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Complementary roles of photoperiod and temperature
in environmental sex determination in Daphnia spp.
Allison A. Camp, Maher H. Haeba and Gerald A. LeBlanc*

ABSTRACT
Daphnia spp., a keystone genus in freshwater lentic habitats, are
subject to environmental sex determination wherein environmental
conditions dictate offspring sex and whether they reproduce
asexually or sexually. The introduction of males into a population
denotes the first step in the switch from asexual parthenogenetic
reproduction to sexual reproduction. We tested the hypothesis that
photoperiod and temperature co-regulatemale sex determination and
that these environmental stimuli would activate elements of the male
sex determination signaling cascade. The results revealed that
photoperiod was a critical cue in creating permissive conditions for
male production. Further, under photoperiod-induced permissive
conditions, male sex determination was temperature dependent. The
two daphnid species evaluated, Daphnia pulex and Daphnia magna,
exhibited different temperature dependencies. Daphnia pulex
produced fewer males with increasing temperatures between 16
and 22°C, and D. magna exhibited the opposite trend. We found
consistent expression patterns of key genes along the male
sex-determining signaling pathway in D. pulex independent of
environmental stimuli. mRNA levels for the enzyme responsible for
synthesis of the male sex-determining hormone, methyl farnesoate,
were elevated early in the reproductive cycle, followed by increased
mRNA levels of the methyl farnesoate receptor subunits Met and
SRC. Environmental conditions that stimulated male offspring
production significantly increased Met mRNA levels. The results
indicate that male sex determination in daphnids is under the
permissive control of photoperiod and the regulatory control of
temperature. Further, these environmental cues may stimulate male
sex determination by increasing levels of the Met subunit of the
methyl farnesoate receptor.

KEY WORDS: Zooplankton, Endocrine cascade, Methyl farnesoate
receptor, Juvenoids, Methyl farnesoate

INTRODUCTION
Zooplankton such as Daphnia spp. are keystone invertebrates in
freshwater lentic environments. Daphnids graze on algae and
bacteria, while serving as prey for other invertebrates and
vertebrates (Lampert, 2006). Daphnids are also widely used in a
variety of scientific fields including toxicology, ecology and
functional genomics because of their global distribution in both
permanent and transient water bodies, sensitivity to environmental

perturbation, responsiveness to environmental cues and amenability
to laboratory experiments (Colbourne et al., 2011; Gillooly and
Dodson, 2000; US EPA, 2002).

Daphnids are subject to environmental sex determination in that
environmental cues influence the sex of their offspring. Most
daphnid species reproduce via cyclic parthenogenesis, and under
environmental conditions favorable for rapid population growth,
daphnids reproduce asexually, creating a clonal population of females
(Hebert, 1978; Hobek and Larsson, 1990). As environmental cues
signal the onset of unfavorable conditions, male offspring are
introduced into the population, denoting the beginning of the sexual
reproduction cycle. Sexual reproduction ultimately results in the
production of fertilized diapausing eggs (resting eggs) that are
resistant to harsh conditions (e.g. desiccation or freezing) (Hebert,
1978). Resting eggs can remain dormant for decades, and
resume development once environmental conditions are favorable
(Brendonck and De Meester, 2003; Schwartz and Hebert, 1987;
Stross, 1966).

In daphnids, photoperiod is critical for egg hatching in the spring
(Dupuis and Hann, 2009; Stross, 1966; Vandekerkhove et al.,
2005), and has also been shown to influence male production
(Korpelainen, 1986; Stross, 1969a; Toyota et al., 2015b; Zhang and
Baer, 2000). Other cues such as temperature (Brown and Banta,
1932; Korpelainen, 1986) and crowding (Banta and Brown, 1929;
Hobek and Larsson, 1990; Kleiven et al., 1992; Olmstead and
LeBlanc, 2001) have also been shown to influence both male
offspring and resting egg production. Many studies have used
resting egg production as an indicator of male production; however,
the mechanism by which resting egg development occurs is
unknown and separate from that of male production (i.e. daphnids
can produce broods of male offspring without producing diapausing
eggs). Despite numerous studies, the critical environmental cues to
initiate male sex determination have remained equivocal.

The hormone methyl farnesoate influences a variety of
developmental processes in crustaceans including growth and
reproductive maturation (Laufer and Biggers, 2001). In daphnids,
methyl farnesoate is responsible for programming developing
oocytes into male offspring (LeBlanc and Medlock, 2015;
Olmstead and LeBlanc, 2002; Toyota et al., 2015a). Methyl
farnesoate is a sesquiterpenoid hormone produced by the enzymes
farnesoic acid O-methyltransferase (FAMT) and juvenile hormone
acid O-methyltransferase (JHAMT) (Xie et al., 2016). Methyl
farnesoate activates the methyl farnesoate receptor (MfR) which is a
heterodimer of the proteins methoprene-tolerant (Met) and steroid
receptor co-activator (SRC) (Kakaley et al., 2017; LeBlanc et al.,
2013; Miyakawa et al., 2013; Toyota et al., 2015a). The activated
MfR functions as a transcription factor to regulate the expression of
male sex-determining genes and other genes including hemoglobin
in daphnids (Fig. 1A) (Rider et al., 2005). Exposing daphnids
to increasing concentrations of methyl farnesoate results in
corresponding increases in male offspring production (OlmsteadReceived 26 October 2018; Accepted 7 January 2019
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and LeBlanc, 2002); thus, endogenous mRNA levels of genes
related to methyl farnesoate production and its subsequent action
may be elevated under conditions that promote male offspring
production.
We hypothesized that both photoperiod and temperature

are required to initiate male sex determination in D. pulex and
D. magna. Further, we hypothesized that exposure to a combination
of environmental cues that elicit male production would increase
expression of the key genes of the male sex determination signaling
endocrine cascade in D. pulex.

MATERIALS AND METHODS
Male sex determination
Daphnia pulex and D. magna were evaluated for responsiveness to
photoperiodic and temperature cues because these species have
been used extensively to evaluate male sex determination in
response to environmental stimuli, often with equivocal results
(summarized in LeBlanc and Medlock, 2015). Our intent was to
provide clarity to these observations. Daphnia pulex Leydig 1860
(clone WTN6) and D. magna Straus 1820 (clone NCSU1) cultures
were used in experiments.Daphnia magnawere originally acquired

from the US Environmental Protection Agency, Mid-Continent
Ecology Division, Duluth, MN, USA, and have been cultured in
our laboratory for over 20 years. Daphnia pulex WTN6 strain
were originally obtained from the Center for Genomics and
Bioinformatics (Indiana University, IN, USA) and were
maintained by researchers at the National Institute for Basic
Biology in Aichi, Japan, before they were gifted to us. Daphnia
pulex have since been cultured in our laboratory for 4 years. Both
species are capable of male offspring production and were
maintained in the laboratory at 20°C, on a 16 h:8 h light:dark
photoperiod (L:D) using methods described previously (Hannas
et al., 2010). Under these conditions, both species reproduce
parthenogenetically. Female daphnids were collected from culture
as <24 h old neonates and transferred to their respective
experimental conditions (n=10): short (10 h:14 h L:D) or long
photoperiod (16 h:8 h L:D) and 16, 18, 20 or 22°C. Neonates were
individually reared in 50 ml beakers containing 40 ml culture
media, which consists of reconstituted deionized water [192 mg l−1

CaSO4·H2O, 192 mg l−1 NaHCO3, 120 mg l−1 MgSO4, 8.0 mg l−1

KCl, 1.0 μg l−1 vitamin B12 (Sigma Aldrich, St Louis, MO, USA)
and 1.0 μg l−1 selenium (Alfa Aesar, Haverhill, MA, USA)].
Daphnids were fed daily 100 μl Pseudokirchneriella subcapitata
suspension (1.4×108 cells) and 50 μl TetraFin® fish food suspension
(Tetra®, Melle, Germany), prepared as described previously
(Hannas et al., 2010). All treatment combinations were replicated
with 10 individual daphnids. Media were changed every other day.
Mature daphnids were monitored daily for brood release and
offspring were removed on the day observed, counted, and sex
determined by the length of the first antennae (Fig. 1B) (Olmstead
and LeBlanc, 2000). Six broods of offspring were collected per
organism.

MfR signaling pathway mRNA levels
Daphnia pulex female neonates (<24 h old) were reared on either a
long or a short photoperiod, at 18°C using the methods described
above. Once daphnids reached sexual maturity (eggs in brood
chamber), all animals were molt synchronized with the release of
their first brood of offspring, such that animals could be collected at
0, 24, 36 and 48 h post-molt. Molt synchronization entailed
monitoring daphnids every 2 h for molting to occur. Once an
animal molted, that established time zero for that individual. Four
replicates of 3–5 daphnids were collected per time point; thus, each
time point represents 12–20 daphnids. Daphnids from individual
replicates were transferred to 100 μl RNAlater® (Fisher Scientific,
Hampton, NH, USA) and held at 4°C for 24 h, then stored at −80°C
until used for RNA extraction. Whole animals were homogenized
using Next Advance Bullet Blender® and zirconium oxide beads
(1.0 mm diameter) (Next Advance, Troy, NY, USA). RNA isolation
was conducted using the SV Total RNA Isolation System
(Promega, Madison, WI, USA) according to the manufacturer’s
recommendations. Synthesis of cDNA was conducted using
ImProm-II™ Reverse Transcription System with oligo (dT)
primers (Promega).

mRNA levels of JHAMT, FAMT,Met and SRCwere measured by
reverse transcription-quantitative PCR (RT-qPCR). Primer
sequences for JHAMT (Miyakawa et al., 2010), FAMT (Toyota
et al., 2015a), Met (Miyakawa et al., 2010) and SRC (Toyota et al.,
2015a) were used to amplify mRNA sequences. RT-qPCR was
performed with the 7300 Real Time PCR System (Applied
Biosystems, Foster City, CA, USA) using 2× SYBR™ Green
Premix (Fisher Scientific, Hampton, NH, USA). A single melting
peak was detected for each sample with an amplification efficiency

List of symbols and abbreviations
FAMT farnesoic acid O-methyltransferase
JHAMT juvenile hormone acid O-methyltransferase
Met methoprene-tolerant
MF rmethyl farnesoate
MfR methyl farnesoate receptor
SRC steroid receptor co-activator
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Fig. 1. Endocrine cascade controlling male sex determination in
daphnids. (A) The putative signaling cascade leading to male sex
determination. The enzymes juvenile hormone acid O-methyltransferase
(JHAMT) and farnesoic acidO-methyltransferase (FAMT) contribute to methyl
farnesoate (MF) synthesis. MF associates with the transcription factor
methoprene-tolerant (Met) and stimulates its recruitment of steroid receptor co-
activator (SRC). Together, these proteins comprise the methyl farnesoate
receptor (MfR) complex. The activated MfR initiates downstream expression of
male sex-determining genes. (B) Morphological differences in the 1st
antennae of female and male Daphnia pulex.
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of >96%, indicating amplification occurred only for the target
sequence. Genex software (BioRad, Hercules, CA, USA) was used
to analyze relative levels of gene expression by normalizing to two
housekeeping genes, actin and GAPDH.

Data analysis
Male sex determination was calculated as the mean percentage male
offspring for individuals completing six consecutive broods of
offspring. Animals that perished prior to completing six broods of
offspring were excluded from analyses. Differences in male offspring
production were assessed with one-way ANOVA with Tukey’s
adjustment for multiple comparisons when variances were equal. If
variances were significantly different (Brown–Forsythe and/or
Bartlett’s test), comparisons of male offspring production were
assessed with the Kruskal–Wallis test with Dunn’s post hoc multiple
comparisons test. Differences in fecundity between daphnids reared
under long and short photoperiods were evaluated using Student’s
t-tests. For gene expression experiments, raw Ct values were assessed
for outliers with the Grubbs test. Outliers were excluded from
subsequent analyses. Differences in relative expression at each time
point were analyzed using Student’s t-tests if variances were equal. If
variances were significantly different (F-test), the Mann–Whitney
test was used. mRNA levels were normalized to the respective
mRNA measured in the long photoperiod control group at time zero.
Error bars denote s.e.m. and the alpha level was 0.05 for all analyses.
Statistical analyses were performed with Prism (v7.02, GraphPad
Software, Inc.).

RESULTS
Male sex determination
We hypothesized that requisite photoperiodic and temperature cues
regulate male sex determination inD. pulex andD. magna.Daphnia
pulex did not produce male offspring under a long-day photoperiod
at any temperature evaluated (Fig. 2A). In contrast, under a
short-day photoperiod, D. pulex produced male offspring at all
temperatures, with the percentage of males significantly increasing
with decreasing temperature (P<0.0001; Fig. 2B). The increase in
the percentage of male offspring under the short-day photoperiod
was not an artifact associated with a decrease in the total number of
offspring produced. Rather, the total number of offspring produced
was significantly higher under short-photoperiod conditions for
most temperatures assessed (16°C: P<0.0001, 18°C: P<0.0001, 20°
C: P=0.0124, 22°C: P=0.0004; Fig. 3).
Similar experiments were performed with the often sympatric

species D. magna (Östman, 2011; US EPA, 2002) to determine
whether this complementary effect of photoperiod and temperature
on male sex determination was species specific. Again, male
offspring were not produced at any temperature evaluated under a
long-day photoperiod (Fig. 4A), but males were produced at 18–22°C
under the short-day photoperiod (Fig. 4B). In contrast toD. pulex, the
proportion of male offspring significantly increased with increasing
temperature (P=0.0004, Fig. 4B). Further, the total number of
neonates produced decreased with increasing temperature under a
short-day photoperiod. This trend was not evident under the long-day
photoperiod. The number of neonates produced under the long-day
photoperiodwas comparable to or significantly higher than that under
the short photoperiod (18°C: P=0.0068, 22°C: P<0.0001; Fig. 5).
To summarize, a short-day photoperiod rendered both D. pulex

and D. magna susceptible to temperature-dependent male sex
determination. However, optimum temperature for male sex
determination varied between species. At temperatures between
16 and 22°C, the proportion of male offspring produced decreased

with increasing temperature for D. pulex, while the opposite
occurred with D. magna.

Environmental activation of the methyl farnesoate signaling
pathway
We have previously shown that the hormone methyl farnesoate
stimulates male sex determination in daphnids (Olmstead and
LeBlanc, 2001; Rider et al., 2005), although it is unknown whether
environmental cues utilize this signaling pathway in orchestrating
male sex determination. Daphnia pulex were reared at 18°C under a
long-day, non-permissive photoperiod and a short-day, permissive
photoperiod. mRNA levels were measured for JHAMT and FAMT –
the enzymes responsible for producing methyl farnesoate – along
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Fig. 3. Fecundity of D. pulex under conditions permissive and non-
permissive of male production across temperatures. White bars denote
the non-permissive long-day photoperiod (16 h:8 h L:D; 16°C n=9, 18°C n=10,
20°C n=10, 22°C n=10) and black bars denote the short-day photoperiod
(10 h:14 h L:D; 16°C n=9, 18°C n=8, 20°C n=9, 22°C n=8). Fecundity was
calculated as the mean and s.e.m. of total neonate production over 6 broods of
offspring. An asterisk denotes a significant difference between treatments
(P<0.05).

16 18 20 22

16 18 20 22
0

20

40

60

80

a a a a

A

0

20

40

60

80
a

b
b

c

B

M
ea

n 
m

al
e 

of
fs

pr
in

g 
(%

)

Temperature (°C)

Fig. 2. Mean percentage of male offspring produced by D. pulex under
different photoperiods and temperatures. (A) Male offspring production
under a long-day (16 h:8 h light:dark, L:D) photoperiod (16°C n=9, 18°C n=10,
20°C n=10, 22°C n=10). (B) Male offspring production under a short-day
(10 h:14 h L:D) photoperiod (16°C n=9, 18°C n=8, 20°C n=9, 22°C n=8). Data
are presented as means and s.e.m. and different letters denote significant
differences among treatments (P<0.05).
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with Met and SRC – the two subunits of the methyl farnesoate
receptor.
mRNA levels within the methyl farnesoate signaling cascade

varied over the course of the reproductive cycle. JHAMT mRNA
levels were elevated at 24 h post-molt among daphnids reared under
both long- and short-day photoperiods (Fig. 6A). JHAMT mRNA
levels were significantly higher in the long-day photoperiod group
at this time (P=0.0009; Fig. 6A). FAMT mRNA levels remained
unchanged under both photoperiods throughout the time course of
the experiment (Fig. 6B). Met mRNA levels also were elevated at
24 h and progressively declined thereafter. Met mRNA levels were
significantly higher under the short-day photoperiod at 0 and 24 h
post-molt (0 h: P=0.0048, 24 h: P=0.0318; Fig. 6C). SRC attained
maximum mRNA levels at 24 h post-molt under both photoperiods,
with levels progressively declining thereafter. No significant

differences in SRC mRNA levels were observed between
photoperiods throughout the time course of the experiment
(Fig. 6D).

To summarize, JHAMT, Met and SRC mRNA levels were
elevated early in the reproductive cycle, whereas FAMT mRNA
levels were relatively constant throughout the cycle. Photoperiod
had no effect on FAMT or SRC mRNA level. The short-day
photoperiod significantly increasedMetmRNA levels. Photoperiod
had mixed effects on JHAMT mRNA levels.
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Fig. 4. Mean percentage of male offspring produced by D. magna under
different photoperiods and temperatures. (A) Male offspring production
under a long-day (16 h:8 h L:D) photoperiod (16°C n=10, 18°C n=10, 20°C
n=10, 22°C n=10). (B) Male offspring production under a short-day (10 h:14 h
L:D) photoperiod (16°C n=9, 18°C n=7, 20°C n=9, 22°C n=9). Data are
presented as means and s.e.m. and different letters denote significant
differences among treatments (P<0.05).
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Fig. 5. Fecundity of D. magna under conditions permissive and non-
permissive of male production across temperatures. White bars denote
the non-permissive long-day photoperiod (16 h:8 h L:D; 16°C n=10, 18°C
n=10, 20°C n=10, 22°C n=10) and black bars denote the short-day
photoperiod (10 h:14 h L:D; 16°C n=9, 18°C n=7, 20°C n=9, 22°C n=9).
Fecundity was calculated as the mean and s.e.m. of total neonate production
over 6 broods of offspring. An asterisk denotes a significant difference between
treatments (P<0.05).
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Fig. 6. mRNA expression levels of JHAMT, FAMT, Met and SRC under
long- and short-day photoperiods at 18°C. White bars denote the long-day
photoperiod (16 h:8 h L:D) and black bars denote the short-day photoperiod
(10 h:14 h L:D). (A) JHAMT, (B) FAMT, (C) Met and (D) SRC. Data are
presented as means and s.e.m. of mRNA levels normalized to respective
levels under the long-day photoperiod at time zero (n=4 for all treatments and
time points). An asterisk denotes a significant difference between treatments
(P<0.05).
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DISCUSSION
We hypothesized that both photoperiod and temperature are
required to initiate male sex determination in D. pulex and
D. magna. Our findings revealed that both photoperiod and
temperature requirements must be met for these species to
produce male offspring. While both species require a short-day
photoperiod to produce male offspring, temperature requirements
differed between species. Among the temperatures evaluated, the
maximum percentage of male offspring produced by D. pulex
occurred at 16°C, while the maximum percentage produced by
D. magna occurred at 22°C.
Day length is a powerful cue for animals that are seasonally

reproductive or are subject to environmental sex determination
(Korpelainen, 1990; Reiter, 1993). Photoperiod influences many
processes related to reproduction in daphnids, such as the
production of resting eggs (Carvalho and Hughes, 1983; Stross,
1969a,b, 1966; Stross and Hill, 1968) and their hatching (Schwartz
and Hebert, 1987; Vandekerkhove et al., 2005). Previous studies
have implicated photoperiod in male sex determination (Kleiven
et al., 1992; Korpelainen, 1986; Toyota et al., 2017, 2015b) and in
other closely related processes in crustaceans such as molting
(Aiken, 1969; Bliss and Boyer, 1964). The permissive photoperiod
used here, 10 h:14 h L:D, occurs in temperate and artic regions and
bothD. pulex andD. magna are distributed in these climates (Crease
et al., 2012; Ferrari and Hebert, 1982; Mitchell and Lampert, 2000).
In some organisms and systems, stimulus change rather than the

magnitude of a stimulus can elicit physiological changes. Our short-
day photoperiod organisms experienced an abrupt shift to shorter
day-length conditions at the beginning of assays, and it could be
argued that the photoperiod change may initiate male sex
determination. If this were true, we would expect to observe a
corresponding increase in male offspring early in the male sex
determination experiments, followed by a tapering as the daphnids
continued reproducing under a new, consistent photoperiod. The
duration of our experiments allowed us to determine whether the
shift in photoperiod was critical to male offspring production. We
did not observe a peak in male production early in the experiments;
instead, we generally observed that the incidence of male offspring
increased over the duration of the six-brood experiment. Thus, the
photoperiod itself, rather than the shift in photoperiod, appears to be
the critical stimulus. A similar point can be made regarding changes
in temperature for these experiments.
Temperature, unlike photoperiod, modulated male sex

determination in a species-specific manner. Our results suggest
that the geographic origins of the organisms used in the study may
have been sufficiently different that the confluence of photoperiod
and temperature for temporally optimum male sex determination
significantly varies between the species. These results imply a
species difference in responsiveness to temperature and may also
reflect temperature-related differences in methyl farnesoate
production and/or regulation. However, we cannot exclude the
possibility that clones of the same species derived from
geographically distinct regions may also exhibit significant
differences in temperature responsiveness.
Other crustacean groups subject to environmental sex

determination have been shown to be influenced by temperature
and/or photoperiod (Korpelainen, 1990). For example, in another
cladoceran, Moina micrura, increasing temperatures resulted in a
higher male:female sex ratio, a finding similar to our observations
with D. magna (Miracle et al., 2011). In the amphipod
Echinogammarus marinus, longer photoperiods were associated
with male-biased sex ratios, while shorter photoperiods were

associated with female-biased sex ratios, which is contrary to our
results with D. pulex and D. magna (Guler et al., 2012). In the
marine copepod Tigriopus japonicus, both photoperiod and
temperature have been observed to influence sex ratios (Takeda,
1950). Although it is not surprising that other crustaceans are
responsive to temperature and photoperiod cues for environmental
sex determination, these other studies, combined with our results,
highlight that a species’ response to a given stimulus will depend on
its specific life history traits.

Our temporal assessment of mRNA levels within the methyl
farnesoate signaling pathway revealed that JHAMT mRNA levels
were maximally expressed at 24 h post-molt under both
photoperiods. These results suggest that methyl farnesoate levels
also increase early in the reproductive cycle. The early expression of
JHAMT is consistent with observations of Toyota et al. (2015a).
However, these investigators observed that the increase in JHAMT
mRNA occurred only under the short-day photoperiod. We
observed that JHAMT mRNA levels were actually lower under the
short-day photoperiod at 24 h post molt. This difference in our
studies may reflect differences in the time points analyzed. Toyota
et al. (2015a) noted significantly elevated JHAMT mRNA levels
under a short day photoperiod at 30 h post-ovulation. We noted
elevated but significantly lower levels under the short-day
photoperiod, as compared with the long-day photoperiod, at 24 h
post-molt. At 36 h, levels were no longer elevated above 0 h levels
under either photoperiod in our study, although levels were now
significantly elevated under the short-day photoperiod as compared
with the long day photoperiod. We may have missed the peak in
JHAMT mRNA levels under the short-day photoperiod that was
noted by Toyota et al. (2015a).

Met mRNA levels were elevated under the permissive short-day
photoperiod, as compared with the non-permissive long-day
photoperiod, early in the time course. The Met protein is in the
basic helix–loop–helix–Per–Arnt–Sim (bHLH-PAS) family of
transcriptional regulators and is conserved among insects and
crustaceans (Li et al., 2011; Miyakawa et al., 2014). In daphnids,
methyl farnesoate binds to Met, which then recruits the protein
SRC, forming an active transcription factor (Kakaley et al., 2017).
Met mRNA levels have been shown previously in daphnids to
increase early in the reproductive cycle prior to the sensitivewindow
of oocyte sex programming (Kakaley et al., 2017). The pattern of
expression we found here in D. pulex agrees with these previous
findings, wherein maximumMet mRNA levels are attained early in
the reproductive cycle. Further, we observed a significant increase
inMetmRNA levels at both 0 and 24 h post-molt under a permissive
photoperiod, which may reflect an increased sensitivity to methyl
farnesoate under these conditions in anticipation of oocyte
programming.

The general timing and trends in gene expression observed within
the reproductive cycle of D. pulex reared under both long and short
photoperiod are consistent with the putative male sex determination
signaling pathway (Fig. 1A). Expression of JHAMT, one of the
genes responsible for producing methyl farnesoate, was highest
early in the molt/reproductive cycle (0–24 h), likely reflecting
preparation for oocyte programming for the subsequent brood of
offspring. The lack of oscillation in FAMT expression is consistent
with findings from other researchers (Toyota et al., 2015a) and
suggests that JHAMT is primarily responsible for the induction of
methyl farnesoate synthesis. mRNA levels of the MfR subunits Met
and SRC displayed increases over a broad time range. These general
trends in mRNA levels were observed under both permissive and
non-permissive photoperiods, suggesting that regardless of
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environmental cues, key signaling elements are expressed in an
oscillatory manner throughout the reproductive cycle and are likely
involved in aspects of reproductive maturation other than sex
determination.
Taken together, our results established the importance of

photoperiod in male sex determination in D. pulex and D. magna.
Further, we identified species-specific differences in themagnitude of
male production in relation to temperature, providing insight into
phenological differences between species or between clones and their
response to thermal cues. Further, we identified photoperiod-
independent trends in gene expression along the male sex
determination signaling cascade. Finally, we discovered that the
photoperiodic cue that renders daphnids responsive to the stimulatory
action of temperature on male sex determination causes an elevation
in Met mRNA levels. A subsequent elevation in Met protein levels
may be a determining factor in male sex determination.
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