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Many organisms have the ability to alter their development in the presence of predators, leading 

to predator-induced defenses that reduce vulnerability to predation. In the water flea Daphnia pulex, 

small protuberances called ‘neckteeth’ form in the dorsal neck region in response to kairomone(s) 

released by predatory phantom midges (Chaoborus larvae). Although previous studies suggested 

that kairomone sensitivity begins when chemoreceptors begin to function during embryogenesis, 

the exact critical period was unknown to date. In this study, we investigated the period of kairomone 

sensitivity and the process of necktooth formation in D. pulex through extensive treatments with 

pulses of kairomone(s). First, we described the time course of embryogenesis, which we suggest 

should be used as the standard in future studies. We found the kairomone-sensitive period to be 

relatively short, extending from embryonic stage 4 to postembryonic first instar. We observed cell 

proliferation and changes in cell structure in response to the kairomone treatment, and propose a 

model for necktooth formation. Preliminary LiCl treatment suggests the Wnt signaling pathway 

involved in crest formation as a candidate for the molecular mechanism underlying this process. 

Our study provides basic insight toward understanding the mechanisms underlying adaptive poly-

phenism in D. pulex.

Key words: Daphnia pulex, neckteeth, predator-induced defense, kairomone(s), phenotypic plasticity, 

polyphenism

INTRODUCTION

Many organisms are able to change their morphology 

and/or behavior in response to the threat of predation. The 

phenotypic alteration by modulating developmental pro-

cesses in the presence of predators is called “predator-

induced defense” or “predator-induced polyphenism,” and 

these modifications can increase the fitness of prey organ-

isms (Gilbert, 2010). Various members of the cladoceran 

genus Daphnia (commonly called “water fleas”) display a vari-

ety of phenotypic changes, mainly in head shape (Tollrian 

and Harvell, 1999). Of these, the best-studied system is the 

induction of neckteeth in D. pulex by a kairomone (or kai-

romones) released by predatory phantom midges, Chaoborus
larvae (Tollrian and Harvell, 1999). A kairomone is a class 

of ‘semiochemical,’ which refers to chemicals or mixtures of 

chemicals that act as messengers within or between spe-

cies. Kairomones are substances, released into the environ-

ment by an organism, which mediate reactions in another 

organism in such a way that the recipient rather than the 

emitter receives benefit (Grasswitz and Jones, 2002).

Daphnia species are important in pond and lake ecosys-

tems, and their field ecology has been studied extensively 

(Dodson et al., 2009). Daphnia pulex is a potentially useful 

model organism for studying predator-induced polyphenism 

at the genetic and molecular levels (Stollewerk, 2010), for 

several reasons. It was the first crustacean to have its 

genome sequenced (Colbourne et al., 2011), and a genetic 

linkage map has been constructed (Cristescu et al., 2006). 

In addition, molecular techniques, such as in situ hybridiza-

tion and RNAi, have now been extended to daphnid species 

(Sagawa et al., 2005; Kato et al., 2011). Finally, individuals 

with the same genetic background can express a variety of 

phenotypes in response to environmental cues (Tollrian and 

Harvell, 1999). Interdisciplinary studies of predator-induced 

polyphenism in D. pulex thus have the potential to elucidate 

mechanisms underlying the evolution of plasticity (Jenner 

and Wills, 2007; Tollrian and Leese, 2010).

Morphogenesis of neckteeth appears to begin during 

embryogenesis (Laforsch and Tollrian, 2004; Imai et al., 

2009). Previous studies have suggested that, in D. pulex, 

kairomone reception during embryonic development is 

required for necktooth induction (Krueger and Dodson, 

1981; Parejko, 1992), and Imai et al. (2009) reported that 

exposure to a kairomone after the first-instar juvenile stage 

is necessary to maintain the neckteeth. However, it is 
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unknown whether the ability to respond to kairomone(s) is 

limited to a certain period of embryonic development. Like-

wise, although Beaton and Hebert (1997) reported that poly-

ploid cells at the region of necktooth formation may be 

involved in the formation of neckteeth, little is known about 

the histological basis underlying the development of the 

defensive morph. Recently, candidate molecular pathways 

have been identified that appear to be primarily involved in 

morphological defense formation in D. pulex (Miyakawa et 

al., 2010; Spanier et al., 2010), but additional histological 

and morphological information are still needed to fully inter-

pret these molecular studies.

In the present study, we applied pulse treatments of 

predator-conditioned medium of varying duration and inter-

vals to D. pulex during the embryonic and early juvenile 

stages to detect the period of sensitivity to kairomones. We 

observed the uptake of dextran-tetramethylrhodamine dur-

ing embryogenesis to determine when embryos absorb 

external solutions, possibly including kairomone(s). Using 

BrdU (5′-bromo-2′-deoxyuridine), we also observed the timing 

of cell proliferation in the occipital region during necktooth 

formation. Finally, to obtain clues regarding the molecular 

mechanisms underlying defense morph formation, we 

focused on Wnt pathways, which play a key role in several 

steps in animal development, such as in establishing the 

polarity of insect and vertebrate limbs and in stem-cell pro-

liferation (Gilbert, 2010; Goto and Hayashi, 1999). We 

treated animals with LiCl, which inhibits glycogen synthase 

kinase 3β and affects the transcription of Wnt target genes 

(Klein and Melton, 1996).

MATERIALS AND METHODS

Animals

A single clone of D. pulex, which had been collected from a 

pond at the Hokkaido University campus, Sapporo, Japan, was 

used throughout this study. Animals were maintained in dechlori-

nated tap water at 18°C under artificial light conditions of 14 h light 

and 10 h dark to induce and maintain reproduction. They were fed 

with a concentrated monoculture of the green alga Chlamydomonas 
reinhardtii, as described in Sueoka (1960). In all experiments, D. 
pulex embryos were collected from dissected maternal brood cham-

bers and cultured, as previously reported (Imai et al., 2009). We 

defined embryonic stages using the scheme of Laforsch and Tollrian 

(2004).

Fourth-instar Chaoborus flavicans larvae were collected from a 

pond at the National Institute for Environmental Studies, Tsukuba, 

Japan.

Kairomone medium

Chaoborus larvae were cultured in dechlorinated tap water at 

a density of 1–5 larvae/100 ml for one week in a temperature- and 

light-controlled incubator (18°C; 14 h light and 10 h dark), and were 

fed daily with sufficient D. pulex. Water in which Chaoborus larvae 

had been incubated was passed through a 1.2 μm filter 

(RAWPO4700; Millipore), dispensed into a 15 ml or 50 ml conical 

tube (352097 and 352098; BD Falcon), and then stored at –20°C. 

After thawing at room temperature, the water was filtered through a 

Whatman GF/C filter before use; this Chaoborus-conditioned water 

is hereafter referred to as ‘kairomone medium’ or ‘kairomone’. 

Dechlorinated tap water was used as the control medium. We eval-

uated kairomone quality before and after freezing, and only used 

kairomone in which the necktooth induction rate was at least 80% 

when embryos were reared in undiluted kairomone medium.

Induction of defenses

Juveniles reared in kairomone medium were examined at each 

instar under a stereomicroscope, and we recorded whether they 

had formed neckteeth, and how the neckteeth formed. The chi-

square test was used to assess differences in the proportions of 

individuals with neckteeth between kairomone-treated and control 

animals.

For kairomone pulse treatments, 48-well culture plates 

(353078; BD Falcon) filled with 1 ml of kairomone or control medium 

per well were used. Embryos or juveniles were transferred individ-

ually (one animal/well) from a well containing control medium to one 

containing kairomone medium. Whenever embryos or juveniles 

were transferred from kairomone into control medium, they were 

first rinsed five times in control medium in a 60 mm plastic dish 

(353002; BD Falcon). At first, we designed induction experiments in 

which embryos and juveniles were exposed to kairomone to reveal 

which stage is important to induce neckteeth (Fig. 3A–C and F–V). 

After obtaining the results, we then conducted the remaining treat-

ments to confirm and highlight the importance of stage 4 (Fig. 3D, 

E and PA–PQ). Second-instar animals were examined under a ste-

reomicroscope, and we recorded whether they had formed neck-

teeth. The induction values cannot be compared between treat-

ments because the kairomone concentration was not exactly the 

same within experiments.

Hematoxylin and eosin (HE) staining

Animals were fixed in Bouin’s fluid, dehydrated in an ethanol 

series (70%, 80%, 90%, 95%, 99%, 99%) and xylene twice for 

30 min each, embedded in paraffin, and serially sectioned. The 5-

μm sections were deparaffinized with xylene three times for 5 min 

each, transferred to an ethanol series (99%, 99%, 95%, 90%, 80%, 

70%) for 5 min each, and then stained with Delafield’s hematoxylin 

and eosin.

Scanning electron microscopy (SEM)

For SEM, a method modified from Laforsch and Tollrian (2000) 

was used. Animals were killed by exposure to 600 W microwave 

radiation for 7 sec and immediately transferred into 70% ethanol for 

3 h. Fixed specimens were dehydrated in an acetone series (70%, 

80%, 90%, 95%, 99%, 99%) for 10 min each, incubated in hexam-

ethyldisilazane for 70 min, and transferred to a desiccator. Dried 

specimens were glued to a brass holder and gold-coated for obser-

vation with a S3000N scanning electron microscope (HITACHI).

Uptake of dextran-tetramethylrhodamine

Embryos were soaked in 0.1 mg/ml dextran-tetramethylrhod-

amine (Invitrogen) for 1 h during embryonic stage 3 (Fig. 4A), for 

2 h during stages 3 and 4 (Fig. 4B), or for 30 min during embryonic 

stage 4 (Fig. 4C). They were then washed in dechlorinated tap 

water three times and observed as whole mount preparations under 

a fluorescence microscope (BX-50, BX-FLA; Olympus).

BrdU immunohistochemistry

Starting in each developmental stage, animals were incubated 

in kairomone or control medium containing 5 mM BrdU (5′-bromo-

2′-deoxyuridine; SIGMA) for 20 h prior to fixation (Fig. 5A). After 

treatment, they were fixed in Carnoy’s solution (1:3 acetic acid to 

methanol) at room temperature for 15 min, dehydrated in ethanol 

and xylene, embedded in paraffin, and serially sectioned. The 5-μm 

sections were then rehydrated, washed in 0.1% Triton X-100 in 

Phosphate-buffered saline (PBS), treated with 2 N HCl for 20 min, 

washed again in PBS, and incubated in a blocking solution of 10% 

fetal calf serum (FCS) for 15 min, followed by rat monoclonal anti-

BrdU antibody (1:250 in blocking solution; Abcam) for 2 h. After 

another wash in PBS, the sections were incubated with Cy3-

conjugated anti-rat IgG goat antibody (1:500; Jackson ImmunoRe-

search) for 1 h at room temperature. After three washes in PBS 
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(5 min/wash), the sections were 

stained with 1 μg/ml Hoechst 

33342 (Molecular Probes) in PBS 

for 5 min to visualize nuclear DNA, 

and then washed three times 

(5 min/wash) in PBS. Finally, the 

sections were mounted in 

VECTASHIELD Mounting Medium 

H-1000 (Vector) and observed 

under a fluorescence microscope 

(BX-50, BX-FLA; Olympus). The 

number of BrdU-positive cells per 

necktooth-forming region was 

compared between kairomone-

treated and control animals, 

using the t-test.

LiCl treatment

Animals were incubated from stage 1 embryos to the juvenile 

stage in kairomone or control medium containing 3 mM LiCl (Nacalai 

Tesque), a well-known inhibitor of glycogen synthase kinase 3β in 

the Wnt signal transduction cascade (Klein and Melton, 1996), and 

observed daily under a stereomicroscope.

RESULTS

Time course of embryogenesis and early post-

embryogenesis

Figure 1 shows the time course of embryogenesis and 

early post-embryogenesis, which proceeded along a strict 

time course at 18°C. Although embryos within a clutch 

developed at nearly the same pace, the timing of hatching 

from the egg chorion varied somewhat, and so we desig-

nated the time at which half the embryos in a clutch had 

hatched as 0 h on the time scale. In embryonic stage 1, 

which is the interval from oviposition to hatching (0 h), the 

egg was covered by three membranes: the egg chorion (the 

outer-most membrane), and the second and third mem-

branes underlying it. In stage 2, lasting from 0 h to 24 h, the 

embryo remained covered by the second and third mem-

branes. In stage 3, lasting from 24 h to 30 h, both of these 

membranes began to peel off, and immature organs such as 

first antennae became visible. In stage 4, lasting from 30 h 

to 42 h, the appendages appeared mature and became 

functional, and the animals could swim with their second 

antennae. Around 42 h, the animals completely shed the 

third membrane, changed in shape from the embryonic to 

the adult form, and developed into first-instar juveniles. One 

of the characteristic features in the first-instar was complete 

elongation of the tail spine. By three days after hatching 

(after 72 h) many individuals had reached the second-instar 

stage.

Defense morph induction

Figure 2A shows a second-instar juvenile lacking neck-

teeth. The neckteeth (Fig. 2B, C) comprise several tiny 

spikes alternately arranged (Fig. 2D) in two rows on each 

side of the dorsal carapace ridge between the insertion 

points of the first and second antennal muscles. The epithe-

lium at the base of the neckteeth becomes thickened to form 

a structure called the “crest.” Some control juveniles in the 

first instar, and very few in the second instar, developed 

neckteeth, although they were reared in control medium 

(Fig. 2E), which is in agreement with Tollrian (1993). Juve-

niles reared in kairomone medium produced neckteeth from 

the first to the fourth instar stages (Fig. 2B–D), with the 

second-instar stage having the highest values for both the 

frequency of occurrence of neckteeth and the average num-

ber of spikes (Fig. 2E). From these results, we assessed kai-

romone sensitivity for defense morph induction by the 

scores counted in the second instar juveniles.

To determine the kairomone-sensitive period, embryos 

and juveniles were incubated in kairomone medium at differ-

ent intervals and for different durations (Fig. 3). Long expo-

sures from stage 2 to the first instar tended to increase the 

induction of neckteeth (Fig. 3, rows A–C). In contrast, ani-

Fig. 1. Time course of embryogenesis and early post-embryogenesis in D. pulex at 18°C (see Results 

for a description). Scale bars = 100 μm.

Fig. 2. (A) A second-instar juvenile lacking neckteeth. (B) First- 

and (C) second-instar juvenile with neckteeth (arrowheads). (D)

SEM image showing neckteeth in dorsal view. Scale bars: 50 μm 

(A–C), 10 μm (D). (E) Induction frequency (bars) and number of 

neckteeth (line) at each instar. The proportion of individuals bearing 

neckteeth was compared between treated animals exposed to kai-

romone medium (kairomone treatment) and controls exposed to 

dechlorinated tap water (asterisks indicate a significant difference 

between treated and control animals; *; P < 0.05, **; P < 0.005, chi-

square test). Data are shown as mean values ± SD. Numbers in 

parentheses indicate the sample size.
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mals exposed to kairomone(s) only earlier or later than 

stage 4 developed no neckteeth (Fig. 3, rows P–V). Despite 

a long treatment interval, animals transferred from kai-

romone medium to the control medium during embryonic 

stage 4 showed a reduced frequency of necktooth formation 

(Fig. 3, rows D, E). Animals treated with kairomone(s) during 

and around embryonic stage 4 for a short period (Fig. 3, 

rows PA–PQ) tended to form neckteeth when they had been 

exposed to kairomone(s) toward the end of this stage (Fig. 

3, rows PA, PB, PC, PF, at around 40–42 h). Moreover, 

even when embryos were treated for the same 4 h during 

embryonic stage 4, the early treatment induced no neck-

teeth (Fig. 3, rows PG–PJ) in contrast to the late treatment 

(Fig. 3, row PK).

To examine whether embryos acquired the ability to 

absorb external solutions, presumably including kairomones, 

at stage 4, we examined the uptake of fluorescent dextran 

during embryonic stages 3 and 4. We did not observe dye 

uptake in stage 3 embryos, but did in a stage 4 embryo. At 

stage 4, fluorescence was observed in the first antennae, 

dorsal organ, and intestine (Fig. 4). The results suggest that 

embryos hardly absorb kairomone at all in stage 3, but read-

ily absorbed it in stage 4.

Fig. 3. Kairomone pulse treatments of various durations from embryonic stage 2 through the first instar. Heavy horizontal lines represent peri-

ods of kairomone treatment. Induction frequency of neckteeth scored in the second instar.

Fig. 4. Water influx into embryos detected by dextran-tetramethyl-

rhodamine. Arrows indicate the treatment periods (A−C). FA, first 

antennae; INT, intestine; DO, dorsal organ. Scale bar = 20 μm.
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Immunohistochemical observation 

of cell proliferation in necktooth for-

mation

To examine the contribution of cell 

proliferation to necktooth formation, we 

performed immunohistochemistry fol-

lowing BrdU incorporation (Fig. 5). No 

active cell proliferation was observed 

in parts of the body other than the 

region of necktooth formation. There 

was no significant difference in BrdU-

positive cells/necktooth region between 

kairomone and control medium for 

Treatment I, confined to the embryonic 

stages. In contrast, epidermal cell pro-

liferation was significantly higher in 

animals exposed to kairomone 

medium in postembryonic instars 

(Treatments II–V) than in the control. 

The number of BrdU-positive cells 

reached a peak in the second instar 

(Treatment V) following a decrease 

between the latter half of the first-

instar stage and the beginning of the 

second-instar stage (Treatment IV).

Chemical treatments

LiCl-free controls did not develop 

neckteeth (Fig. 6A, upper left). LiCl 

treatment without kairomone resulted 

in a slightly swollen crest-like structure 

without neckteeth (Fig. 6A, lower left). 

Although the number of neckteeth was 

not affected, the crest of neckteeth in 

kairomone and 3 mM LiCl treatment 

was more swollen in some individuals 

(Fig. 6A, lower right) compared to that 

in kairomone treatment without LiCl 

(Fig. 6A, upper right). Eight of 11 indi-

viduals subjected to the combined kai-

romone medium and LiCl treatment 

developed neckteeth, and five showed 

a highly swollen crest comprising of loose connective tissue 

(Fig. 6B right). All animals treated with LiCl died before 

reaching the second-instar stage.

DISCUSSION

A developmental window for necktooth induction during 

late embryogenesis

We found that the kairomone-sensitive period of D. 
pulex was embryonic stage 4 to first instar. This result is in 

agreement with previous studies that suggested the exis-

tence of a sensitive period during embryogenesis (Krueger 

and Dodson, 1981; Parejko, 1992; Imai et al., 2009). This 

critical period for necktooth induction in the D. pulex embryo 

can be viewed as a “developmental window.” Animals 

treated with kairomone medium during this developmental 

window developed neckteeth, and the longer they were 

treated around the window, the more neckteeth they were 

likely to develop.

Under natural conditions, daphnids are subject to con-

siderable environmental fluctuations (e.g., temperature, food 

concentration, predation risk) during embryogenesis and 

subsequent juvenile instars. In addition, necktooth formation 

has disadvantages, resulting in the avoidance of useless 

necktooth formation in the absence of predators (Havel and 

Dodson, 1987). Therefore, it is quite reasonable for 

daphnids that the developmental window is just prior to their 

release from the brood chamber, i.e., the time immediately 

prior to encountering predators.

Kairomone action in D. pulex
The fundamental assumption of our study is that a kai-

romone released by the predator into the ambient water con-

stitutes the chemical cue for necktooth induction. Considering 

the pulse-treatment and dextran-tetramethylrhodamine 

experiments, we speculate that the kairomone is actively 

transported into the body through the first antennae, dorsal 

organ, and intestine mainly in embryonic stage 4, and may 

accumulate in the body during this stage. If kairomone dis-

    

Fig. 5. (A) Experimental scheme. BrdU was incorporated for 20 h prior to fixation at five dif-

ferent points during the embryonic stages and postembryonic instars. (B) Number of BrdU-

positive epidermal cells in the region between the insertions of the first and second antennal 

muscles (gray region in inset at upper left). Data are shown as means ± SD (*P < 0.02, **P < 

0.005, t-test). Numbers in parentheses indicate sample sizes. (C) Images of the occipital 

region in sagittal sections showing cells positive for BrdU incorporation. Arrowhead indicates 

neckteeth; g, gut. Scale bars = 10 μm.
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appears from the environment, it appears that the kai-

romone stimulus is promptly lost from the D. pulex body. We 

hypothesize that the proportion of individuals that form neck-

teeth depends on the total amount of the stimulus received 

or accumulated at the end of embryogenesis. The results 

partly supporting these interpretations are as follows. In the 

experiment using fluorescently-labeled dextran, stage 3 

embryos showed practically no uptake of the external solu-

tion despite 2 h of treatment. In contrast, the dye was 

detected in stage 4 embryos after just 30 min of treatment. 

After the third embryonic molt, the influx of various chemi-

cals in the water appears to have increased, perhaps due 

because of the loss of physical barriers and/or alterations in 

permeability. Furthermore, since the Chaoborus kairomone 

(< 500 Daltons; Tollrian and von Elert, 1994) is much 

smaller than dextran-tetramethylrhodamin (10,000 MW), the 

kairomone should be able to enter the body much more 

freely than the dye during embryonic stage 4.

The mechanism of kairomone reception during this puta-

tive developmental window remains an open question. Barry 

(2002) showed that the development of Chaoborus-induced 

neckteeth in D. pulex is affected by drugs that act on hor-

mone-secreting neurosecretory cells, and Weiss et al. 

(2012) showed that cholinergic stimulation mediates signal 

transmission of Chaoborus cues leading to morphological 

defenses. Besides, Miyakawa et al. (2010) found that genes 

in the juvenile hormone and the insulin signaling pathways 

are upregulated in kairomone-treated first-instar juveniles. 

Additionally, in some insects, it has 

been reported that plastic morphologi-

cal traits are triggered by juvenile hor-

mones (Miura, 2005; Suzuki and 

Nijhout, 2006). Thus, the endocrine 

system may be involved in initiating 

the development of neckteeth soon 

after the developmental window in D. 
pulex.

Cellular changes during necktooth 

formation

Necktooth spikes and the crest 

appear to be formed by different 

mechanisms, even though the same 

predator-released kairomone induces 

formation of both these defensive 

structures. In our study, BrdU immuno-

histochemistry showed that epidermal 

cells in the region of necktooth forma-

tion divided rapidly in postembryonic 

juveniles that had been exposed to 

kairomone, with the number of BrdU-

positive cells in this region apparently 

correlated with necktooth formation. 

We observed that the crest consisted 

of loose connective tissue, whereas 

the epidermal cells lining the cuticle 

beneath the neckteeth were of high 

density and single-layered (Fig. 6B). 

Moreover, LiCl treatment indicated 

that LiCl affected only crest develop-

ment rather than necktooth formation.

Figure 7 illustrates a hypothetical model for necktooth 

development. After the embryo receives the kairomone stim-

ulus, epidermal cells lining the future necktooth region 

proliferate intensely in the postembryonic instars. These 

proliferated cells then secrete the cuticle of spikes, and epi-

dermal cells underlining the spikes enlarge as a loose con-

nective tissue, leading to thickening of the crest. In the crest, 

some epidermal cells may lose cell-cell adhesion and dra-

matically increase their cytoplasmic volume, leading to the 

swollen occipital region.

Among Daphnia species, crest or helmet growth in the 

defensive morph is positioned in various regions of the 

head. These differences across taxa could be established 

by the same induction and cell proliferation mechanisms as 

in D. pulex, with variation in the form and position of defen-

sive structures determined by downstream regulatory genes 

specifying the position and pattern of cell proliferation.

The effect of LiCl on crest formation suggests that this 

process may be mediated by GSK-3β. LiCl inhibits GSK-3, 

allowing β-catenin to accumulate and affect the transcription 

of Wnt target genes (Klein and Melton, 1996). Our results 

suggest the involvement of Wnt signaling in crest develop-

ment. Twelve Wnt subfamilies have been identified in D. 
pulex (Janssen et al., 2010), but using real-time PCR we 

have so far failed to observe Wnt gene expression during 

production of the defensive phenotype. Future studies using 

in situ hybridization and RNA interference (Kato et al., 2011) 

will be needed to show the direct involvement of the Wnt 

     

Fig. 6. (A) Combined treatment with kairomone and LiCl. The fractions in parentheses indi-

cate the proportion of individuals that formed neckteeth. Arrowheads indicate the site of neck-

tooth formation. Scale bars = 50 μm. (B) Stained sagittal sections through the region where 

neckteeth form, from second-instar animals. Arrowheads indicate neckteeth; dashed outline 

indicates the crest. Scale bars = 20 μm.

Fig. 7. Schematic diagram showing the process of necktooth formation (see Discussion).
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pathway in defense morph formation.
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