further crossing since its isolation from males 
in September 1961. Although in February 1962 an indirect measure indicated a 
rate of 3.4%, more recent direct measurements of its rate appear to be close to 1 %. 

Second phase selections: In October 1962, the second phase of selection was 
entered by outcrossing and then reselecting from F, or F, recombinants. Both of 
the strains mentioned previously, as well as the Oahu strain, were used in these 
crosses. Gene flow from a number of the other strains was provided by the use 
of the bisexual bridge stock system. These operations are detailed in Table 7. In  
this phase an outcross is made and then a new impaternate (Im) stock obtained 
and tested. Thus, for example, in the first line of Table 7, RS-12-Im females 
(daughters of virgin RS-12-Bi females, Table 6) are crossed to males from 
S-10-Bi (Table 3).  These are run through two bisexual generations, after which 
F, virgins are isolated and a new impaternate stock (RSS-13-Im is obtained and 
tested. 

In the lower part of Table 7, a similar system is detailed wherein strain RS-3- 
Im females were crossed with either S-10-Bi or S-6-Bi males. From virgin F, 
flies of the latter cross, a highranking thelytokous strain (RSB-1-Im) was ob- 
tained and further outcrossings carried out as indicated in Table 7. 

Of the various strains obtained in this manner, the last five in the upper part 
of Table 7 (RSS-17-Im through RSS-21-Im) appear to be the same, with a 
mean percent of about 4.5 [ x : ~ ,  = 6.4, P = .20]. In the lower half of Table 7, 
RSB-6-Im is significantly higher than RSB-5-Im [x:,) = 5.4, P = .02]. RSB-6- 
Im, moreover, is significantly higher than the highest RSS group [x:,) = 10.1, 
P = .002]. 

5 .  First and second phase selections carried out on the Oahu strain and its 
hybrids with other strains: In the original screening of the eggs of virgin females 
of the Oahu strain, nine impaternate females were obtained. The O-1-Im strain 
obtained from these, however, was weak but was kept with a bridge stock for 
four generations. When O-l-Im died out, 0-2-Im was established from 0-1- 
Bridge4 (Table 8).  Selections within the Oahu stock were continued and a level 
of between 1.5 and 2.0% was obtained. Its level was thus higher than either of 
the other pure strain selections. 

An outcross of 0-l-Im to a high-ranking RSB strain produced OB-2-Im, a 
strain (which has the highest measured rate (6.4%). It is not significantly higher, 
however, than RSB-6-Im [ x ; , )  = 0.1, P = .7]. 

Inheritance of the capacity for parthenogenesis: Despite the fact that extensive 
tests were made in 1961 and 1964, the Lima, Peru (L) stock of D. mercatorum 
has shown no parthenogenesis whatever (Table 2).  To obtain an estimate of the 
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heritability of the character through the male parent, L stock females were 
crossed with males from a high ranking bisexual line (F, from RSB-3- Im females 
x RS-2-Bi males). Bisexual F, virgin females from this cross were challenged 
to reproduce parthenogenetically and the impaternate daughters produced were 
back-crossed to the same males. The bisexual virgin females produced from this 
latter cross were also tested for rate of parthenogenesis (Table 9, first two hori- 
zontal lines). These results may be compared with those obtained from the 
reciprocal cross (Table 9, lower two lines). It will be seen that high-ranking males 
transmit at least a small capacity for parthenogenesis to their F, daughters and 
that this rate is increased over 60 times by backcrossing. Likewise, males ,with no 
rank with respect to parthenogenesis strongly depress the rate of parthenogenesis 
among their daughters, although when F, males are backcrossed to high-ranking 
females the effect in reducing the rate of parthenogenesis is much less. 

DISCUSSION 

Following discovery of a low rate (not above 0.1%) of facultative diploid 
thelytoky in several wild strains of Droso7hila mercatorum, it has been possible 
to increase the rate artificially about 60-fold, that is, to around 6%. Thelytokous 
laboratory strains so produced, some of which are more than five years old (1 30 
generations), are highly vigorous and can be easily maintained without males 
in the laboratory. The slow attainment of the high levels and the fact that the 
selective advances follow interstrain hybridization, genetic recombination and 
reselection suggests that the character is influenced by a number of independent 
gene loci. 

There is no evidence that the extremely low rate of parthenogenesis existing 
in wild strains serves any role in natural populations, that is, bisexual repro- 
duction appears to be the normal mode for the species. Accordingly, it may be 
said that the directed evolution of a new mode of reproduction for this species 
has been accomplished. 

A similar achievement has been made in Drosophila parthenogenetica by 
STALKER (1956), although in this case the situation is biologically less well 
balanced in that the mode of parthenogenesis results in quite a large proportion 
of triploids in addition to diploids. Although the level of parthenogenesis in D. 
parthenogenetica was close to that attained in the present experiments, all of 
STALKER'S strains became infected with microsporidia and had to be discarded. 

HAMILTON ( 1953) reared the normally bisexual grasshopper Schistocerca 
gregaria for four generations by parthenogenesis. No measurements of change in 
parthenogenetic rate were made. ROTH and WILLIS (1956, 1961) have described 
facultative parthenogenesis in five species of cockroaches. Periplaneta americana 
was reared for two generations without males, but the lines apparently died out 
owing to the presence of developmental abnormalities. This recalls the con- 
dition in Drosophila robusta (CARSON 1961). 

In addition to the above cases, low rates of parthenogenesis are found rather 
widely among animals, e.g. Drosophila (STALKER 1954), mosquitoes (KITZMILLER 
1959), bees (TUCKER 1958) and turkeys (YAO and OLSEN 1955). 
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Under suitable conditions such as periodic shortages of males in small local 
populations (STALKER 1956), low-frequency rates of parthenogenesis might serve 
as a basis on which natural selection could build parthenogenesis into a major 
mode of reproduction in the species. The success of the present experiments sug- 
gests that such an interpretation is correct. Compared with Drosophila manga- 
beirai (CARSON, WHEELER and HEED 195 7), the only known species of Drosophila 
that reproduces wholly by thelytokous means, D. mercatorum is far less efficient. 
Thus, in D. mangabeirai, about 60% of the eggs yield viable adults whereas in 
the most efficient stock of D. mercatorum, the level is around 6%. 

I am most grateful, as always, to PROFESSOR H. D. STALKER for his interest and advice in 
many discussions. Much of the work was done in  Australia while the writer held a Fulbright 
Fellowship at the University of Melbourne, and many thanks are due to PROFESSOR M. J. D. 
WHITE. DR. VINCENT STRANGIO made some key transfers while the writer was away from the 
laboratory. I am indebted to the Genetics Foundation, University of Texas, for supplying some 
stocks, as well as to DRS. M. WASERMAN and J. KRIVSHENKO for supplying others. MRS. BEVERLY 
GRALNICK, MISS CHRISTINE STEINER, MR. JOHN A. NIEDERKORN, JR. and MIS IRENE WEI all 
provided valuable technical assistance. The work has been supported by grants G-20107 and 
GB 3147 from the National Science Foundation. 

SUMMARY 

Three wild strains show very low rates of thelytokous parthenogenesis, the 
highest being only about one adult female per 1000 unfertilized eggs. Artificial 
selection involving cycles of alternating bisexual and unisexual reproduction 
within the strain from El Salvador resulted in about a tenfold increase; similar 
selections within the Rochester, New York strain raised the rate from 39 offspring 
per million eggs to about 0.2%. Artificial selection practiced on hybrids between 
Rochester and Salvador, in which a special bridge system for obtaining high- 
ranking males was used, resulted in the production of a strain showing a level of 
6.1%. Selection within an Oahu, Hawaii strain resulted in a level of between 
1.5 and 2.0%. When outcrossed to other selected strains, another strain demon- 
strating a level of 6.4% was obtained. These highest levels are more than 60 
times the highest of the unselected levels. The character can be transmitted 
through the male parent. It is suggested that the capacity for parthenogenesis in 
D. mercatorum is polygenic. The experiments directly demonstrate that low-level 
facultative parthenogenesis can be built into a major mode of reproduction by 
selection. The data presented and the mode of successful selection suggest the 
correctness of H. D. STALKER’S model for  the origin of parthenogenetic strains. 
Thus, periodic shortages of males in small isolated populations could institute 
cycles of bisexual and unisexual reproduction of the type used experimentally in 
these studies. At some point in time, a parthenogenetic strain so built can become 
capable of self-support without further outcrossing and reselection. 
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