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ABSTRACT: Evidence is presented on the harmful impact of a diatom (Thalassiosira rotula) on the
reproductive biology of the copepod Calanus helgolandicus. When adult females were fed the diatom,
both total egg production and hatching success were significantly lower than with the dinoflagellate
Prorocentrum minimum. Embryonic development in the copepod was arrested when eggs were
exposed to diatom but not dinoflagellate extracts from these same species of phytoplankton. Depend-
ing on the age of the eggs before exposure, cell division was blocked either prior to fusion of male and
female pronuclei, or during mitosis. Embryos underwent strikingly abnormal development. The struc-
tural anomalies included a dark brown, opaque outer membrane, globular cytoplasm, blockage of
pronuclei, or dispersed chromatin scattered in the egg matrix of non-hatched eggs either spawned by
naturally occurring females, spawned by females fed with diatoms, or in embryos incubated in diatom
extracts. The production by several species of diatoms of inhibitory compound(s) detrimental to the
development and survival of their principal grazers may have major implications on secondary pro-

duction and on the flow of energy in the marine food web.
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INTRODUCTION

Blooms of phytoplankton, generally dinoflagellates
or flagellates (Smayda 1991), are known to induce
mass kills of fish and shellfish due to anoxia caused by
bacterial breakdown of the bloom, and to their potent
toxins which cause diarrheic shellfish poisoning (DSP),
neurotoxic shellfish poisoning (NSP) and paralytic
shellfish poisoning (PSP) in man. Several species of
dinoflagellates and flagellates also adversely affect
copepod feeding, egg production, and survival (Hunt-
ley et al. 1987, Verity & Smayda 1989). Diatoms (Bacil-
lariophyceae), another major component of the phyto-
plankton, were rarely reported as toxic to marine
organisms until the identification of high concentra-
tions of domoic acid in Nitzschia pungens f. multiseries
by Douglas & Bates (1992). Diatoms may, however,
have other harmful modes of action to zooplankton
(e.g. inhibition of feeding and survival of adults) with
harmful consequences for the marine food web (e.g.
growth inhibitor in zooplankton, chemical interactions
among phytoplankton: DeMott et al. 1991, Imada et al.
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1991, Kirk & Gilbert 1992). Inhibition by diatoms of egg
production and hatching rates in Temora stylifera has
recently been documented (lanora & Poulet 1993,
lanora et al. 1994).

Copepod fecundity depends on the abundance,
chemical composition and digestibility of food items
(Kleppel et al. 1991), as well as environmental factors
such as temperature and nutrient recycling (Kisrboe et
al. 1988), or remating (lanora et al. 1989). Discrepan-
cies in the reproductive responses of copepods fed
either diatom or dinoflagellate diets have been attrib-
uted to differences between these 2 groups of phyto-
plankton, such as an absence or presence of cell wall
silica, shape and size of cells, palatability or concen-
tration of nutrients per unit cell volume (see lanora
& Poulet 1993). A question that has rarely been
addressed is what fraction of the total egg production
is viable. Answering this question is essential to under-
standing copepod population dynamics and also the
processes governing their recruitment in the sea.

Some of our recent findings showed that successions
of low and high egqg viability in wild Temora stylifera
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females coincided with periods of high and low diatom
densities, respectively (Scotto di Carlo et al. 1985,
lanora & Poulet 1993). Furthermore, lanora et al.
{unpubl.) have demonstrated that 3 of 4 diatom diets
(Thalassiosira rotula, Chaetoceros curvisetum, Phaeo-
dactylum tricornutum and Skeletonema costatum),
given at saturation levels (10 to 10° cells ml™!) induced
lower hatching rates, averaging between 20 and 40 %
of total egg production, the exception being S. costa-
tum (78 %). This latter diatom, however, turned out to
be a very poor food item for T. stylifera since females
maintained on this diet produced eggs for only 3to 4 d
after which they either became sterile or died (lanora &
Poulet 1993, Ianora et al. unpubl.). In contrast, with 2
non-diatom diets (Prorocentrum minumum and Iso-
chrysis galbana) provided ad libitum, more than 60 %
of the eggs produced were viable.

These results suggest that the relative nutritional
value of several diatom species negatively affects
either total egg production or embryonic development
in Temora stylifera. A deficiency of some essential
nutrient in the diet could explain the low viability of
eggs observed under both in situ and laboratory food
conditions characterized by high diatom concentra-
tions (Ilanora & Poulet 1993), or alternatively the pres-
ence of inhibitory compound(s) in diatoms that are
detrimental to embryonic development and lead to low
hatching rates.

MATERIALS AND METHODS

Five replicate feeding experiments were conducted
by incubating 5 batches of 5 Calanus helgolandicus
females each, at 15°C in 200 ml crystallizing dishes con-
taining 0.22 pm filtered sea water, from samples col-
lected offshore of Roscoff (France) in July and Septem-
ber 1993. Containers were enriched with 20 ml of either
Thalassiosira rotula (THA; concentration in dish: 10% to
10° cells ml~') or Prorocentrum minimum (PRO; concen-
tration in dish: 4 x 103 to 1 x 10 cells ml~!) cultures, re-
suspended by stirring 5 times a day. Egg production was
recorded daily for 1 to 3 wk, by counting all eggs
spawned in each container. Each batch of eggs was
transfered to dishes containing 400 ml filtered sea water,
and incubated for 24 h at 15 + 1°C, in order to record
hatching rate at the end of the incubation period, fol-
lowing a procedure similar to those of lanora & Poulet
(1993) and M. Laabir, S. A. Poulet & A. Ianora (unpubl.).

Newly spawned (5 to 10 min old) and older eggs (1 to
3 h old) from wild females were collected and incu-
bated for 12 to 24 h at 15°C in crystallizing dishes
containing natural sea water. These were exposed to
THA and PRO extracts prepared by centrifuging pre-
counted non-axenic cultures in the exponential phase

of growth for 10 min at 10000 rpm (6000 x g; Sorvall
SS34 centrifuge at 4°C). The pelleted phytoplankton
were then homogenized and sonicated 3 times with a
Branson sonifer. The homogenate was re-centrifuged
at 14000 rpm (10000 x g) for 10 min at 4°C and the
supernatant was then either used immediately or
frozen at -20°C.

Batches of 20 to 50 eggs were exposed for 1 to 3 h to
1 ml of extract which was diluted to obtain final culture
concentrations equivalent to 14 x 10% to 15 x 107 cells
ml~!. Embryonic development was observed micro-
scopically, and photographs (Kodak film 400 ASA])
were taken in bright field Nomarsky and fluorescent
light, for batches of 12 to 30 eggs initially dyed for
10 min with 80 pl Hoechst 33342 (specific for DNA;
SIGMA), or for 2 min with 100 pl of Trypan blue (spe-
cific for DNA in dead cells; SIGMA) solutions in fil-
tered sea water. Early developmental stages in cope-
pods (first cleavage and segmentation cavity: CS stage,
terminology from Marshall & Orr 1972) were used as
criteria to follow development, instead of hatching.
Longer exposure (24 to 72 h) to the most concentrated
extracts required to reach hatching created artefacts
resulting from anoxia.

The effect of diatom extracts on the embryonic
development of the sea urchin Sphaerechinus granu-
laris was also examined. Eggs were fertilized following
the technique of Meijer et al. (1991). Newly fertilized
eggs were placed in 100 pl filtered sea water with
increasing volumes (0 to 900 ul) of extract at a constant
temperature of 19°C. Sea urchin zygotes were used as
a bioassay since they are routinely used for a rapid
screening of inhibition of cell division or cell activation
during toxicity tests (see Pesando et al. 1990). They
were used in our experiments to show that inhibition of
embryonic development by diatoms is not limited to
Calanus helgolandicus.

Statistical tests (f-test, Kolmogorov-Smirnov test)
were performed according to Siegel (1956) and Scher-
rer (1984).

Cultures used for extracts were checked on 2 occa-
sions by filtration onto 0.2 pm Nuclepore filters and
observations with a scanning electron microscope. On
2 other occasions, bacterial levels were also checked
by streaking algae onto tripticase soy agar plates and
incubating these at 30°C for 72 h. The bacterial levels
were constantly low (10° to 10* ml~!) in all cultures pro-
vided to copepods or used to prepare extracts.

RESULTS

From January to December 1993 (Laabir et al
unpubl.), annual mean estimates and standard devia-
tions of in situ fecundity and egg viability of naturally
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Fig. 1. Calanus helgolandicus. Mean !
daily fecundity (@) and hatching suc-
cess (0O) with standard deviations
(bars) for females fed either a dino-
flagellate (Prorocentrum minimum)
or diatom (Thalsassiosira rotula)
diet. +: death of females. Results are
means of 5 replicate experiments for
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Fig. 2. (A) Calanus helgolandicus. Dilution experiments (in
triplicate) with copepods showing means and standard devia-
tions (bars) of % eggs that develop to the CS stage, with
diatom (Thalassiosira rotula) and dinoflagellate (Prorocen-
trum minimum) extracts, or with control filtered sea water
(EO). (B) Sphaerechinus granularis. Dilution experiments {in
duplicate) with sea urchin eggs. Inhibition of embryonic
development occurred with T. rotula extracts at concentra-
tions equal to or higher than 10° cells ml~! Development was
100 % in control filtered sea water (EO) and in the presence of
the dinoflagellate extracts
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occurring Calanus helgolandicus females were 18 + 10
eggs female™! d~! and 70 + 20% hatching success,
respectively. At times, egg mortality was severe with
values as high as 60 % of total egg production.

The effect of food on hatching was investigated for
females fed either a dinoflagellate (PRO) or diatom
(THA) diet for 8 to 20 d. Fig. 1 shows that females had
significantly different reproductive responses (p =
0.001; t-test) depending on the diet. With PRO, egg
viability was 95 to 100 % and remained extremely sta-
ble throughout the 20 d period of investigation. Fecun-
dity was very low at the beginning of the experiment,
but increased steadily with time, reaching up to 55
eggs d-! after 18 d. With THA, egg production was
much lower and remained stable with time. Egg viabil-
ity diminished sharply from 80 to 30 % after the first 3 d
and fluctuated between 15 and 30 % until death (from
unidentified causes) of the females.

Embryonic development was artificially inhibited
using diatom extracts. The results obtained by expos-
ing newly spawned eggs to increasing concentrations
of THA and PRO extracts were significantly different
(p = 0.001; Kolmogorov-Smirnov test) and are shown
in Fig. 2A. With PRO extracts and control filtered sea
water, more than 75 % of the eggs developed normally
to the CS stage at all dilutions tested. With THA
extracts, egg development was 50 % blocked prior to
the CS stage at concentrations higher than 10 cells
ml~' and was 100% blocked at 107 cells ml~!. Eggs
incubated with these concentrated diatom extracts for
1 and 3 h, rinsed and left in sea water, showed irre-

versible inhibition. Similar results were obtained with
sea urchin eggs (Fig. 2B). Inhibition of mitosis occurred
at the first cleavage, as in copepods, but with the THA
extracts at a cell density higher than 10° cells ml~".
Similar extracts of PRO or culture media from both
phytoplankton species (10°% to 107 cells ml~) filtered
through GF/F filters had no effect on cell division of
sea urchin zygotes.

The relationship between age of eggs at the time of

exposure to extracts and the type of inhibitory
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Fig. 3. Calanus helgolandicus. Comparison of different treat-
ments on embryonic development. Development is blocked at
the first blastomere stage (1b = 1 blastomere; 2b = 2 blas-
tomeres) in eggs exposed to diatom extracts (Thalassiosira
rotula, at concentrations equivalent to 10° cells ml™'). Eggs
undergo normal development to the CS stage in non-diatom
extracts (Prorocentrum minimum, at concentrations equiva-
lent to 10° cells ml~') and in control filtered sea water These
experiments were triplicated; data correspond to values of 1
representative experiment. N: total number of eggs observed
in each case. Lag time between start and end of incubations
waslto3h

response was examined. Newly spawned eggs (i.e.
before fusion of pronuclei) exposed to THA extracts at
concentrations equivalent to 10° cells ml™! were
blocked at the 1 blastomere (1b) stage (Fig. 3). Eggs
underwent normal development to the CS stage in
PRO extracts at concentrations equivalent to THA

extracts and in control filtered sea water (Fig. 3). Older
eggs (i.e. 25 to 40 min after spawning, at 15°C) in
which nuclear fusion had occurred or those that were
at the 4b or 8b stage before addition of THA extracts,
developed abnormally and never beyond the blastula
stage.

Newly spawned eggs in control filtered sea water
with a uniform cytoplasm and symmetrical, compact
male and female pronuclei are shown in Fig. 4A, B.




Fig. 4 (right). Calanus helgo- P
landicus. Light microscope
photographs of eggs (150 to
170 pm diameter). (A, C, E, G)
In  bright field-Nomarsky;
(B, D, F, H) with fluorescent
light. Same batch of eggs, in
(A, B, E, F) control filtered sea
water or (C, D, G, H) exposed
for 1 to 2 h to diatom extracts
(Thalassiosira rotula at a con-
centration of 10° cells ml ),
were dyed with Hoechst
33342. (A, B) Newly spawned
eggs, at 1b stage, or (E, F)
older embryos at the CS stage
present normal structures in
controls. In extracts, they
showed abnormal develop-
ment, characterized by globu-
lar structures (C, G) and dis-
persed chromatin scattered in
the egg matrix (D, H)

<« Fig. 5 (left). Calanus helgo-
landicus. Fluorescent light
images of older eggs at the
CS stage dyed with Trypan
blue. Eggs spawned (A) by
wild females, (B) by females
fed with THA and (C) ex-
posed to THA extracts, show
analogous anomalies, char-
acterized by abnormal dis-
persal of nuclear chromatin
or nuclei corresponding to
abnormal cell division. Incor-
poration of Trypan blue and
their blue color indicate that
they are dead embryos
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A batch of newly spawned eggs treated with THA
extracts became abnormal, showing darker, opaque
outer membrane, globular structures (Fig. 4C),
dispersed chromatin and asymmetrical pronuclel
(Fig. 4D). Eggs older than 30 min when treated with
THA extracts also showed signs of abnormal cell divi-
sion, characterized by the presence of globular struc-
tures (Fig. 4G) and dispersed chromatin scattered
within the egg matrix (Fig. 4H), which were not
observed in eggs of similar age incubated in control fil-
tered sea water (Figs. 4E, F). Although not shown in
Fig. 4, eggs incubated with concentrated PRO extracts
were the same as in control.

Structural anomalies were observed in eggs
spawned by wild females collected during a 1993 field
survey and incubated in natural sea water (Fig. 5A), by
females fed with THA (Fig. 5B), and also when
spawned eggs were treated with THA extracts (Fig.
5C). These anomalies were characterized by chromatin
dispersed within the cytoplasm, showing that all
embryos had undergone abnormal development.
Incorporation of Trypan blue by DNA in cells, and
resulting blue color demonstrated that these anomalies
result in embryo death 2 to 24 h after spawning.

DISCUSSION

The cultures used in these incubations were not
axenic, implying that the inhibitors might be provided
either by the diatoms or by bacteria associated strictly
with diatom cultures or wild populations. There is
evidence, however, that inhibition originates from
diatoms since copepods do not normally feed on bacte-
ria and bacteria levels in both exponential THA and
PRO cultures used for extracts were similar and
extremely low.

Cell concentrations used to produce extracts neces-
sary to block 100 % cell division in eggs of Calanus hel-
golandicus were 10% to 10° times higher than naturally
occurring diatom blooms. We therefore suspect that in
nature, inhibitor(s) are transferred to the gonads via
feeding, followed by diffusion through the gut epithe-
lium closely apposed to the ovary (Blades-Eckelbarger
1984) and accumulation in the oocytes during vitello-
genesis. There could be 2 effects: (1) inhibitory activity,
or (2) inadequate nutrition. Our feeding and extract
experiments with C. helgolandicus (Figs. 1, 2A & 3}
and with sea urchin embryos (Fig. 2B) support our first
hypothesis. Hatching success with the dinoflagellate
diet remained high and stable with time as compared
to the lower values that decreased with time for egg
viability with the diatom diet, implying that in this sec-
ond case inhibitory compounds present in the diatoms
were being channeled daily to the eggs (Figs. 1 & 3).

Accumulation of inhibitor(s} in oocytes may also be
responsible for an interruption of embryonic develop-
ment in field-caught females (Fig. 5A), where block-
age ranged seasonally between 2 and 70 % for Calanus
helgolandicus (Laabir et al. unpubl.). This range of
inhibition was obtained with THA extracts represent-
ing concentrations >10* cells ml~! (Fig. 2), which are
close to bloom conditions. With females fed with THA,
the cell concentration threshold required to reach 70 to
85 % blockage (Fig. 1) was 10° cells ml~!, which is even
closer to natural bloom conditions. But in that case it
occurred several days after feeding had started,
whereas the lag time for inhibition was much shorter
with concentrated extracts, on the order of a few min-
utes or hours. Although we cannot ignore the diversity
of the diet of C. helgolandicus in the field, at times
diatoms are obviously ingested (e.g. Urban et al. 1992)
in quantities high enough to induce such anomalies in
eggs (Fig. 5A; Laabir et al. unpubl.), and similar to
those detected in eggs incubated in diatom extracts, or
spawned by females fed with THA (Fig. 5B, C). Anom-
alies were also observed in Temora stylifera fed 4 dif-
ferent diatom diets (Ianora et al. unpubl.), as well as in
naturally occurring Centopages typicus eggs (lanora et
al. 1992, their Fig. 3F), even though the cause was
unknown at that time.

In nature, diatoms, unlike other toxic phytoplank-
ters, are not ephemeral. In aquaculture and laboratory
experiments they have been used as a food source for
zooplankton growth (e.g. Vidal 1980). The physiologi-
cal response reported in our experiments does not con-
tradict this view. At this point, it is necessary to re-
examine our understanding of the role of diatoms in
the biology of copepods (see review by Kleppel 1993).
On the one hand, they seem to provide the necessary
nutrients for somatic growth (e.g. Vidal 1980, Saiz et
al. 1993), and, on the other, some of them contain
inhibitor(s) detrimental to embryonic growth (i.e.
blockage of cell mitosis and embryonic development:
Figs. 1 to 5). These 2 functions are independent.

The chemistry of the food in terms of proteins, carbo-
hydrates, lipids, vitamins, etc. has been demonstrated
to affect egg production. Food ‘quality’ in this sense
has been investigated in Temora stylifera, and our
results indicate that, at saturated food levels, there are
no major differences in total egg production between
THA and PRO (lanora & Poulet 1993). We suspect that
egg viability is also affected by the presence of
inhibitor(s) in the diet (in diatoms including unknown
compound which act as anti-mitotic agents, such as
okadaic acid; see review by Cohen et al. 1990). Exper-
iments are being conducted to chemically identify this
inhibitor, with screening of the algae in order to estab-
lish whether or not this inhibition is restricted to the 4
species of diatoms already tested with T. stylifera
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(lanora et al. unpubl.). The results of this study on
Calanus helgolandicus and the previous observations
on T. stylifera (lanora & Poulet 1993, Ianora et al.
unpubl.), indicate that the inhibition of embryonic
development in copepods by diatoms may have
evolved to reduce the reproductive effort, and there-
fore densities, of the grazers. Such response has a
strong bearing in natural situations since the induction
time for inhibition is on the order of 2 to 3 d (Fig. 1;
lanora & Poulet unpubl.), whereas diatom blooms gen-
erally last days to weeks. Copepods may reduce the
effects by shifting their diet to non-diatom food items
belonging to the microbial food web (Urban et al.
1992). Alternatively, they may synchronize egg pro-
duction cycles in time with non-diatom blooms, as
shown in T stylifera (lanora et al. 1989, Ianora & Poulet
1993), and in space with relation to patchy food
microdistribution (Saiz et al. 1993). The 4 species of
copepods (C. helgolandicus: Figs. 1, 2 & 3; T. stylifera,
Acartia clausi and Centropages typicus: lanora &
Poulet 1993, lanora et al. unpubl, Miralto et al.
unpubl.) fed the same strains of Thalassiosira rotula, all
were similarly inhibited. Assuming that copepods
maximize fecundity when food is not limiting, irrespec-
tive of the diet (e.g. Uye 1981, Plourde & Runge 1993),
the final outcome of egg production (i.e. hatching of
nauplii and favorable recruitment) will probably be
reduced with a diatom diet (see also lanora & Poulet
1993, their Fig. 3 and Table 1). Therefore, we predict
that any modification in phytoplankton diversity, shift-
ing from diatoms to non-diatoms or vice versa — due to
normal seasonal variations (Urban et al. 1992, lanora &
Poulet 1993) and water conditions, 'global change' or
anthropogenic nutrient enrichment of the marine envi-
ronment (Larsson et al. 1985) — will ultimately affect
secondary production by changing copepod recruit-
ment rates.
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