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Abstract

When grown and kept at extreme constant temperatures, Zaprionus indianus males are sterile and do not produce

viable sperm. This phenomenon, already investigated in two Drosophila species, might be a general feature in

drosophilids. On the high temperature side, sterility thresholds were similar in Z. indianus and D. melanogaster. On the

low temperature side, Z. indianus was much more sensitive to cold. This might explain why Z. indianus is restricted to

tropical and subtropical climates, while D. melanogaster also proliferates in temperate places. After returning to a

middle, permissive temperature, males recovered fertility. The time to recover was always longer than in D.

melanogaster, and the number of progeny much smaller in all cases. Such differences may be due to anatomical and

functional divergences, and specially the longer sperm length in Z. indianus.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

For ectotherm species, temperature appears as a

major environmental factor for explaining the distribu-

tion and abundance of animals (Andrewartha and Birch,

1954; Precht et al., 1973; Cossins and Bowler, 1987;

Leather et al., 1993). In most cases a physiological trade-

off seems to exist between cold and heat tolerance.

Species living at high latitudes may be classified as cold

tolerant but heat sensitive, while species restricted to

tropical places exhibit a cold sensitivity but a heat

tolerance.

Thermal adaptation is generally investigated by

measuring the thermal sensitivity of a diversity of fitness

related traits, such as viability, rate of development and

offspring production (Hoffmann et al., 2003). But new

criteria may also be considered, such as the time

required for recovering after a cold-induced chill coma

(David et al., 1998; Gibert et al., 2001; Hoffmann et al.,

2002) or male sterility thresholds symmetrically ob-

served at low or high developmental temperature

(Chakir et al., 2002).

In Drosophila melanogaster, male sterility after a

development at 30�C, with a possible recovery after a

return to a medium temperature, was described in 1971

(David et al., 1971). A quite similar phenomenon is

sterility at low temperature, which was described 3 years

later (Cohet, 1973). At that time, both phenomenas were

considered as physiological oddities, not interesting

from an evolutionary point of view, and not worth

further investigations. Only in 2002 a comparative

analysis on the two cosmopolitan sibling species, D.

melanogaster and D. simulans, revealed a clear-cut

difference (Chakir et al., 2002). The low-temperature

sterility threshold was about 12�C in D. simulans and

13�C in D. melanogaster. On the high-temperature side,

a complete sterility was observed at 28�C in D. simulans

and 30�C in D. melanogaster. In other words, D.

simulans seems more tolerant to cold but more sensitive

to heat than its sibling.
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This observation raises two general questions. Is male

sterility at extreme temperatures a general feature in

Drosophila? Are variations in sterility thresholds a

significant component of the thermal niche of a species?

In the present paper we focus on a tropical

drosophilid, Z. indianus, which is native from the

Afrotropical region but has recently colonized the South

American continent (Vilela, 1999; Goñi et al., 2001;

Tidon et al., 2003). Biogeographical data show that this

species cannot survive at high latitudes and that it is

restricted to warm tropical and subtropical climates. The

thermal range for viability of Z. indianus is known to be

12–32�C (Karan et al., 1999) and, in this respect, it is not

very different from that of D. melanogaster (11–32�C)

(P!etavy et al., 2001). Such a small difference seems

insufficient to explain the clear-cut difference in the

geographic distributions of the two species. One

possibility is that other fitness-related traits might reveal

a larger difference, and here we analyze the relationship

between growth temperature and male fertility. We

found that both high and low temperatures experienced

during development induced a reversible sterility. Inter-

estingly, males grown at 15�C were found to be 100%

sterile, a difference of almost three degrees with D.

melanogaster. This cold sensitivity of male reproductive

function may explain why Z. indianus cannot perma-

nently colonize temperate countries.

2. Materials and methods

2.1. Strains investigated

Most experiments were done on a Brazilian mass

strain, collected in 2001 in the Tijuca tropical forest, in

Rio de Janeiro, and founded by about 20 pairs of wild

living adults. Some comparative observations were done

on other African or Indian strains, kept in the Gif

laboratory for several years.

2.2. Experimental cultures

The Tijuca strain was raised at 21�C under a LD 16-8

photoperiod, in 250ml bottles, on a corn-meal-sugar

food seeded with live yeast. Adults were transferred to

fresh vials every 4–5 days. Immediately after, groups of

about 100–200 young larvae were taken with a spatula

and transferred to experimental smaller bottles (125ml)

containing the same medium, seeded with live yeast and

supplemented with a piece (about 5 g) of a high nutrient,

killed yeast medium (David and Clavel, 1965). These

bottles were then transferred to experimental, constant

temperatures. We investigated four low temperatures

(14–17�C) and four high temperatures (28–31�C). A

high thermal stability was achieved by using small

incubators (about 225 l) with a permanent ventilation,

themselves kept in temperature controlled rooms, either

at 6–7�C for the low temperature incubators, or at 19–

20�C for the high temperature side. We also produced

control flies, permanently kept at a medium temperature

(21�C). After emerging at various growth temperatures,

adult flies were transferred to fresh food and kept at the

same temperature. Growth temperatures of 21�C and

also 15�C were obtained not in small incubators but in

thermally controlled rooms, with a lower precision.

2.3. Presence of sperms in seminal vesicle

The anatomy (Fig. 1) and reproductive physiology of

Z. indianus are quite different from what is known in D.

melanogaster (Ashburner, 1989). Sperms are much

longer in Z. indianus than in D. melanogaster (about

5mm vs. 1.8mm). As a consequence, both the testis and

the seminal vesicles are longer (see Fig. 1). Also the age

at maturity is delayed: fertile copulations at 21�C are

obtained after 4–5 days (Karan et al., 1999) against 1

day in D. melanogaster.

The presence of mobile sperm in the seminal vesicle

was checked after a dissection of the male reproductive

organs in Drosophila saline solution, and then piercing

the seminal vesicles with tiny insect minutia pins. When

sperm is present, a fibrous mass can be seen with a

binocular microscope, and even the mobility of the

sperm flagella is visible. In case of sterility, nothing is

found in the seminal vesicles, which keeps a small

diameter.

The rate of sperm production and age at maturity

are strongly affected by temperature. For all the

high-temperature treatments (including 21�C) dissected
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Fig. 1. Anatomy of male reproductive organs of Zaprionus

indianus. Testes and seminal vesicles are orange–yellow. Other

parts are not pigmented.
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males were aged of at least 1 week. For the low

temperatures, the age at dissection was always superior

to 2 weeks.

2.4. Fertility recovery and progeny number after a

transfer to 21�C

Young males, aged 1 day, grown at various experi-

mental temperatures, were isolated without anesthesia

and brought to the permissive temperature of 21�C.

Each was mated with three normal, mature virgin

females, grown at 21�C and aged 3–4 days, in ordinary

culture vials (20ml) containing a corn-meal sugar food.

Then, each such group of one male and three females

was transferred daily to a new vial (a 2-day interval was

used for the weekend). All vials were kept at 21�C and

examined after about a week. A male was considered as

fertile when at least one larva was observed in the

culture vial. After about 20 days, each vial was again

examined and emerged adults counted. When laying

parents remained 2 days in the same vial the progeny

number was corrected to a daily rate, i.e., divided by

two.

3. Results

3.1. Fertility of mass cultures kept at constant

temperatures

Adult flies grown at various constant temperatures

were kept at the same temperature and transferred

regularly to fresh bottles. These bottles were eventually

examined for the presence of progeny. Such experi-

ments, repeated in each case several times, for a total

number of adults overpassing 100, led to clear-cut

conclusions. On the low temperature side, progeny were

never observed at 14�C or 15�C, even after a month, but

always at 16�C and 17�C. On the high temperature side

progeny never showed up at 30�C and 31�C, but were

present at 29�C and 28�C. In all cases, females produced

eggs and, when mated with control, 21�C reared males,

rapidly produced an offspring. In other words, the lack

of progeny is attributable to male sterility only.

Several other geographical strains of Z. indianus from

tropical Africa (Cotonou, Sao Tom!e and Cape Town)

and India (Delhi) were also grown, in a similar way, at

the critical temperatures of 15�C and 30�C. In all cases

progeny were never observed: these threshold tempera-

tures for male complete sterility appear as a general

property of the species.

3.2. Presence of sperm in seminal vesicles

Males grown and kept at various constant tempera-

tures were dissected and their genital tract examined for

the presence of sperms in seminal vesicles. Age of

dissection was at least 1 week for the high temperatures

(21�C and above), and more than two weeks for the low

temperatures (14–17�C). Proportions of fertile males are

given in Table 1, and shown graphically in Fig. 2.

As expected, we found very few or no male producing

sperm at extreme, low or high temperatures, while a high

fertility was observed in the middle of the range. The

overall curve is similar in shape to what was already

found in D. melanogaster and D. simulans (Chakir et al.,

2002), with a kind of plateau between 17�C and 28�C

and very sharp decreases at low and high temperatures.

Some males with abnormal testes were observed at most

temperatures (Table 1). These abnormalities corre-

sponded to an atrophy or absence of the testes. They

were especially common at high temperatures, on

average 15% between 29�C and 31�C.

Fig. 2 permits a graphical estimate of the tempera-

tures that produced 50% of sterile males (male sterility
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Table 1

Presence of mobile sperms in the seminal vesicle of males grown

under different temperatures

Treatments�C Number of

males

dissected

Males with

mobile

sperm(%)

Males

without

sperm (%)

Abnormal

testes

14 39 0 38 1

15 49 8 41 0

16 51 20 30 1

17 50 40 10 0

21 54 47 3 4

28 53 49 1 3

29 61 20 30 11

30 53 0 46 7

31 58 2 48 8
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Fig. 2. Variation of male fertility as a function of growth

temperature in Z. indianus. Temperatures that produce 50% of

sterile male (MST-50) are estimated graphically.
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temperature 50%, or MST-50). These temperatures

are estimated to be 16.3�C and 28.7�C for the low

and high sides, respectively. The graph also shows

that the slope is steeper on the heat side than on the cold

one.

A quite surprising result is that, at 15�C, we found by

dissection about 15% of the males with sperm, while by

the progeny test (previous section) all males were scored

as completely sterile. There are two possible explana-

tions for such a discrepancy. One is that, for this

experimental condition, temperature was not conveni-

ently regulated. As stated before, development occurred

in a large climatic room, which was less stable than a

small incubator. So it may be possible that, instead of

being exactly 15�C, the real average temperature was in

fact 15.2–15.3�C. The alternative hypothesis is that,

although some males did produce a few sperms in their

seminal vesicles, these sperms could not be efficiently

transmitted to the females and, hence, the eggs could not

be fertilized. This interpretation is probably only valid

for the two males which, grown at 31�C, were scored as

producing sperm (see Table 1).

3.3. Fertility recovery at 21�C

Males grown at various temperatures were transferred

individually to 21�C and mated with mature virgin

females. Results for progeny production are given in

Fig. 3 and statistical comparisons are done in Table 2.

Control males, grown and kept at 21�C (Fig. 3A), all

produced offspring. Interestingly, no progeny was

observed at day 4, but almost all males produced an

offspring at day 5. We may conclude that, at 21�C, it

takes 5 days for the male to reach sexual maturity. All

males remained fertile for about two weeks, but after

that some experimental vials, still containing one male

and three females, failed to produce larvae.

After a development at 17�C, all males also produced

progeny, but the average curve (Fig. 3A) was somehow

less regular. Also the age for reaching maturity was

slightly longer than for 21�C males (6.58 vs. 5.15 days,

Table 2). Still less favorable results were obtained at

lower temperatures. For 16�C, the first progeny was

observed at an average age of 9.45 days and only 83% of

the males became fertile. For 14�C males, the average

age for progeny production was 11.50 days and only half

of them recovered fertility. Data for a growth tempera-

ture of 15�C are not shown because, when the

experiment was done, the climate room underwent a

breakdown and the temperature overpassed 20�C for

more than 3 days.

On the high-temperature side (Fig. 3B), males grown

at 28�C were normally fertile, although only 75% of

them produced offspring, and also the age at first

reproduction was slightly delayed. As shown in Table 1,

about 15% of these males were expected to have

abnormal testes and remain completely sterile. At

29�C, more males (92%) were fertile but the age at

maturity was longer (9.64 days). Males grown at 30�C

and 31�C produced similar data: a fertility percentage

not exceeding 75% and a late progeny production at

about 20 days.

3.4. Number of progeny at 21�C

As stated in methods, we counted the number of flies

produced by males after they being transferred at 21�C

with normal mature females. With this procedure,

progeny number will reflect sperm production by males

and sperm utilization by females. We first examined the

daily fecundity curves, which were quite irregular due to

the small number of males studied. Mean daily progeny

number over the period of fertility are given in Table 2.

Males grown at 28�C produced on average 24.5 progeny

per day. A similar value (23) was obtained by the 21�C

males. For other growth temperatures, lesser values were

obtained: on average 10 per day for males grown either

at 14�C or at 30–31�C.
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17°C
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28°C

Fig. 3. Recovery of male fertility after a transfer to 21�C.

Growth temperatures are indicated for each curve. (A) results

for low developmental temperatures and for 21�C. (B) results

for high developmental temperatures.
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With this experimental procedure (one male kept with

three normal females) it was previously found in D.

melanogaster and D. simulans (Chakir et al., 2002) that

the number of progeny increased regularly over time.

We examined the data for Z. indianus and found

variable results. A significant increase in progeny

number over time was found in two cases only, for

males grown at 28�C and 29�C (Fig. 4). For all other

temperatures, progeny number did not increase signifi-

cantly over time (this phenomenon is illustrated in Fig.

4A for 17�C and 21�C grown males).

For a general comparison of all temperature data, we

decided to consider the cumulative curves instead of the

daily production (Fig. 5). In each case, the individual

curves were conveniently adjusted to a linear model,

with R2 average values always superior to 0.90 (see

Table 2). Each male was characterized by the slope and

the intercept of the regression. The slope is an estimate

of the daily production, assuming it remains constant

over time. The values found (Table 2) exhibit significant

differences according to temperature, being maximum

for 17�C, 21�C and 28�C, and minimum for extreme low
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Fig. 4. Daily progeny number (mean). (A) data for 17�C and

21�C used as examples. (B) data for 28�C and 29�C (the only

two cases where a significant increase in progeny number over

time was observed). Only males which recovered some fertility

were used for calculations.
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or high temperatures. This pattern of variation is similar

to that observed for average daily production. Using the

intercept values, we calculated for each male the age at

which the progeny number would be zero, in other

words the age at which fertility begins. This calculated

age at maturity is minimum for 21�C and increases for

lower or higher growth temperatures. The two values,

observed and calculated age at maturity, exhibit some

differences (Table 2) but their variation is basically

similar and they are strongly correlated (r=0.97).

Whichever the way they are calculated, the two traits

(age at maturity and daily sperm production) are

negatively correlated. An early reproduction under favor-

able thermal conditions is accompanied by a high rate of

sperm production and vice versa. For the males sterilized

by a growth at an extreme temperature, the recovery at a

middle temperature is possible, but is never complete.

4. Discussion and conclusions

Our results may be discussed from a physiological

point of view, but also for their ecological and

evolutionary significance. In each case, data on Zaprio-

nus need to be compared with what is already known

(Chakir et al., 2002) in two other cosmopolitan species,

D. simulans and D. melanogaster, especially with the

latter.

We found that, in Zaprionus, both low and high

temperatures induced a male sterility, while female egg

production, although not precisely investigated, was not

much affected. There are however significant differences

between Z. indianus and the two Drosophila species. A

major difference concerns the age at maturity under

normal conditions: while D. melanogaster males produce

fertile sperm and offspring on their second day of life, a

fairly long delay (about 5 days) is needed in Zaprionus

(Karan et al., 1999; and present study). This delayed

maturity seems correlated with a greater sperm length

(Fig. 1) and thus a longer time for sperm elongation

(Pitnick et al., 1995; Simmons, 2001).

Sterilizing effects of extreme growth temperatures

may be appreciated either by estimating an absolute

threshold (no F1 in cultures kept at the same tempera-

ture) or a relative threshold producing 50% of sterile

males (MST-50). Absolute thresholds in Zaprionus are

15�C and 30�C, and relative thresholds (Fig. 2) are

16.3�C and 28.7�C. They are much higher than in D.

melanogaster on the low temperature side (12�C and

13.2�C), but similar at high temperatures (30�C and

29.1�C). Remarkably, males of both Z. indianus and D.

melanogaster are fully sterile at 30�C.

Transferring freshly emerged males from a sterilizing

to middle, permissive temperature allows a recovery of

fertility after some delay. In D. melanogaster, recovery

times are quite similar when considering the effects of

cold or heat, and also recovery is much longer for very

extreme growth temperatures (Chakir et al., 2002). For

example, recovery takes much more time after a

development at 31�C than after a development at

30�C. Such is not the case in Zaprionus. Firstly, we

found that recovery was much faster for a low sterilizing

temperature (11.5 days for 14�C) than for a high

temperature (20 days for 30�C). Secondly, we found

similar recovery times for different extreme tempera-

tures, for example 14�C and 16�C, or 30�C and 31�C.

Such differences suggest that the harmful (not known)

effects of extreme temperatures on spermatogenesis are

not exactly the same in D. melanogaster and Z. indianus.

A last interesting comparison concerns the progeny

number. In D. melanogaster, with the same protocol of

one male and three females, it was found that the daily

offspring number increased over time (Chakir et al.,

2002), presumably reflecting an increase of sperm

production by the male, accompanied by an efficient

storage in females. For example, for a normal, 21�C

grown male, the average daily offspring production

increased from 40 up to 160 descendents in 10 days.

Results were quite different for Z. indianus, and
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Fig. 5. Cumulative number (mean) of descendents produced

per day for each temperature studied. (A) data for low and

optimal (21�C) temperatures, (B) data for high temperatures.
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especially the daily progeny production did not increase

over time. As a consequence, calculations and statistical

comparisons were done on linear, cumulative curves.

The slope of these curves estimates the daily progeny

production, which in the best cases (21�C and 28�C

grown males) remained around 25. Again, this low

reproductive potential may be related to the larger

sperm size and presumably a much lesser number

(Simmons, 2001). After a development at extreme, low

or high temperatures, the progeny number remained

much lower, in spite of the fact that calculations were

done only on males that recovered fertility. In that

respect, the recovery was better from high-temperature

development (about 12 offspring a day for 30–31�C)

than from low temperatures (daily fecundity less then 7

for 14�C). This effect on progeny number is in opposite

direction compared to that observed for the time of

recovery.

From an ecological point of view, both Z. indianus

and D. melanogaster exhibit quite similar thermal ranges

in development, with a midpoint (optimum ?) at 22�C

and 21�C, respectively. It is only on the cold side that a

major difference is observed, with a higher temperature

of about 3�C in Z. indianus for both the absolute

threshold and the MST-50. In this respect, Zaprionus

appears clearly more sensitive to cold than D. melano-

gaster, and this ecophysiological difference may explain

why Z. indianus cannot colonize temperate places and

remains restricted to tropical and subtropical climates

(Chassagnard and Kraaijeveld, 1991; Goñi et al., 2001).

It is generally assumed, in demographic investiga-

tions, that the rate of increase in number (r parameter)

depends on the rate of female gamete production. Such

might not be the case in Zaprionus. The ovariole number

in female is slightly superior to 40 (unpublished result).

If we assume that, at 25�C, each ovariole produces one

egg per day, the average daily progeny production

should be 40. This is a conservative estimate since, in D.

melanogaster, each ovariole in well fed females produces

about two eggs a day (Chakir et al., 2002). In the present

work, we found that the maximum progeny production

by a male mated with 3 normal females was about 25. In

other words, sperm production might be the limiting

factor for demographic expansion of Zaprionus.

Finally, from an evolutionary perspective, Z. indianus

is the third drosophilid for which we know that extreme

temperatures, before producing a lethal effect, induce a

male specific sterility. Whether this phenomenon is

general in drosophilids and other insects is not known.

There is however some evidence that, at least on the heat

side, sterile males are observed in other species, for

example at 30�C in D. buzzatii (Vollmer et al., 2003 in

press) and at 25�C in D. subobscura (unpublished

results). We already know that, among Drosophila

species, the thermal range is highly variable and reflects

a thermal adaptation, comprised between 6�C and 26�C

in the cold tolerant, temperate D. subobscura (Moreteau

et al., 1997) and between 16�C and 32�C in the

circumtropical D. ananassae (Morin et al., 1997). We

now suggest that, besides the lethal temperature limits,

male sterility thresholds should also be considered and

might be, in some cases, more informative for under-

standing the biogeographical distribution of a species.
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