Limnol. Oceanogr., 42(3), 1997, 609-611
© 1997, by the American Society of Limnology and Oceanography, Inc.

Photoperiodic response of sexual reproduction in the Daphnia pulex group is

reversed in two distinct habitats

Abstract—Two traditional species in
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(D. pulex and D. pulicaria) are not completely reproductively
isolated. The microhabitats they dominate are distinct but overlap
geographically, and migration between the microhabitats is not
uncommon. Their species identity is not fully supported by a
recent molecular study. A laboratory experiment shows that
Daphnia clones isolated from two populations of each species
switch to sexual reproduction in response to totally different pho-
toperiodic cues, so that their mating seasons are expected to differ.
This phenomenon is most likely due to local adaptation of the
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nomenon, together with the peculiarity of the study system, is
interpreted as an ongoing allochronic speciation process in aquat-

ic systems.
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it the origin of species, and the
mode of sympatric speciation is particularly contentious (White
1978; Bush 1994). Allochronic speciation is a special form of
sympatric speciation, in which differences in mating season
confribute to the divergence of two taxa that may interbreed
otherwise (White 1978). In animals
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which a]lochromc speciation is thought to occur, all of which
are from terrestrial systems (White 1978). Here I report the
results from an experiment with the freshwater microcrustacean
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The Daphma pulex group consists of obligately asexual and
cyclically parthenogenetic populations. Cyclically parthenoge-
netic populations normally reproduce asexually during the
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ing eggs (ephippia) sexually prior to the arrival of seasonally
harsh periods (e.g. drought in summer in temporary ponds and
adverse winters in permanent lakes) Seasonal timing of sexual
lcpluuu\.uuu is uupuudm in uctculuuulg an individual’s fitness
(Carvalho and Hughes 1983; Hobaek and Larsson 1990)
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which is more or less synchronized in a particular season within
populations (Stross 1987; Threlkeld 1987) and has a genetic
basis (Carvalho and Hughes 1983; Yampolsky 1992; Deng
1996). Two traditional species within the D. pulex group (D.
pulex and D. pulicaria) normally live in distinct but geograph-
ically overlapping habitats. D. pulex occupies temporary ponds
and D. pulicaria inhabits permanent lakes. The two species are
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morphologically similar (Brandiova et al. 1972) but are fixed
for alternative alleles at the diacnostic lactate dehvdrocenase
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(LDH) locus (Hebert et al. 1988, 1989; Lynch et al. 1989).
Mating is normally random within cyclically parthenogenetic
populations of the two species (Lynch and Spitze 1994; Lynch
and Deng 1994, ueng and Lynch 1996). Interbreeding between
the two species is not uncommon in nature; hybrids are viable
and fertlle (Hebert 1987; Hebert and Crease 1980, 1983) but
normally reproduce purely asexually (Crease et al. 1990). Ge-

netic introgression between the two species is rare (Cerny and
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Hebert 1993). A recent molecular phylogenetic study does not
support the conclusion that these two traditional taxa ar dis—

tinct species (Lehman et al. 1995).
Populations of traditional D. pulex and D. pulicaria are
widely distributed in midwest Oregon. Their habitats overlap
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ponds inhabited by D. pulex usually begin to fill with water
by spring and dry up in summer, whereas the populations of
D. pulicaria in permanent habitats (lakes and reservoirs)

usually decline in autumn. Co-occurrence of the two species
ina single pvnd r lake has not vet been found in midwest

1 yet been foun midwest
Oregon, although it has been reported elsewhere (Cerny and
Hebert 1993). To investigate the patterns of sexual repro-
duction in different seasons, I examined four populations in
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sexual reproduction was induced in D. pulicaria from per-
manent habltats by short-day photoperlods and in D. pulex
from temporary ponds by long-day photoperiods. The op-
posite photoperiodic responses are adaptive with regard to
tha racnactive dominant hahitate af tha twao eneciag Tha nha_
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nomenon should promote sexual reproduction in different
seasons and serve as a premating isolating mechanism, thus
reducing gene flow between the two species
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All TOUr expenmenw popu1au0ns are within ~250 km of
each other Two pnnn‘qhnnc of D. puhr-nrrn were collected
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from permanent habitats (Little Cultus Lake in the Oregon Cas-
cades and Dorena Reservoir in the Willamete Valley). Two D.
pulex populations were collected from temporary ponds on the

Oregon Coast (Haceta Pond and Florence Dune Pond). Ac-
(‘nrdmcr to the traditional criteria (Brooks 1957; Hebert et al

1988, 1989, Lynch et al. 1989), the two permanent populations
were classified as D. pulicaria and the two temporary pond
popuiations as D. pulex. Consistency with Hardy—Weinberg
proportions at the polymorphic loci phosphoglucomutase
(PGM) and phosphoglucoisomerase (PGI) revealed that these
four populatlons are cychcally parthenogenetic and mating is
effectively random within each population (Deng unpubl.).
Dozens of random individuais from each popuiation were iso-

lated into small individual heakere containine ahaut 200 ml of
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water from Dorena Reservoir. The isolated individuals were
fed with the green alga Scenedesmus and kept at 15°C and 12:
12 L/D photoperiod. All isolates reproduced asexually in the
laboratory and formed clonal cultures.

Twentv clones from each of the four pnnn]qhnnq were nused
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in the followmg experiment. I assumed that a day consisted of
the hours between sunrise and sunset and chose four photo-
penods (10 13 5, 15.5, 17 h of light d°!) to cover all seasons
experienced in nature at 42—-46°N. Within each photoperiod,
each clone nf Pm‘h nnm__l tion was renrecentr—!d hv two rpnh_

each populati nted
cates. Each replicate was initiated by one 1mmature md1v1dua1
from its clonal culture as the first generation; two newborns
from the first clutch of the first generation were used to start
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Fig. 1. Percentage of clones reproducing sexually (i.e. having pro-
duced at least one ephippia) in the four experimental photoperiods.
Data shown for Dorena (A) and Little Cultus (V) Daphnia pulicaria
populations and for the Florence Dune (@) and Haceta (ll) Daphnia
pulex populations.

the second generation; then four newborns from the second
clutch of the second generation were used to start the third
generation. The experimental temperature was 10°C and the
culture conditions were 120 ml of water with 300,000 cells of
Scenedesmus ml™' in a beaker. The water was taken from the
Dorena Reservoir, aged for at least 1 month, and filtered before
use. The culture water was changed every 4 d.

The first two generations served to acclimatize the clones to
the standard experimental conditions. In the third generation,
all replicates were monitored until the 20th day after maturity,
with maturity judged by the first appearance of sexual or asex-
ual reproduction occurring in the beaker. During the 20 d after
maturity, the number of released ephippia was counted for each
replicate of each clone, and the released asexual offspring were
discarded every 4 d when changing culture water. During the
experimental period (20 d starting at maturity), each individual
reproduced about three ephippia, or five asexual clutches, or
some combination of them. Under a given photoperiod, if any
ephippium was produced in either replicate of a clone, then
that clone was classified as having reproduced sexually. The
genetic diversity of the future populations hatched from dia-
pausing eggs depends highly on the proportion of clones en-
gaging in sexual reproduction. Hence, the proportions of clones
reproducing sexually in each photoperiod were computed for
each population (Fig. 1). The mean number of ephippia pro-
duced per individual in each photoperiod is reported in Table
1 to indicate the intensity of sexual reproduction (Deng 1996).

Sexual reproduction was induced in D. pulicaria by short
days and asexual reproduction was maintained in long days
(Fig. 1). In D. pulex, short days maintained asexual reproduc-

Table 1. Mean number of ephippia produced per individual in
each photoperiod for the four study populations. The numbers in
parentheses are 1 SE (calculated from replicates of all clones in
each photoperiod). Each reported value is based on the data from
160 individuals (for each population in a given photoperiod, there
were 20 clones, each with two replicates, and each replicate con-
tained four individuals).

Daphnia pulicaria
from permanent lakes

Daphnia pulex from
temporary ponds

Photoperiod  Florence Little
(h of light d™') Dune Haceta Dorena Cultus
10.0 0.04 0.03 222 2.01
(0.00) (0.00) (0.07) 0.07)

13.5 1.26 1.05 0.56 048 -
(0.04) (0.03) (0.02) (0.02)
15.5 1.19 142 0.05 0.06
(0.05) 0.07) (0.01) (0.00)
17.0 1.32 1.49 0.04 0.02
(0.05) (0.06) (0.00) (0.00)

tion while longer photoperiods induced progressively greater
sexual reproduction (Fig. 1). The above pattern, observed for
the proportion of sexual clones in different photoperiods was
corroborated by the data on the intensity of sexual reproduc-
tion, as quantified by the mean number of ephippia produced
per individual in different photoperiods (Table 1).

The threshold pattern for the two permanent habitat D. pul-
icaria populations corroborates previous studies of photoperi-
odic response of sexual reproduction in Daphnia (cf. Stross
and Hill 1965, 1968; Carvalho and Hughes 1983; Hobaek and
Larsson 1990). The reversed pattern of photoperiodic response
of sexual reproduction, as observed for the two temporary hab-
itat D. pulex populations, has not been documented previously
for Daphnia.

Because of the large scale of the experiment (640 beakers
involved), data on the production of male offspring were not
recorded. Recent observations on one D. pulex population from
a temporary pond (H.-W. Deng and M. Pfrender unpubl.) in-
dicate that male and ephippial egg production in different pho-
toperiods are correlated, and the threshold pattern of the pho-
toperiodic response of sexual reproduction as quantified by the
production of ephippia or males is similar. This result is con-
sistent with previous studies in the laboratory or in situ (Stross
1987; Threlkeld 1987).

Sexual reproduction in Daphnia is mainly determined en-
vironmentally, and photoperiod has been shown to be a key
environmental cue for initiation and intensity of sexual repro-
duction (Stross 1987; Deng 1996). The observed threshold pat-
terns of photoperiodic response of sexual reproduction imply
that sexual reproduction occurs at different seasons for D. pul-
icaria and D. pulex in their respective habitats. D. pulicaria
populations in permanent habitats normally reproduce sexually
in late summer or early fall because of the onset of winter,
whereas D. pulex populations in ephemeral habitats reproduce
sexually in late spring or early summer because of summer
drought (Threlkeld 1987). The four studied populations are not
exceptional to the normal pattern in this aspect. The two per-
manent lake D. pulicaria populations reproduce sexually in fall,
while the two temporary pond D. pulex populations reproduce
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sexually in early summer (pers. obs.; M. Lynch pers. comm.).
Therefore, their photoperiodic response of sexual reproduction
in the laboratory (Fig. 1) is consistent with their phenologies
in nature.

The seasonal timing of sexual reproduction is adaptive due
to the particular life cycles of cyclical parthenogenesis and the
seasonal characteristics of the habitats of Daphnia (Carvalho
and Hughes 1983; Stross 1987; Threlkeld 1987). Asexual re-
production is favored for the fast propagation of genotypes
during the benign seasons, but sexual reproduction is favored
for producing resting eggs near the end of the growing season
and before the habitat deteriorates. Although the origin of the
reversed photoperiodic response is not clear, it is most likely a
result of adaptive microevolution in response to local habitat
conditions. These differences in seasonality between the two
taxa of the D. pulex group, if persistent when the two taxa
share habitats, clearly can serve as a premating mechanism in
the case of occasional coocurrence in natural habitats (Cerny
and Hebert 1993). It can also reduce the effective gene flow
in the presence of continuous passive migration (in the form
of epphippia) (Mort and Wolf 1986; Crease et al. 1990; De
Meester 1993) between the two types of habitats, because the
response to sex-inducing stimuli of the nonresident taxon will
be different from that of the resident one. Wolf (1987) exam-
ined seasonal shifts in the species composition of the Daphnia
galeata—hyalina—cucullata hybrid complex in four lakes in
northern Germany. He observed clear seasonal differences in
the periods of sexual reproduction between D. galeata and D.
hyalina, which he suggested would decrease the probability of
interspecific matings between the two taxa.

For the two taxa (D. pulex and D. pulicaria) within the D.
pulex group, whose species status is not fully supported (Lehman
et al. 1995) and whose genetic isolation is not complete (Cerny
and Hebert 1993), the reversed pattern of photoperiodic response
of sexual reproduction can be a mechanism of ongoing allo-
chronic speciation (White 1978), thus facilitating further genetic
differentiation between these two taxa. A final test of this hy-
pothesis should stem from a study of the photoperiodic responses
(seasonality) of sexual reproduction of a D. pulicaria and D.
pulex population that co-occur in the same pond or lake.

Hong-Wen Deng'
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