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The juvenile hormone, methyl farnesoate (MF), and its analog insecticides have been used successfully to
induce the production of males in cladocerans under long-day conditions in the laboratory. However,
without hormone addition Daphnia do not usually produce male offspring under long photoperiods,
while short photoperiods are a stimulus for the induction of males. We used 21 clones of Daphnia pulex
differing in their propensity to produce males under short-day conditions to test whether the treatment
with MF would result in an additive effect of shifting the sex ratio towards males. Contrary to our expec-
tations, clones with a high tendency of male production showed a reduced sex ratio in response to MF
treatment under short-day conditions, but clones that produced normally few males or did not produce
males were stimulated by 700 nM MF to produce up to 40% males. We suggest that the endocrine disrup-
tive effect of MF or juvenile hormone analogs in the field may depend on the clonal composition of the
cladoceran population and on the natural photoperiod. This may affect the seasonal occurrence of sexual
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reproduction and eventually cause a mismatch between the presence of males and ephippial females.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The production of males in the cyclic parthenogenetic Daphnia is
induced by environmental stimuli such as short photoperiod and
crowding (see review in Hobaek and Larsson, 1990). Light period is
a particularly important regulator of the sex ratio, i.e. the proportion
of males produced is suppressed under long-day conditions (Innes
and Dunbrack, 1993; Deng, 1996). Deng (1996) reported a critical
light period of 14 h of light per day. Environmental cues may trigger
the expression of transcripts associated with endocrine regulation
(Eads et al., 2008) affecting the hormonal pathways controlling
physiological processes. The terpenoid juvenile hormone, methyl
farnesoate (MF), is particularly important in crustacean sex determi-
nation (LeBlanc, 2007). Daphnia has been shown to shift the sex
ratio in favor of males when exposed to MF in the water
(Olmstead and LeBlanc, 2002). This has become an interesting
topic for ecotoxicology as other juvenile hormones and their ana-
logs, hormone-mimicking insecticides, have been found to have
similar effects (Oda et al., 2005, 2007) and are suspected to be
endocrine disrupters (Olmstead and LeBlanc, 2003).
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In some cladoceran species and clones with a very low propensity
to produce males, MF has also been used as a tool to increase the sex
ratio in Daphnia. For example, applying MF Kim et al. (2006) were
able to induce males that so far had been unknown to science in
some lacustrine cladocerans. Ikuno et al. (2008) produced large num-
bers of males of Daphnia magna to test differences in chemical stress
responses between male and female neonates. It is to be expected
that MF will be used more frequently in Daphnia genetics to produce
males for crossing experiments.

Typical MF experiments have been carried out with single clones
of cladocerans. However, Oda et al. (2006) found differences in the
sex ratios of three strains of D. magna in response to two juvenile hor-
mone analogs. This was to be expected as the clonal variability in
traits of sexual reproduction can be considerable (Larsson, 1991). In
addition, the experiments were performed under long-day conditions
(continuous light; L:D cycles of 16:8 or 14:10 h) that are normally
used to suppress the production of males. As field populations consist
of a large variety of clones and light conditions change seasonally,
there may be difficulties to apply the typical laboratory results to
field conditions. When we ran experiments to test the expression of
traits of sexual reproduction among many clones (Lampert et al.,
2012), we also used MF in addition to short-day conditions, a
known stimulus of male production. Our hypotheses were that clonal
differences of the sex ratio existed in response to MF, and that MF had
an additive effect to a short photoperiod as stimulus. We hoped that
by exposure to MF we would be able to estimate the full potential
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of male production of the individual clones independently of a varying
importance of environmental stimuli.

2. Material and methods

Experiments were performed with 21 clones of Daphnia pulex
from a small, mesotrophic lake (Myravann) near the town of Bergen,
Norway. The clones had been isolated between November 2006 and
March 2007. Eleven clones were offspring of females collected in
the open water, while 10 clones originated from ephippial, dormant
embryos collected from the sediments and hatched in the laboratory
(Lampert et al., 2010). These clones had been kept in the laboratory
for more than two years at 20 °C under continuous light to suppress
sexual reproduction. Stock cultures as well as experimental animals
were maintained in membrane-filtered (0.45 pm) lake water from
Myravann, and they were fed green algae (Scenedesmus obliquus)
grown in chemostats (Lampert et al., 2010).

Females were treated with MF shortly before they reached matu-
rity, i.e. when they started to accumulate yolk in the ovary but did not
have eggs in the brood pouch yet (Olmstead and LeBlanc, 2002).
Some large egg-carrying females of each clone were isolated in
300 mL jars, and neonates were collected as soon as they had been
released. For each clone, 6x5 neonates were combined in 50 mL
glass jars containing food suspension of 1mgCL™!. They were
kept at 20 °C under short-day (8 h light) conditions and transferred
to fresh containers every day. After four days, when the females had
reached approximately 1.5 mm length, the numbers were reduced
to 3 per jar. Under these conditions (daily removal of the medium),
competition for food was not important as control females reached
an average of 7 eggs in their first clutch, which comes close to the
numbers obtained under optimal conditions in a flow-through system
(W. Lampert, unpubl. results). Although we cannot rule out an addi-
tional effect of crowding on male production with 3 individuals in
50mL (60 L~ 1) it is unlikely as this density is below the density
in earlier experiments on male induction (Larsson, 1991; Kleiven
et al.,, 1992). Then three jars of each clone were exposed to a nominal
concentration of 700 nM (E,E) MF (Echelon, S-0153) with 0.1%.
ethanol as solvent (Oda et al, 2006). This has been shown to be
the saturation concentration for male production in Daphnia
pulicaria, closely related to D. pulex (Kim et al. 2006). After three
initial days, the MF concentration was reduced to 233 nM. The
remaining three jars served as controls and they received only the
solvent. Females were transferred to new medium daily until the
first neonates in a jar had been released. This happened on average
three days later in the treatments than in the controls. For the succes-
sive four days females were transferred every second day. This
resulted in three samples of neonates from each jar, originating from
the first and second clutch. After adult females had been transferred,
neonates were kept in the jars for five days to let them grow and
make sex determination more reliable. They were then preserved
and sexed later under a dissecting microscope. To compensate for
the loss of individual adults during the experiment we pooled off-
spring from the three jars and the three sampling dates and calculated
the mean proportion of males in the neonate population, and the
mean number of offspring (females and males) per female.

3. Results

Under short-day conditions, individual clones showed great vari-
ability in the production of males. The proportion of male offspring
varied between 0 and 43% in the controls (Fig.1) and between 0 and
51% in the MF treatments. However, all 21 clones produced males in
at least one situation, either in the controls (17) or in the MF treat-
ments (15). Hence none of the clones can be considered an obligate
parthenogens. Mean (4SD) percentages of males in the controls
and treatments were 17.29415.03 and 9.83 £ 12.93, respectively.
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Fig. 1. Effect of methyl farnesoate on individual clones of Daphnia pulex at a short pho-
toperiod. Differences between sex ratios (% of male neonates) in MF treatments and
controls ([% males in treatment] — [% males in control]). Each dot represents a single
clone.

Due to the large SD, the difference between groups was not significant,
neither in a t-test. (t=1.724, p=0.046) nor in a non-parametric test
(Mann-Whitney U).

Although individual clones varied in their response to MF, a
pattern emerged when the MF effect was quantified for each
clone as the difference between male proportions in MF treatments
and controls (Fig. 1). MF enhanced the male production only in clones
that had very low male proportions in the controls, in particular in all
clones that produced no males at all in the absence of MF. On the
contrary, male production was suppressed by MF in clones that
showed a strong propensity for male production in the controls.
Consequently, the average effect of MF was negative. A linear regression
of the MF effect in response to the tendency of clones to produce males
without additional MF (Fig. 1) was significant (y=12.96—1.18x,
r>=0.664, p<0.001).

In addition, MF had a negative effect on the total offspring
(females + males) production and on the growth rate of females
(Table 1). The mean number (4 SD) of neonates per female in the con-
trols and in the treatments was 9.0542.95 and 2.96 + 1.85, respec-
tively, and this difference was highly significant (t=28.025,
p>0.001). At the time of release of their first clutch, females in MF
treatments were significantly (t=17.05, p<0.001) older by 5.5 days
on average. However, there was no correlation between the effects
of MF on the proportion of males and the number of offspring. Neither
the proportion of males in the controls nor the effect of MF on the pro-
portion of males was correlated with neonate production.

4. Discussion

This study was associated to a larger experiment that measured
the tendency to produce males in different clones of D. pulex as an
adaptive trait related to overwintering strategies (Lampert et al.,

Table 1
Effects of methyl farnesoate on reproductive characteristics (mean + SD) of 21 clones
of Daphnia pulex.

Control Treatment
Neonates per female 9.05+2.95 296+ 1.85
Age at release of the first clutch (d) 9.5540.95 15.07+1.14
Proportion of male offspring (%) 17.294+15.03 9.83+12.93
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2012). We suspected that treatment with the juvenoid hormone MF
that has been shown to enhance male production (Olmstead and
LeBlanc, 2002, 2003; Matsumoto et al., 2008) might reveal an esti-
mate of full potential of clone-specific male production. Hence we ap-
plied the minimum MF concentrations reported to result in the
maximum effect on the sex ratio (Olmstead and Leblanc, 2003; Kim
et al., 2006). However, as we attempted an ecological rather than a
physiological or ecotoxicological approach, our study differs from ear-
lier work in several respects: (1) we tested the clonal variability of
the sex ratio in response to MF; (2) we tested the effect of MF
under short-day conditions, a natural cue to induce male production
(Innes and Dunbrack, 1993; Deng, 1996); (3) we report the effect of
MF on growth and offspring production.

As expected (Larsson, 1991; Innes and Dunbrack, 1993; Deng,
1996), the production of males in the controls (without MF treat-
ment) differed considerably among clones. The clonal variability of
male production in the MF treatments was in the same range as in
the controls. Although systematic studies of genetic differences in
the susceptibility to MF are still missing, it has been demonstrated
that three (Oda et al., 2006) and seven (Oda et al., 2007) clones of
D. magna differed with respect to the production of male neonates
in response to fenoxycarb, a juvenile hormone analog.

Contrary to our expectations, the average sex ratio was not en-
hanced in the MF treatments under short-day conditions. Conse-
quently, there was no additive effect of MF compared to the short
photoperiod alone. Rather the effect seems to be cumulatively toxic
as a clear pattern emerged. Only clones with a very low tendency of
male production in the controls showed enhanced male production
with MF. On the contrary, MF suppressed the proportion of males in
clones that had already a high propensity of male production in the
controls (Fig. 1). To our knowledge, this has not been reported before.

The mechanism of this effect is not clear but we may speculate
that it is related to the multiple functions of MF in the endocrine
gene regulation (LeBlanc, 2007). If MF is involved in the regulation
of sex determination we can assume that the sex ratio is correlated
with a certain internal level of MF. Long-day conditions suppress
the production of males in Daphnia, i.e. a long photoperiod may be re-
lated to a low internal MF level. Short-day conditions induce male
production but there are clonal differences in intensity, i.e. internal
MF level. Clones that show low sex ratios despite a short photoperiod
may need an additional stimulus (Kleiven et al., 1992). External MF
addition increases the internal MF level, and thus promotes the pro-
duction of males in individuals that naturally had low internal MF
levels. This assumption is consistent with the regularly enhancing ef-
fect of MF on sex ratios in long-day experiments as well as with the
increased sex ratio only for clones that showed zero or low male pro-
duction under short-day conditions. However, if females have already
a high internal MF level exogenous application of MF may raise the
internal level too much, which disturbs the regulation of the hormone
circuit (LeBlanc, 2007), causes a classical endocrine negative feedback
on internal MF levels, affects growth and molting, and may eventually
reduce the sex ratio.

The multiple functions of MF in the hormone circuit (LeBlanc, 2007)
may also be responsible for the lowered growth rate and neonate pro-
duction in our MF treatments. Although most studies with MF report
only the sex ratio, but not the total number of offspring, toxicological
reproduction tests with juvenile hormone analogs under long-day
conditions found reduced neonate production. Oda et al. (2007)
warned that the effect of fenoxycarb on the sex ratio of D. magna in
chronic (21 days) tests can be obscured due to very low reproductive
rates. We found significantly reduced mean neonate production of D.
pulex in the presence of MF even under short-day conditions, al-
though we considered only the first clutch and parts of the second.

MF has been a helpful tool to detect and describe males of cladoc-
eran species that exhibit a low tendency to sexual reproduction (Kim
et al., 2006). This is consistent with our finding of a stronger response

to MF treatment in clones with a low production of males. Although
Rider et al. (2005) seem to report different results their study does
not contradict our conclusions. Rider et al. (2005) exposed two
groups of D. pulex/pulicaria to MF under a long photoperiod (16:8 h
L:D). The first group has been reported to produce males. However,
five of the six clones did not produce any males in the long-day
controls. But when treated with MF, five clones showed significantly
enhanced sex ratios. This supports earlier reports that long-day condi-
tions suppress male production.

The second group consisted of six clones that had been observed
to never produce males under “natural” conditions. Evidently these
were obligate parthenogenetic clones (Innes and Dunbrack, 1993).
Consequently, none of them produced males, neither in the MF treat-
ments nor in the controls. Rider et al. (2005) concluded that these
clones lacked the MF receptor. We did not find obligate parthenogens
among our 21 clones. Although some of them produced no males
either in the controls or in the MF treatments, not a single clone
showed a zero sex ratio in both treatments under short photoperiod.
Hence, all our clones had the capacity to produce males but differed
in sensitivity.

In toxicology, MF has been used to produce sufficient numbers of
males in comparative studies on the sensitivity to chemical com-
pounds of females and males of D. magna (Ikuno et al., 2008). However,
our study calls for caution in the interpretation of experiments on the
endocrine disruptive activity of juvenile hormone analogs in the envi-
ronment. The large clonal differences in the response to MF should
be kept in mind if laboratory experiments are being extrapolated to
the field, and more studies on clonal variability may be needed for
other compounds. In addition, hormone analogs in the field may act
differently during different seasons. In periods when environmental
cues favor the production of males anyway, additional hormone ana-
logs may suppress the production of males, while they may increase
the sex ratio at times when no natural male production occurs. This
may disturb the synchronization between male production and sexual
egg production that normally leads to pulses of ephippia in a lake
(Caceres and Tessier, 2004).

5. Conclusions

We found that day length modifies the effect of exposure to the
juvenoid hormone methyl farnesoate on male production by Daphnia.
MF has been reported to be involved in regulating the switch of
Daphnia from the parthenogenetic to the sexual mode of reproduc-
tion. It is long known that under natural conditions the male pro-
duction of Daphnia is strongly depressed by long photoperiods. As
the male production of Daphnia under long photoperiods can be
enhanced by exposure to MF, it seems that long photoperiods
suppress the internal level of MF. Under short photoperiods,
clones of Daphnia exhibit large differences in sex ratios, i.e. they
probably have different internal levels of MF. We found that the
exposure of Daphnia clones to MF did not have a general additive
effect on the sex ratio. Rather the exposure to MF had a stimulating
effect on the sex ratio of clones with a naturally low propensity of
male production (proposed low internal MF level), while it affected
the sex ratio of clones with a naturally high propensity to produce
males (proposed high internal level of MF) negatively, probably a
toxic effect. Hence the photoperiod should be considered when
assessing the effect of MF in the environment.
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