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Abstract 

The effect of different yeast variants of the yeast Saccharomyces cerevisiae on the outcome of competition 
between Drosophila simulans and D. melanogaster was investigated. In all experiments differential birth rate 
was the effective mode of species competition. Addition of live yeast and especially mixtures of yeast strains 
improved the competition situation of a species, but could not prevent the extinction. 

Introduction 

In natural populations species are associated 
with each other and may compete for limited re- 
sources. The sibling species Drosophila melanogas- 
ter and D. simulans are sympatric and utilize yeasts 
for their essential foodcomponents (Sang, 1978; 
review). It has been claimed that genetic variability 
in Drosophila species is correlated with changes in 
the yeast environment (Powell, 1971; McDonald & 
Ayala, 1974; Bos et al., 1976; Kircher, 1969). In 
view of the importance of yeasts in the nutrition of 
Drosophila and the differential attractiveness of 
different yeasts to sympatric species (Dobzhansky 
et al., 1956), one might expect the relative competi- 
tive abilities of the species in laboratory popula- 
tions to vary depending on the yeasts used in the 
culture (see for review of interspecific competition: 
Barker, in prep.). The abilities may sometimes be 
influenced by the composition of yeast species pres- 
ent in the culture as shown by E1-Helw and Ali 
(1970) and E1-Helw et al. (1972). Bos et al. (1976) 
found that species of Drosophila differ in their 
ability to utilize ergosterol-deficient mutan t strains 
of the yeast Saccharomyces cerevisiae. In mono- 
xenic cultures containing two of these mutant yeasts 
(erg-2 and erg-3) the survival of D. simulans is 

superior to that of D. melanogaster. One might 
expect from this that fixation of D. melanogaster as 
found in so many mixed populations of the two spe- 
cies (Moore, 1952; Tantawy & Solimar, 1967; 
Barker, in prep.), can at least be postponed in an 
environment which includes these sterol-mutant 
yeast strains. We report here the results of such com- 
petition experiments on mixtures of yeast strains 
with different sterol contents and discuss the effects 
of medium on interspecific competition. 

Material and methods 

Yeast strains 

The yeast strains used in these experiments were 
a wildtype strain of Saccharomyces cerevisiae (A 
18.4 A), two sterol mutants derived from this stock 
(erg-2 and erg-3; formerly named pol mutants in 
Molzahn & Woods, 1972) and a commercial wild- 
type strain, originally bought as active dry yeast. 
The strains were grown in 2 litres Erlenmeyer flasks 
on a rotary shaker at 28 oC in 750 ml of yeast 
complete medium (Molzahn & Woods, 1972). 
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Drosophila stocks 

Flies used for the experiments were taken from 
large laboratory massbred populations, maintained 
under a system of random mating since 1975. The 
melanogaster population derived from a two-way 
cross between Oregon and Novosibirsk strains, 
homozygous for the body colour mutation ebony. 
The simulans populations derived from an F2 of a 
cross between a Sheffield massbred strain and a 
white-eyed strain from Groningen. The population 
was homozygous for the eye colour mutant white 
eye. Culture temperature was always 25 ° C. 

Experimental procedures 

Competition experiments 
Competition was studied in four different exper- 

iments. Two series of Cage (A and B) and two series 
of Bottle experiments (C and D). 

Cage experiments A. Eight types of cages were 
started november 1976, each with 1000 flies (250 Q9 
and 250 ~'~ from each of the species) and stopped 
after five months. The types of the cages are listed in 
Table 1. 

Table 1. Types of cages used. 

Cages Yeasts Standard* 
wildtype erg-2 erg-3 medium 
(AI8.4A) 

AI 100% - 
2 100% - 
3 100% 
4 
5 80% 20% - 
6 2O% 8O% - 
7 80% 20% 
8 20% 80% 

1 oo % 

* 'standard medium'= 1000 ml water, 19 g agar, 32 g dead 
wildtype yeast, 54 g sucrose and 13 ml nipagin solution (10 g 
nipagin in 100 ml ethanol, 96%). 

The environments are here identified by the per- 
centage of mutant yeast they contain (e.g. 20% 
erg-2). 

Live yeast was offered on the surface of an agar 
gel (2%) in food cups, different yeasts in different 

cups. Every cup contained about 2 g of live yeast. 
Cups were replaced according to a scheme, which 
guaranteed that some fresh cups were provided ev- 
ery two days and that a cup stayed about 17 days in 
a cage. Sampling of eggs to estimate the proportion 
of the two species was done regularly (once a 
month) by inserting five fresh cups in each cage for 
one day. The emerging adults were collected and 
scored. Each type of cage was.duplicated. 

Cage experiment B. Experiment A was repeated 
between October 1977 and January 1978, because 
(1) in some cages contamination with fertile, wild 
type melanogaster was observed, although repli- 
cates with and without contamination reached the 
same final outcome - the fixation of melanogaster; 
(2) we wanted to test whether our sampling tech- 
nique was reliable for estimating the proportion of 
the species present in the cages. In this experiment 
eggs were collected on slices of standard medium 
placed on corks in the cages. Slices with eggs were 
placed in standard food bottles and the number of 
flies hatching from these bottles was then deter- 
mined. During the egg-collection period the numb- 
er of flies visiting the slices was also counted, afford- 
ing a second measure of the frequency of the 
species. Flies were counted i h, and 2 h, after inser- 
tion of the slices and the two counts were averaged. 

Bottle experiment C. Experiment C was done in 
bottles, started in April 1978 and lasted five genera- 
tions. Each bottle was supplemented with 5 g of live 
yeast on top of 30 ml of sucrose agar (5.4% sucrose; 
2% agar). If a bottle was supplemented with two 
yeasts, they were added separately. The eight types 
of food medium were assayed (C 1-8), with only one 
difference: the wildtype yeast was the commercial 
live yeast. A population on a medium consisted of 
four bottles with flies, started with 20 pairs of each 
of the two species per bottle. After two weeks the 
hatched flies were scored as simulans or melanogas- 
ter and then divided into four fresh bottles for 
about one day of egg-laying. An advantage of these 
experiments with non-overlapping generations was 
among others the fact that the population size and 
species frequencies could be determined every gen- 
eration. 

In addition to the eight types of media the effect 
of live yeast on top of standard medium was as- 
sayed. 
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Bottle experiment D. A large-scale bottle experi- 
ment was carried out during the winter of 1978- 
1979 for six generations. Two replicates of every 
experiment (DI-8)  were used. For three genera- 
tions all flies were counted and then used to start the 
next generation, but from generation four onwards 
every fresh bottle was started with 40 pairs of flies 
using the same frequencies as in the total popula- 
tion. In addition an environment containing 95% 
erg-3 yeast was assayed. 

Other procedures in the D experiment 
Production of adults. The production of offspring 
by females was measured using vials (4 •Q, 3-5 
days old) containing one of both species. Thirty 
replicates were made using standard medium (see 
experiment A) with both species together. On wild- 
type yeast (! g live yeast on 9 ml of 2% agar) there 
were seven replicates for D. melanogaster, and 
twelve replicates for D. simulans. Egglaying time 
was 24 h. 

Development time. Measurements were made us- 
ing twice-daily counts of hatching adult flies in 
bottles and the time halfway egglaying period. Pure 
species cultures were given a short egglaying time 
(8 h; 6-10 replicate bottles), mixed species cultures 
a long egglaying time (20 h; 6 replicates) to measure 
egg-to-adult-development time in 'optimal' and 
competitive conditions. 

Body weight. In the same experiment body weight 
was determined by weighing five groups of five 
males from each environment. 

Results 

Competition and yeast environments 

The course of the proportion of D. simulans in 
competition with D. melanogaster in two cage 

experiments (A and B) and two bottle experiments 
(C and D) is presented in Figure 1. Table 2 presents 
population sizes in experiments B and D after two 
months of competition. All sample periods are in- 
cluded. From these data five points are obvious: 
(1) In all the environments in experiments A, C 

and D the final result was extinction of Droso- 
phila simulans. 

(2) In experiments B all the populations were fixed 
in D. simulans or had a high frequency, except 
on the 'standard' medium. These exceptional 
results of experiment B will be analyzed in part 
2 of the results. 

(3) On erg-2 and erg-3 medium both species be- 
came extinct in all experiments except the B 
cages and one A replicate. 

(4) The decrease of the frequency of D. simulans 
was gradually on live wildtype yeast and the 
mixtures of live yeasts. On standard medium 
with killed yeast the decrease went much faster: 
e.g. the proportion of simulans in cages de- 
creased from 50% to about 3% (9 angles) in 1 
month. On live yeast the proportion was still at 
least 25% (30 angles) after one month of com- 
petition, which is about 1 or 2 generations (Fig. 
la). The use of live yeast apparently postponed 
the extinction of simulans. 
The effect of addition of live yeast to the stand- 
ard medium was measured in a separate exper- 
iment which was performed simultaneously 
with experiment D. The results are presented in 
Figure 2. These data confirmed the above con- 
clusion that live yeast postponed the extinction 
of D. simulans. 

(5) Since within experiments and even between 
experiments A, C and D there was a good 
correspondence between replicates on the same 
medium, we calculated the average proportions 
of D. simulans (angles), averaged over experi- 
ments A, C and D after one and two months of 
competion (~ + s.e.) (Table 3). 

"Fable 2. Population size (average of 2 4 replicates) in experiments B (cages) and D (bottles), two months after the start of competition. 

Yeast environment 
1 2 3 4 5 6 7 8 

100% 100% 100% standard 20% 80% 20% 80% 
+ yeast erg-2 erg-3 erg-2 erg-2 erg-3 erg-3 

Exp. B 396 77 326 252 407 188 543 445 
Exp. D 213 0 0 297 515 397 591 459 
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Fig. 1. Proportion of D. simulans in competition: (a) Cages, * cages contaminated with D. melanogaster; (b) Bottles. 

Table 3. Average proportions of D. simulans after one and two months  of competition (exps A, C and D). 

Mo.. Standard 80% erg-2 100% + -  yeast 20% erg-2 20% erg-3 80% erg-3 

1 11.2-t-3.0 27.8±5.1 32.2±11.8 32.5 ±9.2 29.75-5.7 35.75-4.3 
2 2 .8±1.7 10.85:4.2 13.45- 5.1 22.8±9.5 28.25-4.9 33.4-1-8.5 
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After one month the proportion of simulans on 
'standard' medium is significantly lower (t-test; 
P < 0.05) than the other proportions. 

After two months the proportion on 'standard' is 
still significantly lower (P < 0.05) than the other 
proportions except '80% erg-2'. Comparing all 
pairs of treatments a difference of 10 units is signifi- 
cant (Tuckey's t-test; P < 0.05). 

These data illustrated again the postponement of 
simulans extinction on live yeast but they also sug- 
gested that after two months of competition D. 
simulans extinction was postponed especially in the 
'mixed'-erg-3 environments compared to the stand- 
ard environment (see also Fig. 1). This is demon- 
strated also in Figure 3. In this figure the differences 
between the proportion (average of replicates) of 
simulans on mixed erg-3 and 100% erg-3 yeast en- 
vironments and on wildtype yeast are given. A short 
experiment on 95% erg-3 is included here. It can be 
seen that with increasing amounts oferg-3 the pro- 
portion of simulans increased. 

The exceptional experiment B 

In experiment B all the populations became fixed 

or had a high frequency for D. simulans, except 
the two replicates on standard medium (Fig. la). 
This is in contrast with the results in experiments A, 
C and D, where D. melanogaster became fixed. 

In experiment A the frequency of a species was 
determined by counting the numbers of individuals 
hatching from egg samples taken from the cages. In 
the case of experiment B frequencies were estimated 
in the same way, but also directly by counting the 
number of flies present on the oviposition sites. 
These 'direct' data are presented in Table 4. The two 
methods of frequency determination turned out to 
be the same: the correlation between the two deter- 
minations was high and significant (r =0 .92 ;  
P < 0.001). So the contrasting results reflected the 
real situations in the cages. 

From the counts of adults in the cages and the 
numbers of offspring in the egg-collection samples 
the productivity (flies/9) could be estimated (Ta- 
ble 5). 

In the 'standard medium' cages simulans became 
extinct, in all the other environments melanogaster 
disappeared. Table 5 shows that in twenty-two out 
of 32 comparisons a lower production was associat- 
ed with extinction. In four comparisons we scored 

Table 4. Proportion in angles of D. simulans flies, visiting the oviposition sites in the cage populations (experiment B). Two cages ( 1 and 
2) of each yeast environment.  

1 2 3 
Sampling 100% 100% 100% 
period +-yeas t  erg-2 erg-3 
(month) 1 2 1 2 1 

Yeast environment 
4 5 6 7 8 

standard 20% 80% 20% 80% 
erg-2 erg-2 erg-3 erg-3 

2 1 2 1 2 1 2 1 2 1 2 

0 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 
1 20 21 90 90 72 89 27 28 24 27 58 51 35 23 48 44 
2 53 77 90 90 87 90 24 18 73 59 51 86 70 63 57 60 
3 70 90 90 90 90 90 0 0 90 75 73* 90 88 58 80 88 

* contaminated with D. melanogaster wildtype flies 

Table 5. Productivity (flies/Q) in D. melanogaster and simulans in experiment B after one and two months.  

1 2 3 
Sampling 100% 100% 100% 
period +-yeas t  erg-2 erg-3 
(month) 1 2 1 2 1 

Yeast environment 
4 5 6 7 8 

standard 20% 80% 20% 80% 
erg-2 erg-2 erg-3 erg-3 

2 1 2 1 2 1 2 1 2 I 2 

l .meL 6,0 7.3 0 0 0 0 
sim. 10.5 12.2 0 0 1.4 0.3 

2. meL 1,9 3.8 0 0 0 0 
sim. 8.2 2.5 1.0 2.6 1.3 1.4 

1.3 1.5 1.1 3.6 1.2 0.5 8,8 5.8 2.5 4.7 
0.2 0.1 0.8 5.5 1.2 0.9 14,9 5.3 11.5 1.2 
7.0 6.0 1.1 0.9 6.5 0 2,5 1.5 1.5 1.2 
0.3 0.3 3.4 2.5 2.0* 5.2 1.7 3.0 5.9 1.2 

* contaminated with D. melanogaster wildtype flies 
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no difference in productivity, in six higher produc- 
tion led to extinction. 

So, in experiment B productivity of females can 
have played an important  role in the outcome of 
competition. 

Another inexplicable feature in experiment B is 
the survival of a population after more than one 
generation on erg-2 medium. In our bottle experi- 
ments C and D, our cage experiment A and pre- 
vious papers (Bos et al., 1976) populations became 
extinct after one generation. This and the fact that 
we recently noticed (unpublished) that condition of 
yeast cultures can have an extreme influence on the 
survival of Drosophila larvae, suggests that during 
experiment B conditions or quality of yeasts dif- 
fered from conditions during the other experi- 
ments. These unknown exceptional conditions of- 
fered the advantage for simulans to outlive melano- 
gaster. The possibility that after a period covering 
about  20 generations the gene pool of our Droso- 
phila stocks also may have changed, can not be 
excluded. 

Fitness characters in experiment D 

In experiment D productivity of females cultured 
outside and inside competitive situations on wild- 
type yeast and standard medium was measured 
(Table 6). Here again we found a positive relation 
between production of adults and survival in com- 
petition: in experiment D the species with the low- 
est productivity (simulans) decreased in all bottle 
populations. 

Development time was analyzed during this 
experiment and the relevant data, including signifi- 
cance of differences within species are shown in 
Table 7. The development time of both species was 
longer in the mixed species, high-density conditions 
and longer on standard medium. In the competitive 
situation D. simulans developed slower than me- 
lanogaster on standard medium (t-test, 0.05 ~ P 

Table 6. Production of adult  flies (x __. s.e.) per four females in 
single (1)- and mixed (2)-species cultures (Experiment D). 

Wildtype yeast Standard medium 

(1) (1) (2) 

D. melanogaster 59.7 + 5.3 61.1 ± 2.8 64.8 ± 1.9 
D. simulans 52.5 ± 2.8 42.2 ± 2.2 42.4 ± 3.7 

Table 7. Development time (hours) of males under 'Pure species, 
low density'  and 'Mixed species, high density' conditions: aver- 
age of replicates ± s.e. (Between brackets, number  of replicates 
and total number  of males). 

Wildtype yeast Standard medium P 

D. melanogaster 
Pure, low 208.8 ± 0.5 226 ± 3.8 *** 

(5, 187) (5, 150) 
Mixed, high 253.5 ± 0.9 258.8 ± 2.7 n.s. 

(5,472) (6, 723) 
P (t-test) *** *** 

D. simulans 
Pure, low 209.4±2.3 216.3± 1.5 ** 

(4, 116) (4, 81) 
Mixed, high 254.0 ± 1.5 269.1 ± 4.7 * 

(5, 820) (6, 303) 
P (t-test) *** *** 

Significance probabilities for t-test (within species): 
***0.005 > P > 0.0005; ** 0.01 > P > 0.005; *0.025 > P > 0.01 

0.025). Body weight of males was measured using 
flies from pure D. simulans and D. melanogaster 
bottles (Table 8). Body weight of melanogaster 
males was larger on standard medium as well as on 
wildtype yeast (significance probability for t-test < 
0.0005). 

So, in experiment D we found indications that 
the following fitness components make D. melano- 
gaster more successful on 's tandard'  medium: 
higher productivity, shorter duration of develop- 
ment and a higher body weight than simulans. 

Discussion 

The outcome of interspecific competit ion in con- 
tinuous populations with overlapping generations, 
or with discrete generations, is known to be affected 
by environmental  factors. Barker (in prep.) has re- 
viewed e.g. the effects of temperature, population 

Table 8. Body weight ( m g / 5 ~ ' )  of Drosophila during experi- 
ment D on wildtype yeast and standard medium (x ± s.e.). 

Wildtype yeast Standard medium 

D. melanogaster 4.56 + 0.07 4.49 ± 0.08 
D. simulans 3.78 ± 0.05 3.82 ± 0.02 

Sign. prob. for t-test ( 0 , 0 0 0 5  < 0.0005 



density, species frequency and medium. He sug- 
gests that 'one might expect the relative competitive 
abilities of Drosophila species in laboratory popu- 
lations to vary depending on the yeast species used 
in culture, and that such studies could have consid- 
erable significance in analysing the realized niches 
of sympatric Drosophila species in natural popula- 
tions. Yet few studies have been done'. 

In this respect we found in an earlier study (Boset 
al., 1976) that Drosophila species differ in their 
abilities to colonize different environmental niches, 
measured by their ability to maintain themselves 
for five successive generations on different ergo- 
sterol mutant yeasts. This was done in the absence 
of interspecific competition in a medium containing 
solely a given strain of yeast. We found D. simulans 
superior to D. melanogaster on erg-2 and erg-3 
yeast mutants of Saccharomyces cerevisiae. These 
strains contain different biological mixtures of' 
sterols since the mutant strains used are blocked in 
ergosterol synthesis (Barton et al., 1974; Woods et 
al., 1974). What was tested were the effects of dif- 
ferent mixtures of sterols in a biological package of 
yeast cells on the outcome of competition. From 
Cooke and Sang (1970) it is known that Drosophila 
has a sterol utilization similar to that of other phy- 
tophagous insects. Sterols serve a bulk requirement 
for which the steric criteria for utilization are rela- 
tively broad and a micronutrient requirement with 
a narrow steric specificity. The last requirement is 
only satisfied by sterols closely related in structure 
to cholesterol. 

On standard medium, which was a killed-yeast 
sucrose medium, a fast extinction of simulans oc- 
curs in all experiments (Fig. 1, Table 4). This medi- 
um is clearly the most unfavourable one for simu- 
lans in a competitive situation, which is also evident 
from the increased development time (Table 7). 
Figure 2 shows that with the addition of increasing 
amounts of live yeast to standard medium, the 
competitive ability of D. simulans improves. There 
is no clear, overall difference in the final outcome of 
competition between the populations on mixtures 
of yeast strains and populations on pure wildtype 
yeast: in experiment A, C and D Drosophila simu- 
lans became extinct on both types of medium, whe- 
reas in experiment B this species outcompeted D. 
melanogaster in both types of environment. How- 
ever, the data suggest that the extinction of simu- 
lans is postponed in the 'mixed' erg-3 environments 
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f luence the compet i t ive  abi l i t ies  of  the two species. 
It is poss ible  to improve  the compet i t ive  s i tua t ion  

for  D. simulans ar t i f ic ia l ly  by giving D. simulans a 
t h ree -day  pre lay  (Van Delden,  1970). Van Delden  
not iced an increased compet i t ive  abi l i ty  only af ter  
a b o u t  77 genera t ions  of  compet i t ion .  So, selection 
for  compet i t ive  ab i l i ty  is ex t r eme ly  slow, which 
means  that  the genetic c o m p o n e n t  of this charac te r  
is main ly  non-add i t ive  (Barker ,  1973; F u t u y a m a ,  
1970). There fore  it is unl ike ly  tha t  in our  exper i -  
ments  f ixa t ion  of  D. melanogaster or D. simulans 
within a few genera t ions  was accompan ied  by a 
selective change  in the genetic componen t s  of  com-  
peti t ive abil i ty.  

Dur ing  expe r imen t s  B (cages) and  D (bot t les)  we 
measured  p roduc t iv i ty  of females and found  that  
the f inal  ex t inc t ion  of  a species in the ma jo r i t y  of  
compar i sons  was cor re la ted  with the lowest  p ro-  
duc t ion  of  adul t s  in the compet i t ive  s i tua t ion  (Ta-  
bles 5 and 6). In exper iment  D we found  tha t  at least 
on s t anda rd  med ium low produc t iv i ty  of  simulans 
was a c c o m p a n i e d  by  long deve lopmen t  t ime (Table  
7) and  low body  weight  (Table  8). This c o m b i n a t i o n  
of fitness characters  made the exclusion unders t and-  
able.  The add i t i on  of  live yeast  could  pos tpone  the 
exclus ion  of  a species (Fig.  2) and  the degree of  
p o s t p o n e m e n t  was dependen t  on the compos i t i on  
of  the yeast  (Fig.  3). 

The excep t iona l  ex t inc t ion  of  D. melanogaster in 
the l ive-yeast  s i tua t ions  in exper imen t  B seems to be 
caused by a t e m p o r a r y  high p roduc t iv i ty  of  the 
simulans females dur ing  this exper imen t  (Table  5). 

This relat ively higher  p roduc t iv i ty  of  simulans fe- 
males can have had a genetic cause: the gene pool  of  
the flies f rom our  l a b o r a t o r y  s tock,  s ta r t ing  the B 
expe r imen t  may  have had features  differ ing f rom 
the s tar t ing mate r ia l  of  our  exper imen t s  A, C and 
D, since several  genera t ions  separa ted  the exper i -  
ments .  In this  case, however ,  it is diff icult  to under -  
s tand tha t  wi th in  the B exper imen t  D. simulans had 
a re la t ively high p roduc t iv i ty  in the l ive-yeast  s i tua-  
t ions and  became fixed,  while they had a low pro-  
duct iv i ty  on s t anda rd  med ium and became extinct .  
Since we know tha t  the phys io logica l  cond i t ion  of  
our  l ive-yeast  media  can influence ex t r eme ly  the 
survival  of  Drosophila larvae (Bos & Boerema,  
1982) we assume an unknown  env i ronmenta l  cause 
of  yeast  var ia t ion .  

In conclus ion,  we th ink  tha t  in all  our  exper i -  
ments  dif ferent ia l  b i r th  rate was the effective mode  

of  species compe t i t ion .  A d d i t i o n  of  live yeast  and  
especial ly  mixtures  of  yeast  s t ra ins  can improve  the 
compet i t ive  s i tua t ion  of  a species, but  can not  pre-  
vent the ext inct ion.  
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