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Ceriodaphnia dubia is widely used as a test organism in monitoring water

quality. At the present time, cultures must be continuously maintained in the

laboratory. In an attempt to avoid continuous culture and maintenance, the

hatching of ephippial eggs of C. dubia would provide test organisms when needed.

In order to determine the parameters required for maximum hatching,

approximately ninety-four thousand ephippia were exposed to a variety of

conditions ranging from light and temperature regimes to drying and freezing. A

low hatching yield occurred which is believed to be caused by diminished ephippia

viability and/or fertility. To evaluate factors influencing the viability and fertility

rate, stains of embryos were examined as were male to female ratios and mating

experiments.
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CHAPTER I

INTRODUCTION

Two principal bases for effluent limitations were established by the Clean

Water Act in 1972 (Public Law 92-500). First, existing dischargers were required

to meet technology-based effluent limitations that reflected the best controls

available in consideration of the economic impacts. New source dischargers had

to meet the best demonstrated technology-based controls. Second, where

necessary, additional requirements were imposed to assure attainment and

maintenance of water quality standards established by the states and approved by

the U.S. Environmental Protection Agency (USEPA). For the control of

pollutants beyond technology-based requirements, the USEPA issued a national

policy statement entitled, "Policy for the Development of Water Quality-Based

Permit Limitations for Toxic Pollutants" (USEPA 1984).

Every state has water quality standards which include statements

prohibiting the discharge of toxic materials in toxic amounts. This legal

foundation has served as the basis for the transition from the technology-based to

the water quality-based approach for managing toxic pollutants. The regulatory

agencies can establish additional requirements if necessary to assure attainment

and maintenance of water quality through the National Pollutant Discharge

Elimination System (NPDES).
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A significant aspect of the water quality-based approach for toxicity control

is the use of chemical and biological methodologies. Biological testing has been

used in the past to assess effluent toxicity. During the 1970's, numerous toxicity

tests using live organisms were being performed to measure acute toxicity

(USEPA 1975, Peltier 1978). Methods did not exist that were short-term and

relatively inexpensive in measuring the more insidious, low level and sublethal

effects. In 1984 a test of this type was developed by Mount and Norberg. It

consisted of a seven-day, life-cycle toxicity test utilizing the cladoceran,

Ceriodaphnia dubia as the test species. This short-term chronic toxicity test is a

major component of the U.S. Environmental Protection Agency's water quality-

based approach to toxics control (USEPA 1985).

According to Berner (1985), C. dubia reproduces by cyclic parthenogenesis.

This life-cycle type involves females producing live offspring referred to as young

or neonates, which are female in gender and are miniature versions of the adult.

Unfavorable environmental conditions will cause the females to change their

reproduction mode and produce males and haploid, sexual eggs encased in a

protective capsule or ephippium. In this proposal, parthenogenetic eggs refer to

those eggs produced by the adult female, which develop and hatch in her brood

pouch and are released alive, fully capable of independent motion and existence.

A sexual or ephippial egg refers to the egg produced by the adult female which is

protected by a saddle-shaped casing, the ephippium. Only one sexual egg per

ephippium is produced in C. dubia, while other species such as Daphnia magna
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and Daphnia pulex, produce two sexual eggs per ephippium. The ephippium is

released into the environment as the organism molts and the embryo(s) generally

will not complete development until more favorable environmental conditions

exist.

The short-term test utilizing C. dubia involves exposing parthenogenetic

neonates of a known age to ambient waters or effluents and/or dilutions thereof

for seven days (which is approximately the time period necessary to produce three

broods), or until 80% of the controls have produced three broods. During this

time period, records on survival and the number of neonates produced are

compiled and used for statistical analyses at the end of the test.

Circumstances exist in which it might be advantageous to culture C. dubia

produced from ephippial eggs as opposed to parthenogenetic eggs. One

circumstance might include infrequent testing requirements on the part of permit

holders. This would eliminate the need for constant culturing of live animals which

in turn would reduce the time and costs associated with food production and live

culture maintenance. Using the ephippial eggs for transport, instead of live

animals, would eliminate deaths incurred during travel. Such a need might occur

when regulatory actions require the transport of test organisms from lab to lab or

from lab to the field.

The objectives of this thesis are to determine the feasibility of producing

and using ex-ephippio neonates of C. dubia to initiate short-term chronic tests.

The scope of this study encompasses three areas: ephippial production, ephippial
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hatching and the health of the ex-ephippio neonates. The principle components

of the proposal are given schematically in Figure 1. In essence, the schematic

implies a series of questions regarding C dubia ephippial eggs and neonates

produced from these eggs.

These questions include:

(1) Can C. dubia be induced to produce ephippia under laboratory
conditions?

(2) Can C. dubia ephippia be stored and activated to develop and
hatch?

(3) Can the ex-ephippio neonates of C. dubia be cultured and in
turn induced to produce ephippia?

(4) How does the survival and reproduction of ex-ephippio
neonates compare to parthenogenetic neonates?

(5) How does the sensitivity of ex-ephippio neonates compare to
routinely cultured C dubia?

The answers to questions 1-3 is yes in each case. Questions 4 and 5 require

further exploration and study. While data collected before the start of this thesis

support the positive response given to questions 1-3, they are not definitive with

respect to the practicality of the methods.



Culture Produce ephippia 01 Store ephpp Activate ephippla

Test ex-ephippo neonates
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Culture ex-ephipplo
neonates

Culture first brood produced from ex-ephipplo
neonates and test in reference toxicant

Culture second brood produced from ex-ephipplo
neonates and test In reference toxicant

Culture third brood produced from ex-ephipo
neonates and test In reference toxicant Induce ephipplal

production
7

Figure 1. Components necessary to evaluate the potential use of Ceriodaphnia
dubia ex-ephippio neonates to initiate the Mount and Norberg seven-day
cladoceran test.

In an attempt to aid in the interpretation of the data and experiments

which follow, certain definitions are set forth below.

Harvest - The act of siphoning down a culture and collecting all of
the ephippia at the bottom of the culture jar. Production of
sufficient numbers of ephippia to undertake testing usually takes 4-5
weeks.

Storage - The conditions under which the ephippia were maintained
after they were harvested. This includes conditions ranging from wet
or dry, refrigerated or not, and various conditions of photoperiod.

5
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Activation - That process undertaken in an attempt to induce
ephippial eggs to hatch. It appears to involve some alteration of the
ephippial structure which leads to the subsequent development of
the embryo.

Rehydration - Involves only those ephippia that have been dried at
some point in the cycle.

Hatching - Term used to describe the process whereby neonates
emerge from ephippial eggs.



CHAPTER II

LITERATURE REVIEW

1. Reproduction and the shift from parthenogenesis to sexuality

Ceriodaphnia dubia has been cultured in private and EPA laboratories in

Duluth and elsewhere since 1969 (Berner 1985). It is a suitable test organism for

short toxicity tests of 7-10 days as three to four broods are produced by a single

animal under optimal conditions. Such quick reproduction times are advantageous

in studying insidious and sublethal toxicity.

Methods of reproduction vary among and within the different species of

cladocera. Three types of life-cycles have been defined (Berg 1931a):

1) acyclic - parthenogenetic reproduction exclusively, and a motile

reproductive diapause has been described for over-wintering

individuals; organisms are found in larger, deeper lakes.

2) monocyclic - a single period of sexual reproduction which seems

to occur primarily in autumn; organisms are found in small but

permanent bodies of water.

3) polycyclic or dicyclic type - two periods of sexual reproduction

occur in the spring and autumn; organisms usually found in ponds

7
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where there are at least two periods of unfavorable conditions.

All three types of habitat initiated life-cycles are reported to be exhibited by a

single species, Daphnia pulex (Berg 1931b).

C. dubia reproduces through cyclic parthenogenesis. Females produce live

young under optimal conditions which are miniature replicas of the adult. In a

stressful environment, males, and females capable of producing haploid eggs

appear and subsequently sexual eggs are produced. Factors which have been

implicated in stressful conditions include crowding, low food supply, temperature,

and photoperiod. Males usually appear before the shift to sexual reproduction

takes place in females (Hutchinson 1967, Pennak 1978, Hebert 1978). The sex of

the organisms is determined a few hours (at 20*C) before the eggs are transferred

to the brood pouch (Banta and Brown 1929b). Unlike the parthenogenetic eggs,

the sexual eggs (amphigonic, resting, latent or winter eggs) are haploid (Schultz

1977).

In one strain of D. pulex, Stross and Hill (1968) found that male production

was dependent on day length, culture density, and the age of the mother when it

was presented with an inductive photoperiod. Young for this experiment were

collected from parent cultures held at either 15L:9D or 12L:12D and transferred

to experimental photoperiods of 15L:9D, 14L:10D, 13L:11D, or 12L:12D, in the

first four days after hatching. Adults produced males consistently at 12L:12D

when born in long days and transferred to short days. Males appeared in

replicates which contained 5 but not 10 individuals per 20 ml. The authors
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interpret these results as evidence to support the hypothesis that male production

is synchronized to occur only at the beginning of the shift from parthenogenesis to

sexual reproduction and only to adults exposed to noninductive photoperiods in

prenatal life.

Hobok and Larsson (1990) performed a study to investigate the factors

inducing male offspring in Daphnia magna. For their experiments which involved

crowding the D. magna, a dense population of organisms was allowed to develop

in a 300L aquarium filled with synthetic water (Standard Water) and fed solely on

the green alga, Scenedesmus acutus, several times daily. Different inductive factors

were studied in the experiments such as using water from a crowded culture to

sustain a non-crowded population, short and long photoperiod and food

concentration. Male clutches of nearly 50% were attained due to either

photoperiod or crowding. They concluded that male-offspring induction and

resting egg formation are independent events. It has long been suspected that a

chemically mediated crowding stimulus for male-offspring production exists in

cladocerans, but has never been unequivocally documented (Grosvenor and Smith

1913, Banta and Brown 1929a). The authors believe their results provide evidence

for a chemical mechanism, but are uncertain as to the nature of the compound(s).

If ephippial egg formation and male production are independently controlled

events as the authors indicate, then the successful formation of ephippial eggs

relies on the correlation in time between these events.

D'Abramo (1980) studied factors causing a shift from parthenogenesis to
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sexual reproduction in Moina macrocopa americana such as food quality, crowding

and the accumulation of nonlabile excretory products induced by starvation. In his

experiments he was able to manipulate variables which normally could only be

inferred as stimuli for the reproductive shift. Particulates composed of coagulated

protein-starch and protein-fat particles ranging in size from 2-20 y3 (with 80% in

the 2-10 w3 range) were used so that particulate concentration could easily be

manipulated. These particulates were easily filtered and ingested by individuals of

all sizes. He concluded that a density dependent stimulus for male offspring

existed due to a reduction in the physical ingestion rate of reproductive females,

rather than the presence of a chemical associated with crowding. Another

researcher (Slobodkin 1954), found that a precipitous drop in the amount of

available food was more important than the amount of food. D'Abramo further

noted that large females were more sensitive to change and thus produced the

greater proportion of male and female progeny. Most of the ephippial females

(89%) in the populations he studied were reproductive virgins whose capacity to

produce haploid eggs seemed to decrease as reproductive age increased. These

experimental cultures were kept in the dark and observed only in light to which

cladocerans are minimally responsive (640-700 nm). The neonates used to

inoculate the cultures came from an unknown photoperiod.

When females begin producing sexual eggs, small morphological changes

begin to occur. Dorsally they become flattened along the margin of the carapace

which is to become the ephippium. A single sexual egg develops in the ovary and
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descends into the brood pouch as a consequence of mating (Berner 1985). After

mating, the embryo is nearing the blastodermal stage at the time it enters the

ephippium (Von Baldass, 1941 as cited in Schultz, 1977) for Daphnia pulex. Small,

relatively yolk-free cells on the surface of the embryos provided the basis for this

observation. The embryo consists mainly of lipid and yolk platelets (Schultz 1977).

The ephippium is shed with the exuvium of the next molt and sinks to the bottom

of the container. The ephippium is about 0.35 mm long and resembles the shape

of a saddle or half circle. Ephippial color varies depending on culture conditions

ranging from black to golden-brown. Many short and stubby hairs line the

surface. The marginal cells of the ephippium have flat surfaces and are bordered

by a band of polygonal cells which are slightly rounded on top (Berner 1985). The

ephippium is clam-like in that its thickest portion is in the middle where the

embryo is located and each half of the ephippium can open on a hinge located

along the flattened portion. Inside covering the embryo is a chitinous shell which

encapsulates the embryo (Schultz 1977).

The ephippium protects the embryo from harsh conditions such as freezing,

drying, digestion, and also aids in dispersion. It may also prevent light penetration

to some embryos thus preventing the synchronous hatching of all embryos in a

body of water (Davison 1969). Non-synchronous hatching is significant as it

prevents the decimation of a complete population should conditions become

rapidly unfavorable again. The ability to survive the freezing or icing of a pond or

the evaporation of a temporary pond and then hatch, is an obvious survival



12

mechanism. It has been noted by Mellors (1975) that ephippia can retain viability

even after passing through the digestive tract of birds such as the Black-Crowned

Night Heron and also rats. This ability would aid in their dispersion to other

habitats. The tiny stubby hairs can also aid ephippial dispersion as they can

adhere to animals or other moving objects as they move from one body of water

to another.

2. Ephippial production

The reproductive strategy of ephippial production can be different

depending on the species studied and can even vary within that species. For

example, all strains of Daphnia middendorffiana and Daphnia cephalata produce

ephippia by obligate parthenogenesis (Hebert 1978, Stross and Hill 1968, Stross

1969a). This type of reproduction means that the ephippial eggs do not need to

be fertilized in order to develop. Strains of Daphnia pulex and Daphnia magna

are cyclic parthenogens. Males are needed in order to fertilize the sexual eggs in

the ephippium. Some strains of D. pulex have been identified; however, which

reproduce by both obligate and cyclic parthenogenesis, and thus illustrate an

example of variation in reproduction within a species (Pancella and Stross 1963,

Stross 1969a).

Four parameters appear to be consistently linked to ephippial production:

1) crowding
2) dramatic drops in food concentration
3) photoperiod
4) temperature
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It appears that sometimes by controlling these parameters, sexual reproduction

may not be sustainable. Bunner and Halcrow (1977) could not sustain consecutive

sexual reproductive events in D. magna, a species which reproduces by cyclic

parthenogenesis, to the extent that they could with a pseudosexual strain of D.

pulex. Before the release of the ephippium in individuals, a microaggregation by

some cladocerans has been noted by many researchers. Brandl and Fernando

(1971) noted that microaggregations of Ceriodaphnia affinis may be due to

reproductive activity. The animals which were sampled from the center of the

aquarium and near the surface produced 459 ephippia from 486 females after 72

hours. No males were noted in this microaggregation. Animals from the same

aquarium that were not part of the aggregation did not produce ephippia.

Santharam et al. (1977), reported a similar observation with Daphnia

carinata. They noticed a dense aggregation of individuals in the center of a tray

filled with aged water. Some parthenogenetic females were noted around the

edge of the tray. The aggregated animals were scooped from the center and 253

individuals were divided into twenty-five, 500 ml beakers containing 400 ml of

filtered pond water. Each beaker contained 10 individuals and one contained 13.

After 24 hours, 159 ephippia were produced and 83 ephippia were added after an

additional 24 hours. Another tray containing aggregating individuals was divided

into small groups of 50 animals per 500 ml beakers for a total of about 1236

animals. In this instance 746, 354, and 104 ephippia were produced following

three 24-hour periods. They concluded that sexual reproduction is an important
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causative factor for microaggregation of zooplankters.

In his extensive review on the spatial distribution of zooplankton,

Hutchinson (1967) commented that at least some aggregation may be caused by

reproductive activity. A microaggregation of lake samples of Ceriodaphnia comuta

was observed by Michael (1962). The density of these animals reached 12,500

individuals per liter. It is not clear from these data that microaggregations are a

necessary part of ephippial production; however it appears to be associated with

sexual reproduction.

Inoculating a culture jar with animals, feeding them sparingly and allowing

the population to reproduce unchecked is a popular and easy method to produce

ephippia. For instance Davison (1969) reports that up to 6000 ephippia from a

100 liter Daphnia pulex culture can be produced in about 20 days at a temperature

of 240 C and photoperiod of 12L:12D. The bulk of the ephippia were deposited

over a 4 day period. The culture method used dried sheep manure passed

through the coarse chopper of a Universal food grinder and added at a

concentration of 3 g/l to aerated tap water. After aerating the mixture for 24

hours, approximately five adult Daphnia pulex per liter were added. The aeration

was then reduced to a gentle bubbling just sufficient to maintain a slow circulation

of the surface. The illumination at the culture surface was 100 ft-c.

Carvalho and Hughes (1983) looked at crowding the animals as a way to

induce ephippial production. Stock organisms of D. magna which were kept in

long-day photoperiods (14L:10D, 19C) prior to experimentation were induced to
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produce ephippia by low food levels (<0.05 mg spinach per organism), high

female culture density (>0.4 organisms per ml) and short-day photoperiods

(12L:12D, 12C). No ephippia were produced from organisms exposed to the

same photoperiod and culture densities at 19C. After exposure to short

day-lengths, ephippia were formed in the second generation and production was

not influenced by external metabolites. The authors concluded that the density

dependent ephippial response was related to an increased encounter rate between

females at higher densities.

Doma (1979) reports that ephippia of D. magna were mass produced by

reducing the supply of algae to cultures which had been supplied daily as

supplemental food to cultures containing a phyto/zooplanktonic food source in

association with snails (Limnaea stagnalis) and a detritus feeding Ostracod (Cypris

sp.). Chinese cabbage (Brassica chinensis) leaves were regularly introduced,

floating on the culture medium as an additional nutrient source. Reducing the

supply of algae to weekly feeding intervals forced females to feed mainly on

zooplankton and bacterial food sources which existed in the cultures. This led to

the increased production of males and sexual females. Cultures were situated in a

greenhouse with a supplemental light intensity of 3000-5000 lux during a 12L:12D

photoperiod at 21-24*C.

Stross and Hill (1965, 1968) have shown that the interactions between

photoperiod and an unknown factor related to population density, provide the

stimuli for D. pulex to switch to sexual reproduction. They used groups of 5 young
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Daphnia which were reared throughout life in glass vials (25 by 95 mm) containing

20 ml of lake water or synthetic substitute. Parthenogenetic or sexual broods were

counted every 2 clays and the adults were transferred to fresh medium containing

a suspension of 1.5 x 105 cells per ml of Chlamydomas reinhardi. Light intensity of

approximately 1350 lux was generated by "daylight" fluorescent tubes.

Clock-controlled switches regulated the cycles of light and dark. When maintained

at 190 C, the transitional reversal from parthenogenesis to sexuality was promoted

by 13.5L:10.5D. One-half of the broods were sexual at a photoperiod of

12.75L:11.25D at 190C and at 120C, it took 15 minutes longer of light. In their

experiments, crowding failed to induce sexual broods at noninductive

photoperiods. The authors suspect that the second stimulus may be either a lack

of food or an accumulation of metabolic products.

Ephippia can be produced under various wavelengths of light; however,

particular wavelengths may enhance ephippial production (Buikema 1968). It was

shown that blue light at wavelengths of 460-490 nm enhanced ephippial

production and as organisms aged, blue sensitivity increased. This is not totally

unexpected as blue light penetrates more deeply in pure water and would

represent most of the light proportionately in the water column (Hutchinson

1957).

3. Storage

Storage of the sexual eggs can affect the time or type of conditions which
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must be present to hatch them. Most researchers have stored the ephippial eggs

in the dark at various temperatures from 3.5C to 25C for short and long periods

of time. It appears that storage for long periods of time before activation is not

necessary for some species. With D. magna ephippial eggs can be revived as early

as five days after they have been cast front the female (Doma 1979).

Davison (1969) noted that some activation (about 15%) may be obtained

from eggs only 48 hours in total age based on the fact that ephippial eggs

collected at 24 hour intervals can be no older than 24 hours at the time of

collection and hatch after 24 hours of rehydration. Similar results were obtained

with undried ephippia transferred directly to the dark at the time of their

collection. Ephippial eggs are also long-lived as they have been known to remain

viable for up to 55 years in an old mud wall (Moghraby 1977, as cited in Moritz

1987) and up to 14 years in lake sediments (Moritz 1987).

4. Activation

The sexual eggs of many different species of cladocerans have been

exposed to varying conditions in order to induce hatching. It appears that the

various methods are species-specific and sometimes strain-specific. Furthermore

methods which work for one investigator are not necessarily constant when used

by another investigator even when the same species is involved.

Wood and Banta (1933, 1937) found that Daphnia cultured in the

laboratory did not need low temperature or desiccation to disrupt dormancy.
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They also tested sunlight as a stimulus but reported that the results were

inconclusive (Wood and Banta 1933). Wood and Banta (1937) found that the

largest numbers hatched from eggs that were continually immersed in culture

medium at room temperature, aerated by microscopic examination, and

transferred frequently to fresh medium. From 25 to 50% of the eggs hatched, and

as many as 65% hatched when aerated each day or when collected from particular

inbred clones. Moina macrocopa eggs hatched in the bottle in which they were

produced, while no Daphnia longispina sexual eggs hatched unless transferred to

new medium.

Light was identified as a stimulus by Pancella and Stross (1963) when they

exposed D. pulex to artificial light. Incubating the eggs with fluorescent light (65

ft-c) for a period of 100 days resulted in 4.0-50% of the eggs hatching. Eggs

treated similarly but incubated in the dark had only a 0-2% hatch. It was noted

that for eggs cultured in the laboratory, several weeks of storage at room

temperatures were required before a response to light was observed. A majority

of the sexual eggs hatched within 4 days.

Some researchers used stimuli not found in nature such as treatment of the

sexual eggs with hypochlorite (Pancella and Stross 1963). Pretreatment with a

1.0% solution of hypochlorite for 5 minutes and then exposure to light, permitted

the eggs to respond more immediately to light and thus break the period of

latency. The hypochlorite alone did not terminate the diapause of the eggs, but

seemed to reduce the dormant period and allow the light to stimulate
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development.

Light was essential for terminating diapause in laboratory strains of D.

pulex regardless of the temperature or duration of ephippial egg storage (Stross

1966). Eggs which had been stored in the dark at 21C hatched in large numbers

during exposure to constant light which lasted for periods of 27-83 days.

Approximately half of the 1400 ephippial eggs hatched. None of the 1300

ephippia maintained in the dark hatched. Significant hatches occurred even when

the eggs were exposed to light as briefly as one hour. The yield depended on

incubation temperature with higher yields at 12C as opposed to 21*C.

Stross (1965 and 1966) noted that a brief exposure to low temperature

apparently caused ephippial eggs to break summer diapause and become sensitive

to photoperiod. At 4C half of the embryos broke diapause. A higher

temperature of 120 C was only partially effective. The response at 4C in long days

(16L:8D) was nearly twice that for short day photoperiods (11L:13D). By

comparison, winter diapause was broken after five and one-half months at low

temperature (3.50C). Photoperiod control was weak in these experiments and may

have been modified by a variable associated with aeration of the embryos.

Stross reported in another paper (1969b) that termination of summer

diapause required two stages. The first stage was temperature with release

occurring marginally at 12C, maximally at 4C and not at all at 20C. Embryos

stored at 200 C for nine months in the dark required half as much incubation time

at 4C before becoming sensitive to light. Only embryos incubated in light were
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activated. More embryos hatched at long day-lengths (16L:8D) than at short

day-lengths (11L:13D). He also reported that the absolute requirement for light

persisted after 9 months of storage in the dark at 4C, but the photoperiod effect

disappeared. The second stage was unidentified, but may be proportional to the

density of the culture.

Stross (1971 a and b) discovered that light was required to terminate

diapause in D. pulex and that a single photoperiod might be sufficient. It was

shown that low temperature was not the only stimulus for breaking the light

refractory phase of diapause. Photosensitivity was demonstrated by embryos

placed in sealed containers in constant darkness and exposed first to low 02 and

then to high CO2 tensions together.

Another researcher used wet and dry cycles along with temperature shifts

to initiate egg development (Doma 1979). The ephippia of D. magna were

submerged under a floating trap to ensure constant hydration in a beaker at

20-22*C. This method which induced a 40-60% hatch within 5 days, was not

utilized by other researchers. Ephippia produced in the laboratory by this method

could be revived as early as five days after they were cast off the female. High

revivability was observed for one to two month old ephippia when hatched at

20-22C. This technique would seem to contradict the methods of revivability of

D. longispina which when stored dry, decreased their hatchability (Wood and

Banta 1933).

Davison is the only researcher to hatch 100 percent of the resting eggs of a
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pseudosexual strain of D. pulex (Davison 1969). This was accomplished by

removing the eggs from the ephippia and placing them in the dark. These eggs

only received two light stimuli, one at the time of their production and the second

at the time of their decapsulation and subsequent exposure. The response to light

increased to 100% within nine days of storage in the dark and remained at 100%

for up to 60 days storage (the end of his experiment) in the dark. The response

was not dependent on drying, and ephippia stored in the light did not reach 100%

response to illumination when decapsulated. Fluorescent light energy of 4500

ft-c-min was required for 100% activation. The effective wavelengths were

between 350 and 475 nm with 410 nm being the most effective. The energy

needed to initiate nearly 100% development at 410 nm was 2 x 106 ergs/cm2 .

Chilling the eggs resulted in the use of more light energy to reach 100% activation

than eggs stored at 240C.

A variation of this experiment was performed by Schwartz and Hebert

(1987). They used decapsulated ephippial eggs from 36 different clones

representing seven species. Although they did not achieve 100% hatches, some

generalities were observed. Arctic species required a low hatching temperature

(7C) whereas those from warmer climates hatched best at 14-21C. Variation in

hatching requirements was also observed in clones of a single species.

Wavelengths of light between 350 and 475 nm have been shown to be the

most effective wavelengths for activating ephippial eggs of D. pulex (Davison

1969). It took 2 x 106 ergs/cm2 to initiate nearly 100% development at 410 nm.
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This observation is similar to the results of Buikema (1968) who demonstrated

that light of wavelengths of 460-490 nm to be the most effective for the production

of ephippia. Prolonged exposure to red light was proven to be ineffective for

activating ephippial eggs (Davison 1969).

Moritz (1987) studied the hatching and viability (as measured by successful

hatching) of Ceriodaphnia pulchella ephippial eggs collected from various depths

in the sediment of a small, mesotrophic, meromictic, soft-water lake, Piburger See

in the Eastern Alps. Two benthic samples were taken at depths of 24m (anoxic

situation) and 14.5m (aerobic). The mud was sieved through a 150-gm mesh net

and the black ephippia with intact resting eggs were picked out. These ephippial

eggs were incubated in small petri-dishes at 19C and at a photoperiod of

1OL:14D in filtered lake water. Water was changed on the 5th, 11th, and 16th

days with the experiment being monitored daily for 4 weeks. The average

hatching success at site 1 (anoxic) was 61.1% (N=408) with a maximum of 85%

(N=20) in the 1-1.5 cm layer. The average hatching success at site 2 (aerobic)

was 41.5% (N=340) with a maximum of 61.8% (N=55) in the 2-2.5 cm layer. The

eggs from the upper layers of the sediment hatched over longer time periods. The

author attributes the difference in results between the anoxic and aerobic sites to

higher average temperatures and better oxygen conditions at the aerobic site. It

was assumed that better conditions at the aerobic site caused more ephippial eggs

to hatch prior to collection, leaving a greater proportion of less viable and empty

ephippia to be included in the samples. This assumption was supported by the
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fact that a lower ratio of intact to empty ephippia was found at the aerobic site.

In deciding how viable the sexual eggs were, Moritz assumed that a larger

proportion of non-viable eggs from the shallower site were used in the

experiments than from the deeper site due to the favorable conditions for

ephippial decomposition by microorganisms at the shallower site. He concluded

that since hatching conditions were more favorable at the aerobic site, eggs which

did not hatch were "diseased" or physiologically defective, and at the anoxic site,

more "healthy" eggs failed to hatch and remained in the sediment.

Carvalho and Wolf (1989) also looked at the hatchability of ephippial eggs

collected from lake sediments. They based their activation experiments on the

works of Davison (1969) and Schwartz and Hebert (1987), who found that

decapsulation of the eggs promoted hatching. The sediment samples were

collected in autumn and spring from two glacial lakes in Germany at water depths

of from 5 to 28m using a Kajak gravity corer (diameter 3.10 cm). The ephippia

were removed from the cores within 6 hours of sampling and kept in the dark at

4'C. The eggs were divided into two groups, intact and decapsulated, and placed

in continuous light (cool white light, 18 W m2 ) at three temperatures (6, 12, and

20 2C) in order to initiate activation. Only a small percentage (maximum

14.4%) of ephippial eggs hatched in any treatment with consistently fewer, if any

in the controls. Most hatching occurred at 12C and there was no significant

difference between the hatching success of ephippia collected during autumn and

spring. The hatching success was greater in intact ephippia than in decapsulated
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eggs which is the reverse of the findings of Davison (1969) and Schwartz and

Hebert (1987). Carvalho and Wolf attributed the low hatching success to three

possibilities: 1) inviability, 2) exposure to inappropriate conditions, 3) the

minimum dormancy period not having been achieved.

5. Synchronicity of activation

It is important in assessing the feasibility of using the ex-ephippio neonates

as toxicity test organisms, that the sexual eggs hatch in a synchronous manner.

For instance one neonate hatching every day for 100 days from a batch of 100

ephippial eggs would never provide enough organisms of the required age to

perform a toxicity test of the Mount and Norberg (1984) type. However, if large

numbers of neonates could be hatched in one day, enough organisms would be

available to initiate a toxicity test.

Davison (1969) commented that the ephippium may act to prevent

synchronous hatching. Since in nature, the ephippial eggs may be dried, the

primary significance of this stage in the life history resides in their capacity to

repopulate temporary bodies of water. To be an effective strategy, it is important

that development not proceed immediately or even synchronously after a long

period of storage. Disastrous results could occur to a temporary pond population

if a second dry period happened to precede ephippial egg production by the

population. The ephippial capsule acts to prevent highly synchronized activation

by constituting a very effective and probably variable obstacle to development.
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The production of ephippial eggs by a crowded population accomplishes two

objectives; individuals can continue reproductive activity while at the same time

sealing off the products so that they do not contribute further to the competition

for limiting factors in the environment. Viewed in this manner, ephippial egg

production becomes an important factor not only in the regulation of population

density, but also as the sole mechanism for continued reproduction in a

periodically unfavorable environment.

Other researchers have made references to synchronous hatches in their

studies. Doma (1979) found that rehydrated and continually submerged ephippial

eggs of D. magna hatched in high proportion by the 4th or 5th day. Stross and

Hill (1968) discovered that the termination of diapause of overwintering embryos

was surprisingly synchronous, considering the long duration of diapause

development. Synchronous activation was shown by D. pulex strains which were

monocyclic, autumnal, permanent lake types. Moritz (1987) noted that most

hatching of the ephippial eggs of C. pulchella occurred during the 3rd to 5th day

of incubation with a maximum on the 4th day for those eggs collected in the

uppermost layers of sediment (0-1.5 cm) under anoxic conditions. Eggs collected

from more aerobic conditions showed no distinct synchronism. Ephippial eggs

buried deeper in the sediments tended to lose this synchronism.

Deciding upon which experiments to perform on the ephippia of

Ceriodaphnia dubia requires a knowledge of their life history in the environment.

The Ceriodaphnia genus is mentioned many times in the literature. Pennak (1978)
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lists the genus as being a common open-water and limnetic form. Brooks (1959)

however does not include Ceriodaphnia in his list of regularly limnetic species. To

Hutchinson (1967), members of the Ceiodaphnia are pond forms. Michael (1962)

studied the seasonal events in a natural population of C. cornuta in a fish pond in

India. Bottrell and Newsome (1976) reported on resting eggs of C. megalops and

C. pulchella collected from the littoral region of a small lake in England. Burgis

(1967) studied the ecology of C. pulchella, C. reticulata, C. megalops and C.

laticaudata which are members of the zooplankton of Long Water, a rectangular

artificial lake approximately 30,000 m2 in area, or Wick Pond which is 12,000 m2 .

She referred to Ceriodaphnia as a summer genus. Individuals were found well into

autumn at water below 100 C, but did not reappear in the spring until

temperatures reached about 120 C. Some species were found bearing ephippia in

June and July which suggests a polycyclic life cycle. Moritz (1987) studied the

viability of ephippial eggs of C. pulchella from the sediments of a small,

mesotrophic, meromictic, soft-water lake in the Eastern Alps. Neill (1975)

performed competition studies on C. quadrangula which was collected from central

Texas ponds and lakes.

It appears that C. dubia is either mono or polycyclic in its life-cycle type.

The importance for understanding the life-cycle type for C. dubia is directly

related to the types of stimuli which will result in the production and activation of

the ephippial eggs.



CHAPTER III

METHODS AND PROCEDURES

Production of Ephippia

C. dubia were easily induced to produce ephippial eggs. One method

involved placing neonates and adults from the regular cultures and from

experiments carried out for other purposes, into 3.8 liter jars containing two liters

of reconstituted hard water. The organisms were initially fed 3 mls a day of YCT

(which is composed of a combination of yeast, the water extract of CerophyllR,

and trout chow) for the first week, 6 mls the second week and 9 mls from the

third week until the culture was harvested (usually after 4-5 weeks). These times

were adjusted depending upon how many animals had been put into the jars. The

jars were kept at 25C VC at 16L:8D and a low light intensity. Organisms

cultured in this manner have produced as many as 10-12 X 103 ephippia.

Another method used three culture container types: 1) one liter (quart

specimen) jars filled with 300 ml of reconstituted hard water (two cultures

produced 1181 and 1050 ephippia respectively) 2) 250 ml beakers, filled with 200

ml of reconstituted hard water (four cultures produced 1393, 1191, 1528, and 1164

ephippia respectively), and 3) Mason 66 or Ball C-24 wide mouth canning jars,

filled with 300 ml of reconstituted hard water (three cultures produced 1128, 1168,

and 606 ephippia respectively). These cultures were initially stocked with 50

27
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neonates, less than 12 hours old, and the cultures were never thinned (neonates

removed to maintain a specific density), nor were they crowded (the water volume

was never physically reduced to force crowding). The ephippia were produced

over a period of 50 days. In each case there were numerous ephippia produced

which contained no embryos and were not included in the counts given above.

The feeding regime was the same for all cultures and is outlined below:

Table 1. Feeding regime for the three culture container types.

Day Food Volume Food Type

Monday 8 mls algae* + CerophyllR**

Tuesday 2 mls YCT

Wednesday 8 mls algae + CerophyllR

Thursday 2 ms YCT

Friday 12 mIs algae + CerophyllR

*Selenastrum capricomutum: equal volumes of 3 + 7 day old algae

**CerophyllR prepared as a ration of 7.5 gms of CerophyllR per

liter of reconstituted hard water. Sixty 4l of the water extract of

CerophyllR added to each ml of the 0.4 optical density 3 + 7 day old
algae. Optical density determined at 750 nm, with 16.8 mm light
path.

***YCT prepared following procedures used in EPA's Duluth, MN

laboratory (Personal communication, T.J. Norberg-King).

The cultures were harvested at approximately 4-5 weeks. At this time an

equilibrium had been reached when the food provided to the cultures was just

enough to keep the animals alive and not enough for them to produce young or

ephippia.

Harvesting a culture involved removing the ephippia from the bottom of
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the jar. The culture jar (3.8 liter/1 gallon flint glass jar) was siphoned down to a

volume of about one liter. After swirling the jar to mix the ephippia,

approximately 300 mls of this water was poured into a 600 ml beaker. The

contents were allowed to settle and then the beakers were swirled in a circular

motion. The ephippia, which were on the bottom, congregated in the middle of

the beaker while most of the detritus collected around the sides of the beaker.

Once a significant number of the golden-brown ephippia were gathered in the

middle they were removed with a 10 ml pipette and released into another 600 ml

beaker which contained approximately 200 mls of reconstituted hard water. This

procedure was performed until all of the ephippia had been removed from the jar.

This procedure separated most of the detritus and all live animals from the

ephippia. The ephippia, so harvested, were then ready for storage, counting, or

transfer to experimental beakers. The removal procedure was accomplished in a

darkened room. Illumination was provided by a 25 watt red light bulb. Although

it is not clear whether a brief exposure to white or red light activates the embryos,

a red light was used.

Experimental methods

1. Light and temperature

A total of 24,901 ephippial eggs, which were produced over 50 days in 3

liter flint glass culture jars were stored in complete darkness for 21 days at 25C.

These ephippia were exposed to three different combinations of photoperiod and



30

temperature. The combinations of light and temperature were 25C at 16L:8D,

15C at 12L:12D, and 7C at 9L:15D (Table 2). The light source utilized at the

16L:8D photoperiod was 40 W "daylight" fluorescent bulbs at an intensity of

2500-3000 lux. The light sources at photoperiods 12L:12D and 9L:15D were

produced by 25 W soft white bulbs partially covered with a green trash bag to

avoid directly illuminating the beakers. Beakers (250 ml), covered with plastic

wrap, containing 200 ml of reconstituted hard water (RHW) and approximately

one thousand ephippial eggs each, were rotated at two week intervals through a

set of light and temperature combinations emulating seasonal variation (Table 2).

Table 2. Experimental conditions for light and temperature experiment.

Stage Photoperiod Temperature

(light:dark) (C)

Summer I 16:8 25

Fall 12:12 15

Winter 9:15 7

Spring 12:12 15

Summer II 16:8 25

The rotation started at the summer phase (25C at 16L:8D) and moved to the fall

(150C at 12L:12D), winter (7C at 9L:15D), spring (15C at 12L:12D), and back to

summer. Twenty-six beakers were started at various stages and progressed to the

summer stage. Two beakers remained at each stage to serve as controls. The

beakers were observed daily under a white fluorescent lab light, and any ex-
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ephippio neonates were removed and subsequently cultured.

2. Short-term light exposure experiment

A review of the literature on the conditions for hatching ephippial eggs

indicate most studies have concentrated on exposing the eggs to long periods of

light. Stross (1969b) reported that a short period of one hour exposure lead to

successful hatching. A two week experiment was performed using ephippial eggs

which had been exposed to a brief period of white light. Thirteen, 250 ml beakers

filled with 150 ml of reconstituted hard water and 100 ephippial eggs each, were

exposed to 40 W daylight fluorescent light at periods of 1, 3, and 6 hours, and

light-dark-light periods of 1-4-1 and 3-2-1 at a temperature of 25C. Each beaker

was covered with clear plastic and two beakers were used as replicates for each

light exposure. After the exposure to white light, all beakers were placed in a

styrofoam container within a cardboard box to eliminate light. Three control

beakers were never exposed to white light. The box containing the eggs was

stored at room temperature (23-25C), and the ephippial eggs were examined

daily for hatching under a 25 watt red light.

3. Short-term temperature exposure

After harvesting a culture at 250 C under red light and washing the

ephippial eggs in RHW that was approximately 20C, neonates appeared in the
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storage beakers 3-4 days later. Assuming that the reason for the hatch was the

sudden change in the temperature of the water when new media was poured over

the eggs, an experiment was performed to assess whether or not a sudden

lowering of the temperature would prompt the ephippial eggs to hatch. Five, 250

ml beakers filled with approximately 150 mls of reconstituted hard water were

chilled to temperatures of 200, 150, 10, and 5C. A control temperature of 25C

was also used. The beakers were inoculated with approximately 100 ephippial

eggs each, which were no older than 17 weeks. The ephippia had been stored at

25'C in constant darkness prior to the experiment. The ephippial eggs were

observed daily for hatching and the experiment lasted for one month.

4. Moritz simulation

According to Moritz (1987), a high yield of Ceriodaphnia pulchella neonates

were hatched by exposing them to 10L:141D at 19C. These ephippial eggs were

obtained from lake sediments and yields from 61-85% were obtained after

exposure to these conditions. Ephippial eggs cultured in the laboratory were

exposed to the same conditions that Moritz (1987) used in his experiment. Three

petri dishes (9 cm in diameter and 1.5 cm deep) were inoculated with several

hundred ephippial eggs each and put into an incubator with a photoperiod of

1OL:14D (25 W cool white bulb) and a temperature of 19C. The ephippial eggs

were no older than 13 weeks and were used immediately after harvest. Water

changes with reconstituted hard water were made on days 5, 14, and 21. The
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ephippial eggs were observed daily for hatching over one month.

5. Attempted hatching of old laboratory-produced ephippial eggs

Two possibly significant differences between Moritz's experiment and the

previous experiment were that Moritz's ephippial eggs were older, as they were

collected from lake sediments, and they were brought from a lower temperature at

the bottom of the lake, to a higher incubation temperature of 19C. In an

attempt to mimic the change of moving old ephippial eggs from a colder

temperature to a warmer temperature, several hundred ephippial eggs of at least

four years of age which had been refrigerated in a hydrated condition, were

exposed to the hatching conditions used by Moritz. The eggs were placed in petri

dishes at a photoperiod of 1OL:14D (25 W cool white bulb) and a temperature of

19*C. Several hundred of the old laboratory eggs were also exposed to a

photoperiod of 16L:8D at 25C. Water changes were made with reconstituted

hard water on days 5, 12, and 19. The ephippial eggs were observed daily and the

experiment lasted for one month.

6. Ephippia produced from females fed an algae diet

A preliminary study was performed to evaluate the possible effects on

sexual females and the ephippia produced, according to the diet they were fed.

Some researchers (Goodwin 1960 and Herring 1968 a and b) as cited in Davison

(1969) have suspected that carotenoids or their derivatives are photoreceptors and
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are responsible for receiving the stimulus which initiates neonate development

within the ephippium. Davison (1969) suggested that carotenoid-free ephippial

eggs may not require light for the initiation of development if light activation of

the ephippial egg proves to be a release from inhibition. All of the ephippial eggs

used in the light and temperature experiment which emulated seasonal variation,

were produced by feeding sexual females YCT which is a low carotenoid diet. If

carotenoids are photoreceptors and their presence in ephippial eggs causes the

eggs to become sensitive to light, this may explain why so few ephippial eggs

hatched in the light and temperature experiment. Since it was already known that

females fed a diet of YCT had low hatching yields as evidenced by the light and

temperature experiment, an experiment was performed using ephippial eggs

produced from females fed an algal diet high in carotenoids.

One, 500 ml jar was filled with 360 ml of reconstituted hard water and

inoculated with approximately 40 individuals that were less than 24 hours old.

The culture was fed 6 mls/day of Selenastium capricomutum and the water extract

of CerophyllR for approximately 4 weeks. The culture was subsequently harvested

and approximately 100 ephippial eggs were divided into two petri dishes. One

petri dish was exposed to a photoperiod of 1OL:14D at 19C, and the other to

16L:8D at 25'C. Water changes with reconstituted hard water were made on days

5, 12, and 17. The ephippial eggs were observed daily for hatches and the

experiment lasted for one month.
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7. YCT vs Algae diet

This experiment was a modification of the experiment in which females

were fed an algal diet in that two cultures were fed different diets under the same

experimental conditions. An experiment was performed to test whether or not

ephippial eggs, produced from sexual females on a diet of algae, would hatch in

greater proportion than the ephippial eggs produced from sexual females on a

YCT diet.

Two, 3.8 liter flint glass jars were filled with 0.75 liters of reconstituted hard

water and 0.75 liters of Trinity River water and inoculated with adults and

neonates from cultures maintained at a photoperiod of 16L:8D at 25C. One

culture was fed Selenastrum capricomutum plus the water extract of CerophyllR,

the other YCT. 'The algae diet was prepared according to Knight and Waller

(1992) and fed at a rate of 9 mls/day. The YCT was made according to the EPA

methods. The feeding rate for YCT was 6 mls/day for the entire experiment. The

ephippia which were produced were harvested after approximately 5 weeks and

stored in constant darkness at room temperature for 11 days. The ephippia were

then divided into two petri dishes per diet group and exposed to two different sets

of light and temperature conditions: 1OL: 14D at 19C and 16L:8D at 25C. No

water changes were made. The ephippial eggs were observed daily for hatches

and the experiment lasted for one month.

8. Drying and freezing
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Many references in the literature have been made concerning the use of

drying as a prerequisite for hatching of ephippial eggs. In order to assess the

influence of drying time and the importance of light, a 17 day experiment was

performed in which a batch of ephippial eggs was dried on day one. Each day

two beakers (containing approximately 50-100 ephippial eggs each), one from

constant light conditions and one from constant dark conditions were rehydrated.

The ephippial eggs were observed daily for hatches.

To further assess the effects drying time may have on the hatching success

of the ephippial eggs, beakers of 1000 dried ephippial eggs were stored between

13 and 26 days under constant darkness at 25*C. Two beakers were hydrated

each day and observed for hatching.

Another experiment involved six different activation conditions for a period

of 14 days using 3 replicates for each condition with approximately 1000 ephippial

eggs each. The experimental conditions for the dried ephippia were constant light

at 25'C, 16L:8D at 25*C, constant darkness at 25C, frozen dehydrated, and

constant light 40C. Frozen hydrated was another condition that was also used. All

ephippial eggs were subsequently dried again for 14 additional days in constant

light, and were rehydrated and observed for any additional hatches.

To see what type of effect storage in water would have, ephippial eggs

were stored for 14 days in 12L:12D at 20C, constant darkness at 20C, and in the

refrigerator at 4'C. The ephippial eggs were subsequently exposed to 18L:6D at

25*C and observed daily for hatches.
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9. Humidity

Ephippial eggs dried in a natural environment would have been subjected

to a variety of relative humidities. To examine the effect humidity might have on

the hatching success of dried ephippia, the following experiment was performed.

Two thousand dry ephippial eggs were stored in conditions ranging from 3.2-100%

relative humidity. The relative humidity and pressure of aqueous vapor of air

were controlled by equilibrating air above aqueous solutions of sulfuric acid. The

ephippial eggs were stored for 14 days in the spaces above the solutions at a

temperature of 20C. After 14 days, the samples were rehydrated and observed

daily for hatches.

The relative humidity of 100% was used in another experiment to evaluate

the effects of storage and exposure to two different photoperiods and

temperatures. Five beakers of ephippial eggs were stored in 100% relative

humidity for 14 days at 20*C in 12L:12D. They were subsequently rehydrated and

exposed to 18L:6D at 25C.

10. Stains

One problem which has been common to all the ephippial hatching

experiments undertaken has been the low percent hatch achieved. The low

hatching success of the light and temperature experiment prompted the question

of whether or not the ephippial eggs were alive and if so, were they fertile?

Several different types of stains were utilized in an attempt to answer these
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questions. Light microscopy was utilized in conjunction with the following vital

stains: rose bengal, methylene blue, toluidine blue, and trypan blue. The stain was

applied to eggs which had been removed from the ephippium, as the ephippium

tended to absorb the stain and obstruct the view of the egg. The eggs were

viewed on a Nikon microscope at 10OX.

An attempt was made to clear the eggs with a 1:1 ratio of glycerol-water

solution with subsequent staining in order to improve light and stain penetration

into the egg. Berner (1985) used a 1:1 glycerol-water solution to clear individuals

of C. dubia. It was hoped that the glycerol might clear the dark brown mass of

the egg and allow the stains to show the cleavage lines of the embryo.

Ultraviolet microscopy utilizing the fluorescent dyes, fluorescein diacetate

(FDA) and propidium iodide (PI), were used to test for egg viability. These dyes

have been used in assessing the viability of Giardia cysts (Schupp and Erlandsen,

1987). The two acetate groups of FDA are cleaved by nonspecific esterases and

yield the polar molecular fluorescein, which fluoresces bright green at an

excitation wavelength of 450-490 nm. An intact lipid bilayer slows the leakage of

the fluorochrome from within intact cells, while damaged cells cannot retain or

accumulate the fluorochrome. PI has not been shown to traverse intact cell

membranes and will only stain cells with disrupted or broken membranes (Schupp

and Erlandsen, 1987). The PI fluorochrome is specific for double-stranded nucleic

acids and upon intercalation, results in a maximum excitation peak at 530 nm and

fluoresces bright orange at a wavelength of 490 nm. In the assessment of Giardia
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cyst viability, FDA was used as a diagnostic stain for live cysts and PI a diagnostic

for dead cysts.

The stains were prepared according to Schupp and Erlandsen (1987). A

stock solution of FDA was made by mixing 10 mg with 1 ml of acetone. A

working solution was prepared by adding 0.04 ml of stock solution to 10 ml

Dulbecco phosphate-buffered saline at pH 7. A stock and working solution of PI

was made by mixing 0.5 mg with 50 ml Dulbecco phosphate-buffered saline at pH

7.

The fluorescent stain, 4'6-diamidino-2-phenylindole (DAPI), has been used

to differentiate bacteria from detritus in lake grab samples (Porter and Feig,

1980). It is highly specific for DNA under a wide range of conditions. The DNA-

DAPI complex fluoresces a bright blue at a wavelength of 365 nm. This stain was

also used in the hope that chromosomes would be highlighted. It was made up

according to Porter and Feig (1980). A concentrated stock solution (1.0 mg/ml)

was made up and stored at 00C. A working solution was made by diluting the

stock solution to 0.1 gg/ml and storing at 40C.

Penetration into the egg proved to be a problem, and two agents,

dimethylsulfamethoxazol (DMSO) and dimethylformamide (DMF), were added to

the FDA and PI stains in order to increase the penetration of these dyes into the

eggs. The concentrations of DMSO and DMF used were 10% and 50% with each

stain.
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11. Population dynamics

The question of whether the eggs were alive is a difficult one, as is the

question of whether or not they were fertile. In order for the eggs to be fertile, a

significant number of males must exist to fertilize the sexual eggs of the females.

A five week study was performed in order to look at the population dynamics in

culture jars. Ten 500 ml culture jars containing 360 ml of RHW were used in the

population study. Fifty, third-brood neonates were added to each culture jar. The

organisms were fed at a constant rate of 6 ml per day of Selenastrum

capricomuum and the water extract of CerophyllR according to Knight and Waller

(1992). At the end of each week, two jars were preserved with 4% formalin and

80 g/l sucrose solution according to the methods of Haney and Hall (1973). The

number of males, females, and ephippia for each week (sample) were determined

by sampling with replacement according to the following procedure:

1) achieve a homogeneous mixture in a 250 ml beaker

with a small stir bar

2) take one subsample and divide the total sample

volume by the subsample volume to give a multiplying

factor

3) multiply the number of organisms and eggs (counted

under a Nikon microscope at 10OX) in the subsample

by the multiplying factor to give a total for that

subsample
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4) return subsample back to original sample

5) take another subsample and perform steps 2-4 again.

6) average the two subsamples to give a total average

number of organisms and eggs for that sample or week

of the study



CHAPTER IV

RESULTS AND DISCUSSION

Four parameters have been consistently linked to ephippial egg production:

crowding, dramatic drops in food concentration, photoperiod, and temperature.

D'Abramo (1980) narrowed the factors to one. He hypothesized that a rapid

decline in the ingestion rates of reproductive females prompted them to produce

males and sexual eggs.

A variety of methods have been investigated and utilized in hatching the

ephippial eggs of several different species. Generally, hatching the organisms has

not proven to be too difficult. However, the various methods have differed in the

quantity of ephippial eggs hatched and were often species-specific, strain-specific

and even varied from one investigator to the next. Many clues as to possible

conditions in which to expose ephippial eggs for a maximum number of hatches

were obtained from the literature. Such conditions ranged from varying light and

temperature to freezing and drying. Following is a discussion of the results and

conclusions of the experiments performed in this study.

The baseline experiment for this study was the light and temperature

experiment. A total of 6 neonates hatched from 24,901 ephippia (Figure 2).

These 6 neonates came from only 2 beakers: beaker 18 at a photoperiod of

9L:15D at 7*C (winter) and beaker 22 at a photoperiod of 12L:12D at 15*C

42
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(autumn or spring).
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Figure 2. Ceriodaphnia dubia ephippial egg hatching success of the light and
temperature experiment emulating seasonal variation. Each beaker contained
1000 ephippial eggs. Hatches are represented by numbers within circles.

Both hatches were synchronous in that all hatches occurred on the same day in

beaker 22 and within 2 days for beaker 18. Hatching in beaker 22 took only 4

days. This short activation time of 4 days is consistent with other researchers'

reports of ephippial egg hatching (Pancella and Stross 1963, 3-5 days for eggs in

anoxic conditions, Moritz, 1987). It would not be unusual in a natural population

of zooplankton for ephippial eggs to begin hatching after exposure to spring-like

conditions after being dormant in cold temperatures and a short photoperiod.

What is unusual about these data is the extremely low percentage of hatching and



44

the fact that 3 neonates hatched in the winter stage (beaker 18). Generally the

winter represents a part of the year in which ephippial eggs and plankton

populations are dormant. If the combinations of photoperiod and temperature do

indeed represent seasonal cycles, then it would seem that a greater hatch would

have occurred in the other stages besides winter.

In contrast to long photoperiods, a brief exposure of ephippial eggs to

short-term light periods of up to 6 hours with subsequent storage in total darkness

at 25*C, failed to produce any hatches after one month of observation (Figure 3).

This experiment was based on that of Stross (1966) who was able to initiate

hatching after only one hour of exposure to white light. This method differed

from those of other investigators in that only a brief period of light was used.

0 hours 1 hour hours 1 L4D:I L 3 L:2D:1 L hours

1 2 3 4 5 6 7 8 9 10 11 12

Beaker

Figure 3. Ceriodaphnia dubia ephippial egg hatching success of the short light
exposure experiment. Each beaker contained 100 ephippial eggs. No hatches.
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At the end of this experiment (one month), the beakers were exposed to lOL:14D

at 19'C for an additional month to see if a change in the conditions might prompt

hatching. No hatches occurred (Figure 4).

Oto, bur Blham I LA4OrIL 3 L2 MIL Sluex
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IOLI4D 19'C
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1 2 3 4 66 78& 610 11 12

Figure 4. Ceriodaphnia dubia ephippial egg hatching success of short light
exposure experiment with subsequent exposure to the conditions utilized by Moritz
(1987). Each beaker contained 100 ephippial eggs. No hatches.

After harvesting several cultures, ex-ephippio neonates appeared a few days

later in the storage beakers after residing in constant darkness at 25C. An

experiment was performed in order to duplicate the hatching conditions under a

controlled situation. Plunging ephippial eggs into beakers of reconstituted hard

water of varying temperature simulated the fact that the harvested eggs were

poured into RHW of a lower temperature than their culture water. No hatches

occurred after one month of observation (Figure 5).
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Figure 5. Ceriodaphnia dubia ephippial egg hatching success of short temperature
exposure experiment. Each beaker contained 200 ephippial eggs. No hatches.

It is interesting to note that the two beakers in which hatching occurred in the

light and temperature experiment, were exposed in a similar manner. Beakers 18

and 22 were both taken from constant darkness at 25C and exposed to a lower

temperature. Beaker 18 was a control for the winter condition (70C) and was

never advanced to other light and temperature combinations. Beaker 22 started

at the spring condition (15C) where all of the hatches occurred, and advanced to

the summer simulation with no additional hatches. Since this hatching event

utilized a photoperiod in addition to a drop in temperature, as contrasted with the

experiment in which only a drop in temperature was manipulated, it would seem

to suggest that photoperiod has a greater influence on hatching than temperature.

No hatches were observed from ephippial eggs exposed to 1OL:14D at 190 C

during the one month experimental period (Figure 6). This experiment attempted
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to simulate the conditions utilized by Moritz (1987) on the successful hatching of

ephippial eggs of Ceriodaphnia pulchella. The 1OL:14D photoperiod at 19C does

not appear to be an appropriate condition for hatching ephippial eggs of C. dubia

as other experiments in this thesis (hatching attempts of old laboratory-produced

eggs, ephippial eggs produced from females fed an algae diet, and YCT vs. algae

diet) under this condition also resulted in no hatches.

10L:14D 19*C

000
1 2 3

Replicate

Figure 6. Ceriodaphnia dubia ephippial egg hatching success utilizing the

conditions employed by Moritz (1987). Each replicate contained 200 ephippial
eggs. No hatches.

Two sets of ephippial eggs produced in 1987 and refrigerated until
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February 1992, were exposed to 1OL:14D at 19C and 16L:8D at 25*C, with no

observable hatches (Figure 7).

16L8D 250C 1OL:14D 190C

1 2

Replicate

Figure 7. Ceriodaphnia dubia ephippial egg hatching success of ephippia produced
in 1987 and 1988 and exposed to two different hatching conditions. Each replicate
contained 200 ephippial eggs. No hatches.

Since Moritz (1987) used ephippial eggs which had been recovered from lake

sediments and subsequently exposed to higher temperatures, it was thought that

the ephippial eggs of C. dubia might require similar conditions. Ephippial eggs

which had been stored in a refrigerator were chosen, as this somewhat mimicked,

at least in terms of temperatures, the ephippial eggs residing in the cold

temperatures at the bottom of a lake. Subsequent exposures to temperatures of

190 C and 25'C would then have emulated the possible warming conditions that the

ephippial eggs of C. pulchella experienced.

As shown in Figure 8, only one ephippial egg hatched from a preliminary

experiment which investigated the possibility that greater hatches of ephippial eggs
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could be achieved by feeding the ephippial females a high carotenoid diet of

algae.

16L:8D 250 C

I
1

IOL:14D 19PC

2

Replicate

Figure 8. Ceriodaphnia dubia ephippial egg hatching success of an experiment in
which ephippial females were fed a high carotenoid diet of algae. Each replicate
contained 200 ephippial eggs and were exposed to two different sets of hatching
conditions.

The single ex-ephippio neonate hatched after 22 days at a photoperiod of 16L:8D

and 25'C. This was unusual as other ex-ephippio neonates which had hatched

from this condition in other experiments usually took only 3-4 days. The result of

a single hatch out of several hundred does not seem to be a convincing argument

for a higher yield of ex-ephippio neonates from ephippial females fed on high

carotenoid diets.

Figure 9 portrays the results of an experiment which further investigated

---------------------------------------------
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the possible idea of ephippial females on high carotenoid diets producing

ephippial eggs with a higher hatching success than ephippial females on low

carotenoid diets.

YCT Algae

3 02)

18L:8D25C 10L14D19*C 16L8D25C 1IOL:4DIC

Figure 9. Ceriodaphnia dubia ephippial egg hatching success of an experiment in
which ephippial females were fed one of two diets, YCT or algae. Each replicate
contained 200 ephippial eggs and were exposed to two different sets of hatching
conditions.

Two ephippial eggs hatched in the algae diet group, and 3 hatched in the YCT

diet group at a photoperiod of 16L:8D at 25*C. No hatches occurred in the two

groups at a photoperiod of 1OL:14D at 190 C. The hatches were synchronous in

that all 5 hatched on days 3 and 4 after exposure. These results seem to suggest

that an ephippial female fed a low carotenoid diet of YCT can produce ephippial

eggs which are as responsive to a light and temperature stimulus as those on a

high carotenoid diet of algae. It would appear that the diet of the ephippial

females was not a cause for a low hatching yield in any of the experiments
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utilizing light and temperature.

The possibility exists that the ephippial eggs not only have to go through

appropriate photoperiod and temperature conditions emulating seasonal variation,

but also their physical integrity may need to be altered as in drying and freezing.

The results given in Figure 10 were from a preliminary experiment designed to

look at activation time and condition on hatching success. In this experiment, no

consistent differences in hatching success were observed between constant light

and constant dark activation. There was a tendency for those ephippial eggs dried

for at least ten days to be more consistent in percent hatch, although the highest

percent hatches were observed at four and six days hatching times. The average

percent hatch for drying times between 10 and 17 days was 8.6%. The average

percent hatch for drying times between 1 and 9 days was 5.0%.

U.91. Ii IA 0 l62 l 2 0 7A 3.2 14* 2. 15 0 2

1 2 & 4 5 7 8 9 10 11 1 1 14 15 10

DuV

Figure 10. Ceriodaphnia dubia ephippial egg hatching success as a function of
drying time. The height of the bars represent percent hatch which is shown below
the bar. Light refers to exposure under conditions of constant light, while dark
refers to exposure under conditions of constant darkness.
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However, if the 27% hatch for 4 days drying time and the 24.2% hatch for 6 days

drying time are removed from analysis, the average percent hatch between 1 and 9

days is 2.5%.

Figure 11 presents data from an experiment designed to examine the

influence of activation time on hatching success.

Day-13 Day-.14 Day-15 Day-16 Day-18 Day-20 Day-22 Day-24

Figure 11. Ceriodaphnia dubia ephippial egg hatching success as a function of
drying time. The height of the bars represent percent hatch. Light refers to
exposure under conditions of constant light, while dark refers to exposure under
conditions of constant darkness.

Day-26
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In this experiment, activation time ranged between 13 and 26 days. Activation

conditions were the same for all treatments, 25C and constant darkness. The

average hatching success was 5.6%, except for one sample dried for 18 days and

one dried for 20 days where debris from the mass culture in which the ephippia

were originally produced interfered with hatching. Of the total of 888 ephippial

eggs hatched in this experiment, 98.3% were hatched in the first two days of

hatching, and this occurred on the average 2.2 days after hydration.

Figure 12 includes data from an experiment designed to evaluate the

influence of activation conditions on hatching success for a given activation time of

14 days. These data suggest that drying and the temperature at which drying

occurs are important influences on hatching success. The samples which were

frozen dehydrated hatched at a rate of between 0 and 0.6%. Those frozen

hydrated hatched between 0.1% and 1.8%, while those dried in constant light at

4VC had a hatching success of between 0 and 2.3%. This is contrasted with

ephippial eggs dried in constant light at 25C which had a hatching success

between 4.5 and 5.3%. The ephippial eggs activated under 16L:8D photoperiod

at 25*C had a hatching success between 5.7 and 6.1%. Therefore, the differences

between constant light, constant darkness, or photoperiod activation are small

compared to temperature of activation. The ephippial eggs which were not

hatched, were dried for 14 days in constant light, rehydrated and observed for

additional hatching. Of the approximately 17,500 ephippia redried and

rehydrated, only one additional neonate was produced. This observation, hatching
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confined to a narrow window, has been consistent over several experiments and is

important relative to the potential use of ex-ephippio neonates in short term

chronic tests.

Replicato

4.5 4.2 5.7

2

5.839.4 6.1

5.1 4.8 6.1 0.1

7

1.8 1.8

TRT-i TRT-2 TRT-3 TRT-4 TRT-56

Treatment

Figure 12. Ceiiodaphnia dubia ephippial egg hatching success as a function of
storage conditions. The height of the bars represent percent hatch. REP1, REP2,
and REP3 stands for replicate samples exposed to the following conditions
indicated by the treatment (TRT-1, etc.): TRT-1 dried, constant light, 25*C;
TRT-2 dried, 18:6 photoperiod, 25'C; TRT-3 dried, constant darkness, 25'C;
TRT-4 frozen dehydrated, constant darkness; TRT-5 frozen hydrated, constant
darkness; TRT-6 dried, constant light, 4'C.

A similar experiment to the one in which ephippial eggs were dried at

I

4-
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different temperatures, involved using ephippial eggs stored in water for 14 days.

Three different storage conditions were used: 20C, 12L:12D; 20*C in constant

darkness; and 40C in refrigerator. After 14 days, the ephippial eggs were placed

under a photoperiod of 18L:6D at 25*C. The largest percentage (2.2%) hatched

under the 20C, 12L:12D condition. However, most (42 out of 44) of the

neonates which hatched from this condition after the first day of rehydration, may

actually have been organisms which survived harvesting and storage for 14 days.

If the first day "hatches" were omitted, the percent hatch would fall from 2.2 to

0.1%. The ephippial eggs stored at 20*C and constant darkness had a 0.9% hatch,

while the eggs stored at 4C in the refrigerator had a 1.2% hatch. Storing the

ephippial eggs in water did not seem to improve hatching.

In a natural environment, eggs which are exposed to air and dried are

subjected to a wide range of humidities. In order to see what effect different

humidities might have on dried eggs, approximately 2000 ephippial eggs were

stored in humid conditions ranging from 3.2-100% relative humidity. Using

different densities of sulfuric acid, differing relative humidities were obtained in

the space above the solution. The ephippial eggs were stored in the spaces above

the solutions at a temperature of 200 C for 14 days. The samples were rehydrated

after 14 days. Three days after rehydration, six neonates hatched. The hatches

were spread out over the range of relative humidities from 8.5-100% with the

100% relative humidity having the highest hatch of 2 neonates.

The relative humidity of 100% had the most hatches and was used in an
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experiment to evaluate the effects of storage and exposure to two different

photoperiods and temperatures. Five beakers of ephippial eggs were stored in

100% relative humidity conditions for 14 days at 20C in 12L:12D. They were

subsequently rehydrated and exposed to 18L:6D at 25*C. The ephippial eggs

hatched over 1-7 days with the majority hatching on days 3 and 4. The results can

be seen in Table 3. Beakers 2, 3, and 4 contained ephippial eggs which were

produced by ex-ephippio mothers. Although these beakers contained fewer

ephippial eggs than beakers 1 and 2, these data seem to suggest that ephippial

eggs produced by ex-ephippio mothers, hatched faster and in larger numbers than

those produced by parthenogenetic mothers (beakers 1 and 2).

Table 3. Number of ephippial eggs which hatched from 100% relative humidity.

Beaker Number of Number Hatched Percent Hatch (%)
Ephippia

1 1531 6 0.4

2 54 2 3.7

3 903 14 1.6

4 947 15 1.6

5 7458 68 0.9

Ex-ephippio females may have produced ephippial eggs which hatched

faster and in greater proportions than the ephippial eggs produced by

parthenogenetic females, but ex-ephippio neonates often appeared to be less

healthy or fit than their parthenogenetic counterparts upon several occasions.
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Experiments were undertaken in order to assess the health of ex-ephippio

neonates. These results are depicted in Figures 13a, 13b, and 13c.

op p3e5opRepRep372 Rep/1 Re9 RepO
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Figure 13a. Number of young of Ceriodaphnia dubia produced by ex-ephippio
neonates tested under conditions like those employed in routine toxicity testing.
The height of the bars represent the total number of young produced in 7 days at
250 C. The control set represents neonates from normal parthenogenetic culture
procedures.

These figures represent the total number of neonates produced per female over a

seven day period or when three broods had been released by an ex-ephippio

female during this same seven days. Numbers below each bar represent total

neonates produced cumulatively during this period. The row labeled control
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represent the number of neonates released from parthenogenetic females.
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Figure 13b. Number of young of Ceriodaphnia dubia produced by ex-ephippio
neonates tested under conditions like those employed in routine toxicity testing.

The height of the bars represent the total number of young produced in 7 days at
25*C. The control set represents neonates from normal parthenogenetic culture
procedures.

In these experiments every neonate which was hatched from an ephippium

was used. When an embryo develops within an ephippium, it is surrounded by

membranes, not unlike an embryo developing within a shelled egg. After the

neonate fully develops, it must "break" through these membranes before it can

swim freely and feed. The degree of difficulty encountered by the neonates in

breaking out of these membranes can be quite extreme.
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Figure 13c. Number of young of Ceriodaphnia dubia produced by ex-ephippio
neonates tested under conditions like those employed in routine toxicity testing.
The height of the bars represent the total number of young produced in 7 days at

25'C. The control set represents neonates from normal parthenogenetic culture
procedures.

Some organisms appear to break free with little or no effort while others have

been observed to die before they can successfully extract themselves from the

membranes. Therefore, since all neonates which hatched from the ephippia were

used in these experiments the overall condition of the neonates used was quite

varied. Some used swam quite erratically while others seemed to show normal

behavior. In the experiment in Figure 13a, 57% of the neonates used produced
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offspring, while 25% produced 2 15 neonates, and 8% produced 30 neonates.

In the experiment summarized in Figure 13b, 68% of the neonates used produced

offspring, 45% produced 15 neonates, and 25% produced 30 neonates. In the

experiment summarized in Figure 13c, 64% of the neonates used produced

offspring, 48% produced > 15 neonates and 14% produced > 30 neonates. These

data suggest several things about the use of ex-ephippio neonates as toxicity test

organisms:

* Ex-ephippio neonates can survive and reproduce under conditions

routinely used in short term chronic toxicity tests.

* The number of offspring produced by ex-ephippio neonates raised

under short term chronic toxicity test conditions can be as great or

greater than the numbers produced by parthenogenetic organisms

raised in normal laboratory culture conditions and tested
concurrently with the ex-ephippio neonates.

. The number of offspring produced by ex-ephippio neonates was

much more variable than the number of neonates produced by

parthenogenetic organisms raised in normal laboratory culture

conditions and tested concurrently with the ex-ephippio neonates.

This was in part due to the "use all the organisms produced"

experimental design used in these experiments, although it is not

known whether or not choosing only those organisms which showed

"normal" behavior would completely eliminate this variance.

Until the difficulties with the percentage hatch of ephippial neonates has

been overcome, a complete evaluation of this potential cannot be adequately

addressed.

The data presented in Figures 1-12 show that the single factor which has

prevented a thorough evaluation of the use of ex-ephippio neonates as test

animals in short term toxicity tests is the percent hatch of ephippial embryos. In
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an attempt to determine whether the problem in inducing development and hatch

of ephippial embryos was a function of how the ephippia were produced and

handled, the following series of experiments were undertaken in an attempt to

determine whether or not the ephippial eggs which were produced were fertilized

and if so were they still viable after storage and activation.

According to the literature if ephippial females are not fertilized, the sexual

egg will be either resorbed (Berner 1985, Banta and Brown 1929b) or shed with

the exuvium (Hutchinson 1967). With regards to C. dubia, Berner (1985)

performed several mating experiments. When twenty males were mated with 20

sexual females, only 3 were successful as a dark sexual egg was noted in the

ephippium. The definition of success was based on two previous observations of

females with a sexual egg in their ovaries. First, females released an empty

ephippium after isolation from males. Second, after one pair of C. dubia was

discovered mating, the sexual egg moved into the ephippial chamber

approximately 20 minutes later. Based upon these two observations, it was

concluded that a sexual egg is found in the ephippium only as a consequence of

mating.

In this study, several mating experiments were also performed. Nine sexual

females were isolated from males and cultured individually. On the second or

third day following isolation, four empty, clear brown ephippia were shed. Five of

the sexual females died without a sexual egg in the ephippial chamber and without

releasing an ephippium. Six sexual females were also isolated with one male each
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and cultured together. The following day, a dark sexual egg was noted in the

ephippial chamber of four females. It appears that the observations made in this

study agree with those of Berner (1985) in that a sexual egg is found in the

ephippium only as a consequence of mating and if the sexual egg is not fertilized,

it will be resorbed.

The low hatching successes prompted the question of whether or not the

ephippial eggs were alive and if so, were they fertile? Since staining is a classical

method in distinguishing viability and cellular contents, several stains were utilized

with light microscopy. It was hoped that internal embryo structures or cleavage

lines which might be an indicator of viability would be stained. The eggs, when

viewed Under a light microscope, proved to be too thick for light penetration and

showed up as a dark brown mass. The eggs appeared not to be taking up the

stain as they were always dark brown regardless of the stain utilized. Clearing of

the eggs was attempted with glycerol in an attempt to remove some of the egg

material and allow light and stain penetration. Glycerol cleared the eggs enough

for light penetration at concentrations of 25-50% ratios of glycerin to water, but

also distorted their shape so that they represented a disc with concave indentions

on each side similar to a red blood cell. No cleavage lines or cellular structures

could be seen.

Ultraviolet microscopy provided a potential method to avoid the problem

of light penetration into the embryo. Two fluorescent dyes, FDA and PI, were

used to ascertain viability in the ephippial eggs since they have been used with
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success on Giardia (Schupp and Erlandsen, 1987). The eggs by themselves

autofluoresce a light green. In all cases, the eggs failed to take up the stains. The

only exception was when an egg had been punctured while removing its

ephippium, the PI dye would stain the embryo bright orange which is an indicator

of death. The embryo probably died as a result of the puncture and the dye

entered through the puncture hole and stained the contents.

It appears that the egg membrane is relatively impermeable to foreign

substances, and dyes worked only when the membrane was physically ruptured. It

was interesting to note that the egg membranes appeared to take up the FDA and

PI stains. Two small, glowing, circular areas exactly opposite each other, were

also noted on the membranes. These may be cleavage points or cell boundaries.

Two agents, DMSO and DMF were added to the FDA and PI dyes in order to

improve dye penetration into the ephippial egg; however, none of the eggs were

stained.

Another stain, DAPI, has an affinity for bacterial chromosomes and has

been used to differentiate bacteria from detritus in lake grab samples (Porter and

Feig, 1980) and to analyze the gut contents of mosquito larvae (Walker et al.,

1988). This stain was applied to the eggs in the hope that chromosomes or other

internal structures might be highlighted. The stain did not penetrate the egg

membrane.

In addition to using stains in an attempt to evaluate whether or not

ephippial eggs were viable, a study was undertaken to evaluate whether or not
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males were present in the culture jars at a time when sexual females were

producing haploid eggs.

Table 4. Combinations of fluorescent stains used on ephippial embryos.

Vial Stain Dead Alive Staining Times

1 FDA no yes 1) 10 minutes
2) 24 hours

2 " " 1) 4% formalin no " "

2) boiled 10 minutes

3 PI no yes "_ __"

4 " " 1) 4% formalin no " "

2) boiled 10 minutes

5 DAPI no yes "

6 " " 1) 4% formalin no
2) boiled 10 minutes

Fertility could be affected by a small male to female ratio. Once a population of

sexual females and males had been established, encounter rates would have to be

high enough to assure that the eggs were fertilized. Swimming patterns and water

column dispersion would also have to be coordinated in order for sexual

reproduction to occur. No literature could be found which addressed the question

of whether or not in those studies reporting successful development of ephippial

embryos, those embryos which did not hatch were ever fertilized. It is important

to consider this, because if only 3 ephippial eggs are fertile out of every 1,000,

then a hatch of 3 from 1,000 would represent a 100% yield.

A population experiment was performed to assess the percentage of males
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present during the time period that ephippial eggs were being produced (Figure

14). Knowing the number of males in a population and at what time period they

begin to appear could provide information as to whether or not the sexual eggs

could have been fertilized.
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Figure 14. Ceriodaphnia dubia population dynamics experiment for a period of 5
weeks. Two replicate samples were taken for each week. Number represents the
total average number of individuals and ephippia per replicate.

Two culture jars were preserved at the end of each week for 5 weeks and the

number of females, males, and ephippial eggs counted. Males appeared rapidly in

the population. At the end of the first week, an average of 19 males (6.48%) out

4 5
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of a total average of 293 organisms was present. This finding was important as

males usually appear before the females shift to sexual reproduction (Hutchinson

1967, Pennak 1978, Hebert 1978). During the second week, an average of 148

males (6.9%) existed in the population. This was the highest average number and

percentage of males over the 5 week period. Weeks 3, 4, and 5 had averages of

101 (5.86%), 65 (4.76%), and 89 (5.52%) respectively.

Ephippial eggs were also produced during the 5 week experiment. No eggs

were produced during the first week. An average of 44 ephippial eggs were shed

at the end of the second week. As males were already available at this time

period, the possibility for the ephippial eggs being fertile existed. A small decline

was noticed for the third week as an average of only 18 ephippial eggs existed.

The fourth and fifth week contained the largest averages with 281 and 536

ephippial eggs respectively. So while a small number of ephippial eggs were

produced during the first three weeks, it was not until the fourth week that

production increased dramatically.

Some researchers (Stross and Hill 1965) reported that the production of

males seems to decrease with an increase in photoperiod. They used Daphnia

magna collected in the field and demonstrated that at 12L:12D and 13L:11D,

48.6% and 53.6% of the young born in the laboratory were males, respectively.

Changing the photoperiod to 14L:10D, 5.9% of the young were males and at

16L:8D, no males were produced. This is contradictory to the findings of this

research as the population experiment was performed under a photoperiod of
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16L:8D and males were produced although few in number. Stross (1969a)

reported that males of an arctic strain of I). middendorfiana are rare in nature

and in mid-August in his experimental source pool, 4.8% were males. At this time

of year, the sun is continuously above the horizon. It would seem that the number

of males in the population experiment was small, but in accords with the

literature.

It seems that based on this experiment, males and ephippial females are

present at the same time and that fertilization is possible. No literature could be

found regarding how many females one male can copulate with. If in a

population there existed only 5% males, and they could only copulate one time

with one female, then it would be reasonable to expect that only 5% of the

ephippial eggs were fertilized and had the chance to hatch. This does not seem

likely; however, as those researchers reporting data on males also reported higher

percentage hatches of ephippial eggs.

Why did so few ephippial eggs hatch?

To begin with, it may be that the appropriate light and temperature

conditions were not used and therefore the ephippial eggs were not activated.

This suggests that the environmental conditions are more specific and simply

lowering the temperature or altering the photoperiod is not enough to break

diapause and initiate hatching. A wide variety of temperature, photoperiod, and

exposure times were used in these studies although that does not mean the proper
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set of conditions were employed.

Another possibility for such a low yield is that most of the organisms that

were going to hatch, might have already hatched in the original culture jars. This

would leave only nonviable and a few viable ephippia to be harvested and

subsequently used in the light and temperature experiments. Stross (1969b)

reported that more embryos hatched at long day-lengths (16L:8D) than at short

day-lengths (11L:13D) in his experiments on D. pulex. It has also been shown that

a resting period or diapause is not needed and that neonates can hatch from

ephippial eggs as quickly as five days from the time that they were released from

sexual females (Davison 1969).

The harvesting conditions could also have contributed to a low hatching

yield. Eggs are harvested after the population of adults stop producing ephippia

and the population starts to decline. This usually occurred around the fourth or

fifth week. It is possible that the eggs needed more time in the low oxygen

environment at the bottom of a culture jar which might simulate the bottom

conditions of a lake. Moritz (1987), in hatching ephippial eggs from a lake

population of Cedodaphnia pulchella, noted that more hatching took place by

ephippial eggs collected from anoxic sediment (61.1% average) as compared with

those from more aerobic sediments (41.5% average). Stross (1971 a and b) also

found that embryos responded to light after being in constant darkness and then

exposed first to a low oxygen condition and then to high CO2 tensions together.
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The ephippial eggs may only respond to a particular intensity of light.

Some researchers recorded the intensities of light used in their hatching

experiments. Pancella and Stross (1963) reported using a fluorescent light

intensity of 65 ft-c for a period of 100 days which resulted in 40-50% of the

ephippial eggs of D. pulex hatching. Stross (1966) used 20-W "daylight"

fluorescent lamps to activate the ephippial eggs of D. pulex. Stross (1971) used

1000 to 2000 Iux "cool-white" fluorescent light in his experiments on D. pulex.

Schwartz and Hebert (1987) used an intensity of 20 W m-2 for hatching various

species of Daphnia. Davison (1969) hatched 100% of the ephippial eggs of D.

pulex with the use of 4500 ft-c of fluorescent light energy. Carvalho and Wolf

(1989) used 18 W m 2 in their experiments on hatching ephippial eggs of various

species of Daphnia from lake sediments.

A wide variety of light intensities were used in these experiments. Davison

(1969) commented that chilling the ephippial eggs resulted in an increased light

requirement, as the chilled eggs required about twice as much light energy to

reach 100% activation as did eggs exposed to 240C. It is unknown whether the

variety of light intensities used in these studies were the "proper" wavelengths;

however, ephippial eggs in these experiments were exposed to light intensities and

wavelengths which produced much higher percentage hatches in other studies.

It has also been shown in another study that ephippial egg activation varies

depending on the wavelength of light, with the maximum effective wavelengths

between 350 and 475 nm (Davison 1969). A variety of bulb types representing a
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broad spectrum of wavelengths were used in these experiments including the

wavelengths which Davison states are maximally effective for Daphnids.

It could be inferred that the ephippia itself prevented an adequate light

stimulus from reaching the embryos. The color of ephippial eggs is affected by

diet; however, as noted by Davison (1969), the color of the ephippia does not

regulate light reaching the embryos. In a short experiment, Davison exposed two

sets of ephippia to 500 ft-c of light for 3 hours. Under red light, one group was

decapsulated as was an unexposed group. A fourth group was neither exposed

nor decapsulated. Only the exposed and subsequently decapsulated eggs hatched

(75%). He concluded that the ephippial case is not a barrier to an adequate light

stimulus. Thus the color of the ephippia as a prevention of the light stimulus was

probably not a reason for the low yield observed in these studies.

The conditions the beakers were exposed to could have enhanced the

destruction of the ephippial eggs by improving the conditions for bacteria, fungi

and protozoa. This explanation was used by Moritz (1987) to explain why fewer

ephippial eggs hatched from a supposedly "better" environmental condition

(aerobic sediments) than from a "worse" environmental condition (anaerobic).

The higher temperature (25C) and the longer photoperiod (16L:8D) in the light

and temperature experiment could have provided optimal conditions for the

reproduction of other biota which might use the ephippial eggs as a food source.

The use of petri dishes in later experiments greatly reduced the growth of fungi

which occurred about one month after exposure in the 250 ml beakers.
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Since so few ephippial eggs in these studies hatched the basic question

remains, were they capable of hatching? Banta and Wood (1930) offer the best

explanation as to why so few hatched. They noted that few sexual eggs of

Daphnia longispina hatched after the strain had passed through a large number of

parthenogenetic generations. The researchers observed that sexual eggs and

offspring derived from these multi-generational parthenogenetic strains differed

markedly from the sexual eggs and offspring which had only passed through a very

limited number of parthenogenetic generations in that:

1) they had a lower hatchability

2) the hatched offspring showed lower viability

3) a much larger percentage of them were sterile

4) they vary more in their productivity of neonates

5) they exhibited a much wider variability in their rates of growth,

etc.

The authors believed that recessive lethal, sublethal, and other mutations occurred

during parthenogenesis and accumulated as parthenogenesis proceeded only to be

revealed when the strain was inbred in sexual reproduction.

The observation that many generations of parthenogenesis reduced the

viability of sexual eggs, is not generally supported by the literature. Several

researchers (Wood and Banta 1933, 1937, Pancella and Stross 1963, Stross 1966,

1971b, Davison 1969) used laboratory strains of D. longispina and D. pulex for

ephippial egg hatching experiments. These strains were obtained from biological
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supply companies (with the exception of Wood and Banta 1933, 1937) and

cultured in the laboratory for several years. The optimum ephippial egg hatching

success reported from their experiments ranged from 40-100%. It appears that

while some strains have reduced hatchability from sexual eggs after many

generations of parthenogenesis, other strains yield a high proportion of successful

hatches.



CHAPTER V

FUTURE EXPERIMENTS

This research has prompted several questions and suggested some areas in

which additional studies might be undertaken. With regards to staining, the most

difficult aspect about determining the effectiveness of the stains is dye penetration

through the outer membrane of the egg. The ability of the dye in traversing this

membrane could aid in the determination of egg viability and fertility. Future

experiments could focus on removing this tough membrane through the use of

chemicals. Chemical solutions such as alkaline solutions, membrane lysins,

proteolytic enzymes, and sulfhydryl compounds may help digest the outer

membrane without destroying the integrity or of the egg (Berg 1967). With the

outer membrane gone, stains might have a better chance of entering and

interacting with enzyme systems or cell structures and thus becoming a diagnostic

stain for viability or fertility.

One explanation for the low percent hatch presented earlier concerned the

possibility that eggs hatched in the culture jars before the jars were harvested.

Experiments could be performed in order to assess if and how many are hatching

in the culture jars before the time of harvest. For example control culture jars

could be maintained for 5 weeks, while the bottom of experimental jars were

siphoned for ephippial eggs two times per week for a total of 5 weeks. A

73
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comparison could be made between the total number of empty ephippia in each

jar with the assumption that an empty ephippium is related to a hatched ex-

ephippio neonate. This method might lead to an approximation of the number

which hatched before cultures were harvested.

The C. dubia used in these studies came from a population that has been

continuously reared in the laboratory for more than eight years. The original

population of organisms were provided by Dr. D.I. Mount, U.S. EPA, Duluth,
Minnesota. The origin of Dr. Mount's population was the fish hatchery ponds at

the U.S. EPA, Newtown, Ohio toxicology laboratory. The original population was

collected by toxicologist Quentin Pickering, an EPA employee at the laboratory.

In an attempt to evaluate the hypothesis that multi-generational parthenogenetic

strains raised under laboratory conditions decrease in viability and hatchability,

Mr. Pickering has been contacted and has agreed to ship a sample of the resident

Newtown pond C. dubia population to the aquatic toxicology laboratories at the

University of North Texas. Cultures of these organisms will be induced to

produce ephippia in the laboratory alongside of cultures of the population used in
the current studies. Paired comparisons of hatching success and viability will be
undertaken to evaluate the previously stated thesis.



CHAPTER VI

SUMMARY

The goal of this research was to assess the feasibility of hatching the

ephippial eggs of Ceriodaphnia dubia in sufficient quantities and quality as to

make this method practical for routine use, and enable the use of the ex-ephippio

neonates as toxicity test organisms. A variety of experiments were performed and

focused on exposing ephippial eggs to different regimes of light and temperature,

freezing, drying, humidity, viability staining using light and uv microscopy,

population dynamics, and the health of the ex-ephippio neonates. In almost all

instances of attempted ephippial egg activation, few hatched. The low hatching

success may be due to the laboratory population having undergone hundreds of

generations of parthenogenesis and in the process the population has lost the

ability to hatch from ephippial eggs. At the present time, hatching of the

ephippial eggs of laboratory strains of C. dubia is not a practical alternative to the

currently utilized parthenogenetic method.
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