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brates. The synchronization of spawning with phyto- 
plankton blooms should ensure an abundant food sup- 
ply for planktotrophic larvae, as well as reduced larval 
mortality due to predation and other environmental 
factors (Starr et al. 1990). 

Many attempts have been made to determine how 
invertebrate reproductive cycles are coordinated with 
environmental conditions and, for several echino- 
derms, photoperiod has been suggested as the factor 
largely responsible for synchronizing gametogenic 
events (Pearse et al. 1986). However, in many inverte- 
brates gonadal maturation is completed well before 
spawning and this suggests that an additional signal is 
required to stimulate the release of gametes. For many 
years, physical factors, such as changes in temperature, 
salinity, light and water movement, have been 
emphasized as potential spawning cues (Giese & Kana- 
tani 1987). However, most of these proposed cues are 
speculative, there being a lack of experimental studies. 
Thus, environmental changes have often been 
documented during spawning in the field but it is 
usually unknown whether the same change of a given 
factor will provoke spawning when other conditions 
are maintained constant. One factor which has been 
identified as a spawning cue for several invertebrates, 
based on both correlative and experimental evidences, 
is the spring bloom of phytoplankton (Starr et al. 1990). 
Starr et al. (1990) suggest that phytoplankton is prob- 
ably a more reliable signal for spawning than abiotic 
factors, because it integrates numerous factors affect- 
ing larval success. The identification of the spawning 
inducer(s) from phytoplankton is needed to improve 
our understanding of the mechanisms synchronizing 
reproductive events in the natural environment. 
Further, this spawning inducer may become a useful 
tool for the aquaculture industry. 

The present paper describes the partial purification 
and characterization of a spawning inducer extracted 
from cultured cells of the diatom Phaeodactylum tricor- 
nutum. Using bioassays of spawning by the sea urchin 
Strongylocentrotus droebachiensis to monitor the pre- 
sence of the spawning substance during a variety of 
purification procedures, we describe a technique which 
purifies it to a high degree. Since sperm release can 
also stimulate spawning (Starr et al. 1990), and because 
physiological responses to chemical signals can be 
positively modulated by natural compounds, we further 
examine whether sperm acts as a modulator. 

MATERIALS AND METHODS 

Collection of sea urchins. Experiments were per- 
formed with sea urchins Strongylocentrotus 
droebachiensis, measuring 35 to 45 mm in diameter, 

collected shortly before natural spawning (late April to 
early June) in the St. Lawrence Estuary (Quebec, 
Canada) and in Passamaquoddy Bay (New Brunswick, 
Canada). Prior to the tests, the sea urchins were held in 
tanks maintained at a temperature of 5 to 8 'C, a salin- 
ity of 21 to 24 %o, and under a 16 h light : 8 h dark 
photoperiod (cool white fluorescent lighting). The sea- 
water contained no phytoplankton and was continu- 
ously recirculated through a biological filter. The sea 
urchins were fed weekly with frozen macroalgae 
(Fucus vesiculosus and Ascophyllum nodosum). 

Phytoplankton cultures. The diatom Phaeodactyium 
tricornutum Bohlin (obtained from axenic culture at 
INRS-Oceanologie, Rimouski, Canada) was main- 
tained in exponential growth using natural sea water 
enriched with f/2 culture medium (Guillard & Ryther 
1962). The 20 1 cultures were grown at a temperature of 
12 to 16 OC, a salinity of 21 to 24 %o, and under a 16 h 
light : 8 h dark cycle using cool-white fluorescent tubes 
as the light source. Air filtered at 0.2 urn was continu- 
ously bubbled through the cultures. Prior to inocula- 
tion, the culture medium was filtered using either a 0.2 
pm Gelmann cartridge or a Whatman GF/F filter, and 
autoclaved for 20 min at 210 OC. Cell densities were 
maintained between lo6 and lo7 cells m l l  as deter- 
mined from counts of ca 500 cells using an Neubauer 
haemocytometer. 

Standard bioassay for induction of spawning. A 
modified version of the spawning bioassays described 
by Starr et al. (1990) was used to test for the presence of 
a spawning inducer in different preparations of algal 
extracts. In each test, 12 sea urchins (previously accli- 
mated for 1 d at the experimental temperature of 6 to 
7 OC) were placed individually into glass finger bowls 
containing 475 ml of 1 pm filtered sea water. After ca 1 
h, a 25 ml aliquot of algal extract in seawater was 
added. After 24 h, each sea urchin was transferred to a 
new finger bowl containing clean sea water and the 
algal extract was reintroduced. The total number of sea 
urchins which spawned during the 48 h bioassay was 
determined visually. These assays usually were repli- 
cated and each sea urchin was only used once. 

Preparation of algal extracts. The spawning inducer 
was extracted directly from phytoplankton cells rather 
than from the culture filtrate (extracellular products 
only) since the activity of the inducer seemed to be of 
short duration in the culture filtrate (Starr et al. 1990), 
Moreover, the time required to desalt large volumes of 
sea water would have been prohibitive. The phyto- 
plankton cells were collected on Whatman GF/C filters 
(pre-combusted at 240 OC for 24 h) and immediately 
frozen with silica gel at -70 "C. Fourteen different 
extraction techniques were applied to phytoplankton 
cells (see Table 1). Each extract was tested using 12 sea 
urchins and was prepared from 6 x lo9  Phaeodactylum 
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tricornutum cells. This quantity of phytoplankton cells, 
which was sufficient to stimulate spawning in 96 % of 
mature sea urchins (Table 1; Expt 15), was considered 
to be one phytoplankton equivalent. Controls for each 
extract were prepared using filters without phyto- 
plankton and were tested simultaneously with extracts, 
For each extraction technique, the filters with or with- 
out phytoplankton were ground with a Virtis 
homogenizer. The supernatants were obtained by cen- 
trifugation (6000 x g at 4 OC for 30 min) and were 
further clarified by filtration on Whatman GF/F filters 
which had been pre-combusted at 240 OC for 24 h. 
Extracts, with organic solvents and alcohols, were dried 
using a rotary evaporator at <40 OC and suspended in 
100 ml of distilled water for the bioassay. Extracts 
containing distilled water, phosphate buffer, dilute 
acid, NazCOs and NaOH were adjusted to pH 7.0 
before exposition of the sea urchins. Spawning bioas- 
says were performed immediately following the prepa- 
ration of extracts. 

To determine whether the spawning inducer was 
also present in macroalgae, extracts were made from 
epiphyte-free specimens of Fucus vesiculosus L. which 
had been collected in the St. Lawrence Estuary and 
frozen at -10 'C for < 1 wk. Using a mortar, 3 g of small 
pieces of fresh algae were ground with Ottawa sand 
(pre-washed for 24 h with 0.2 N NaOH and rinsed with 
distilled water). This material was then processed in 
the same way as the crude phytoplankton extracts. For 
controls, the extraction technique was applied to 
Ottawa sand in the absence of algae. The quantity of 
extracted metabolites from 0.6 g of wet algae was 
considered as 1 macroalgae equivalent. As for the 
phytoplankton equivalent, 12 sea urchins were tested 
with the macroalgae equivalent. 

Solubility of spawning inducer. NaOH phytoplank- 
ton extracts were lyophilized and resuspended in 100 
ml of chloroform, methanol, ethanol or distilled water 
for 12 h at 21 to 24 OC. The insoluble material was 
collected on Whatman GF/F filters, rinsed with the 
same solvent, and then dried using a jet of gaseous 
nitrogen. The chloroform, methanol and ethanol solu- 
ble fractions were dried in a rotary evaporator at 
<40 OC. Both the insoluble and soluble fractions were 
dissolved in 100 ml of distilled water and used 
in bioassays to determine the quantity of spawning 
inducer present. For each solvent, controls were 
performed using extracts of filters without phyto- 
plankton. 

Molecular weight of spawning inducer. The 
molecular weight (MW) of the spawning inducer in 
aqueous extracts of Phaeodactylum tricornutum was 
estimated using dialysis membranes. The membranes 
had a nominal MW cutoff of 1200 (from Sigma), 3500 
and 6000 to 8000 daltons (from Ultrapore). Dialyses 

were performed for 36 h in the dark against distilled 
water (8 times the volume of the extract and renewed 7 
times). The spawning activity of the extracts was then 
compared to extracts maintained for 36 h under the 
same temperature and light conditions. 

Synergistic effect of sperm. Sea urchins were 
exposed to the phytoplankton extract and sperm sus- 
pension, both separately and together, to determine 
whether sperm had a synergistic or additive effect on 
the spawning response. Tests with sperm involved 
placing a spawning male in the presence of a non- 
spawning individual. Spawning in males was induced 
using strong thermal shocks. Each experiment was 
conducted over a 2 h period. 

Partial purification of spawning inducer. Aqueous 
extracts of Phaeodactylum tricornutum were partially 
purified by ultrafiltration (Amicon Corporation ultrafil- 
tration cell, Model 402) using 'Diaflow' ultrafiltration 
membranes (Amicon Corp.) with a nominal cutoff at 
5000 daltons (YM5). Ultrafiltration membranes were 
cleared of preservative agents by placing them in a 1 % 
NaCl solution for 1 h and then rinsed with distilled 
water. The ultrafiltration cell was pressurized using 
gaseous nitrogen (1.0 to 1.5 kg c m 2 )  and constant 
stirring and temperature (8 'C) were maintained during 
fractionation. For each ultrafiltration, a maximum of 
400 ml of aqueous extract was used and the activity of 
supernatant and ultrafiltrate was determined using 
bioassays. 

Chromatography. The partially purified extract con- 
taining the spawning inducer was further charac- 
terized by thin-layer chromatography (TLC) on Mn 300 
cellulose plates. The plates (20 cm x 20 cm) were pre- 
washed with a freshly prepared solution of l-butanol- 
acetic acid-water (4:1:5; top layer), dried at room tem- 
perature, and activated at 110 OC for 1 h prior to appli- 
cation of the samples. The chromatographic chamber, 
lined with 3 MM chromatographic paper and wetted 
with developing solvent, was saturated for 1 h prior to 
chromatography. Development was carried out in the 
above solvent system and allowed to move 19 cm from 
the bottom of the plate. All chromatograms were repli- 
cated at least once. 

Chemical analysis. Chlorophyll a content of phyto- 
plankton cells was determined by filtering cultures onto 
GF/C filters (Whatman), which were immediately 
extracted with 90 % acetone for 24 h before pigment 
determination by the spectrophotometric method of 
Lorenzen (1967). Dry weights of phytoplankton cells 
were determined by filtering a known volume of culture 
onto a previously combusted and weighed Millipore 
filter. The cells were rinsed with isotonic ammonium 
formate to remove any sodium chloride adhering to the 
Millipore filter, and dried for 2 h at 105 'C (any residual 
formate was volatilized; Parsons et al. 1961). 
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Nitrogen, carbohydrate, uronic acid, lipid, phenol 
and spectral properties were monitored throughout the 
vanous purification precedures. Carbohydrates were 
quantified using the phenol-sulphuric acid procedure 
of Dubois et al. (1956) and expressed as glucose equi- 
valents. Proteins were measured using the fluores- 
camine method of Bohlen et al. (1973), as modified by 
Packard & Dortch (1975), using the BSA standard. 
Uronic acids were quantified with the modified car- 
bazole reaction of Bitter & Muir (1962) and expressed 
as glucuronolactone equivalents. Lipids were esti- 
mated using the dichromate method, with palmitic acid 
as a standard (Kochert 1978). Phenolic compounds 
were detected on chromatograms using UV light as 
well as by using a mixture of equal volumes of 1 YO 
ferric chloride and 1 % potassium ferricyanide (Har- 
borne 1973). Spectral analysis of the purified extract 
was performed in ether, petroleum ether (35 to 60 'C), 
absolute ethanol and chloroform by scanning from 200 
to 800 nm, at a temperature of 21 to 24 OC, using the 
same solvent as the reference sample. 

RESULTS 

Extraction and characterization of spawning inducer 

Most of the aqueous extracts prepared using the 14 
techniques applied to Phaeodactylum tricornutum cells 
did not stimulate spawning more than control extracts 
(Fisher's exact test, p>0.05; Table 1; Expts 1 to 14). 
This indicates that induction of spawning by phyto- 
plankton is due to a limited number of compounds. 
Extracts with ethanol (Expts 1 to 4), chloroform/ 
methanol and benzene/methanol (Expts 5 & 6), distilled 
water (Expt 9), acetone (Expt lo) ,  dilute HC1 (Expt 12) 
and NazCOs (Expt 13) did not stimulate spawning, 
indicating that we can rule out low molecular weight 
compounds, lipids and related compounds, some 
water-soluble materials, photosynthetic pigments, glu- 
cans and organic acids, respectively, as the spawning 
inducer. Likewise, little or no spawning resulted when 
sea urchins were treated with extracts made with ether 
(Expt 7), hexane (Expt 8) or phosphate buffer (Expt 11), 
although the number of sea urchins being tested was 
less. The only extract that significantly stimulated 
spawning was obtained by hydrolysis of P. tricornutum 
cells with 1 N NaOH (Expt 14). This extraction method 
was highly effective, yielding a percent spawning 
response within 30 O/O of that obtained with live phyto- 
plankton (Table 1; Expt 15). The fact that alkaline 
hydrolysis is required to extract the spawning inducer 
suggests that it is, or is associated with, a macro- 
molecule. After hydrolysis the inducer was highly solu- 
ble in distilled water, partially soluble m ethanol and 

methanol, and insoluble in chloroform (Fig. 1). Thus, 
whereas the inducer could not be directly extracted 
from phytoplankton cells using ethanol, it became 
more soluble in ethanol following hydrolysis. This sug- 
gests that the spawning inducer was a more complex 
molecule prior to hydrolysis. 

When the NaOH extract was dialysed against distil- 
led water for 36 h in dialysis bags with a nominal cutoff 
at 1200 daltons (Table 2; Expt I ) ,  there was no loss in its 
capacity to induce spawning compared to undialysed 
extract maintained under identical conditions (Expt 4). 
In contrast, there was a marked loss in activity when 
the NaOH extract was maintained in dialysis bags with 
nominal cutoffs at 3500 and 6000 to 8000 daltons (Expts 
2 & 3). This indicates that the molecular weight of the 
spawning inducer after alkaline hydrolysis was 
between 1200 and 3500 daltons. 

Whereas the activity of the spawning inducer in the 
culture filtrate seemed to be of short duration (Starr et 
al. 1990), at 5 OC in darkness the neutralized NaOH 
extract was stable, there being little loss in activity 
over 16 d (Fig. 2). When the neutralized (pH 7.0) 
NaOH extract was exposed to sea urchins, as seen in 
Fig. 3 for one experiment, spawning occurred within 
the first hour. Sea urchins which did not spawn on the 
first day sometimes spawned the second day, but 
again within 1 h of adding the extract. The fact that all 
spawning occurred within the first hour suggests that 
the inducer deteriorates rapidly under normal bio- 
assay conditions. 

The NaOH extract from the macroalga Fucus 
vesiculosus also significantly stimulated spawning 
compared to control tests (Table 3; Expts 1 to 4). 
However, the spawning response did not appear to be 
concentration-dependent and was lower than that of 
phytoplankton extract (Expts 5 & 6). Other observations 
also suggested that the spawning inducer was present 
In macroalgae. For example, the spawning response to 
NaOH extracts from Phaeodactylum tricornutum 
increased when sea urchins had been provided with 
macroalgae, although only when the macroalgae had 
been freshly collected (pers. obs.). 

Synergistic effect of sperm 

Sperm alone did not induce spawning in sea urchins 
which had no previous contact with phytoplankton or 
phytoplankton extracts (Table 4; Expt 4). In addition, 
sperm in combination with NaOH extracts (0.5 phyto- 
plankton equivalent) did not increase significantly the 
percentage of sea urchins spawning beyond that of 
individuals exposed solely to the extract (Fisher's exact 
test; p >  0.05; Expts 6 & 7). However, differences were 
evident when reaction time (time to the beginning of 
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Table 1. Strongylocentrotus droebachiensis. Percentage spawning in sea urchins exposed to various extracts of the diatom 
Phaeodactylum tricornutum. Each extract was prepared from 6 x lo9 cells and exposed to 12 sea urchins. Controls consisted of sea 
urchins exposed to extracts from filters without phytoplankton. Since there were no differences between replicates, percentage 
spawning indicated is for the total number of sea urchins tested. Spawning percentages are from bioassays which ran for 2 d, 

except those in parentheses where the bioassays ran for 1 d 

Expt Description 
no. 

Control Extract 

1. Hot 80% ethanol; 50 mm extraction at 70Â° with 70 ml of 
80 % ethanol. Repeated at 20Â°C Extracts combined 

2. Ethanol extract; two 50 min extractions at 70Â° with 70 ml of 
80 % ethanol. Repeated at 20Â° and followed by 1 extraction 
with 70 ml of 50 % ethanol. Extracts combined 

3. 50 % ethanol extract; 36 h extraction at 4'C with 100 ml of 
50 O/O ethanol 

4. 80 O h  ethanol extract; extraction with 100 ml of 80 % ethanol, 
at 50% for 50 mm and then at 4 "C for 24 h 

5. Chloroformlmethanol extract; successive extractions for 3, 
12, 3 and 4 h,  respectively, at 4'C with 66.7 ml of chloroform/ 
methanol (2.1). Extracts combined 

6. Benzenelmethanol extract; 4 h extraction at 4 'C with 66.7 ml 
of benzene/methanol (4-1). Repeated for 2 h. Extracts com- 
bined 

7. Ether extract; two 1 h extractions at 20Â° with 100 ml of 100 % 
ether. Extracts combined 

8. Hexane extract; two 1 h extractions at 20Â° with 100 ml of 
100 % hexane. Extracts combined 

9. Distilled water extract; 36 h extraction at 4'C with 66.7 ml, of 
distilled water. Repeated for 2 h at 4Â°C Extracts combined 

10. Acetone extract; 24 h extraction at 4OC with 70 ml of 90 % 
acetone 

11. Phosphate buffer extract; phytoplankton cells with 100 ml of 
0.05 M phosphate buffer (0.1 M KH2P04 and 0.1 M KzHP04), 
frozen ( -  10 'C) and thawed (4 "C) twice Total extraction time 
24 h 

12. Acid extract; extraction with 66.7 ml of dilute HCI (maintained 
at pH 2.0), first for 5 mm at 50Â° and then 25 mm at 20Â° 
Repeated twice for 30 min at 20Â°C Combined extracts 
brought to pH 7.0 with NaOH 

13. Na2COi extract; 40 min extraction at 50Â° with 93.3 ml of 
0 5 % Na2COs, followed by two 1 h extractions at 20Â° with 
93.3 ml of distilled water. Combined extract brought to pH 7.0 
with 5 '10 HCl 

14. NaOH extract; extraction with 66.7 ml of IN NaOH Heated to 
65 'C and then allowed to cool towards room temperature for 
1 h. Followed by two 1 h extractions at 20Â° with 66.7 ml of 
distilled water. Combined extracts brought to pH 7.0 with 5 % 
HC1 

15. Phytoplankton; Phaeodactylum tricornutum (1 equivalent) 

Total N; replicates Spawning (YO) 

* Significantly different from the response of urchins exposed to control extract (Fisher's exact test; p < 0.05) 

t h e  spawning)  w a s  considered (Table 4). Females  males  for which t h e  reaction t ime w a s  similar to  that  of 

s p a w n e d  significantly faster w h e n  exposed to t h e  females  t reated with extract plus  sperm. These results 

extract a n d  sperm t h a n  w h e n  exposed only to  t h e  indicate that  sperm h a d  a synergistic effect o n  reaction 
phytoplankton extract (Mann-Whitney test,  p <0.05;  t ime of females  exposed to phytoplankton crude 
Expts 5 & 6). No such  differences were observed for extracts. 
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Chloroform Methanol Ethanol Water 

Fig. 1. Proportion of spawning inducer recuperated in the 
solvent and residual fractions of phytoplankton NaOH extract 
which were lyophihzed and resuspended in various solvents 
(see Materials and Methods'). The proportions were deter- 
mined from the spawning response of the sea urchin and each 
spawning test involved 12 sea urchins and was repeated twice. 
We used the pooled data since differences between replicates 
were not significant Controls for each solubility test were 
performed using the NaOH extract of filters without phyto- 

plankton. All control tests showed less than 5 % spawning 

Table 2. Molecular weight of the spawning inducer involved in 
the NaOH extract of the diatom Phaeodactylum tncornutum 
Each bioassay involved 12 sea urchins and was repeated twice 
Percent spawning was determined from pooled data since 

there were no significant differences between replicates 

Expt 
no. 

Treatment Spawning 
o / o )  

1 Extract held at 20 'C  in darkness for 36 h 50.0' 
in dialysis tubing with MW cutoff of 
1200 daltons 

2. Extract held at 20Â° in darkness for 36 h 8.0 
in dialysis tubing with MW cutoff of 
3500 daltons 

3. Extract held at 20Â° in darkness for 36 h 8.0 
in dialysis tubing with MW cutoff of 
6000 to 8000 daltons 

4. Extract held at 20Â° in darkness for 36 h 50.0" 
5. Extract tested immediately 50.0' 

6. Control extract (extraction without phy- 0.0 
toplankton) 

* Significantly different (Fisher's exact test with Bonferroni 
correction to the probabilities; p < 0.05) from response of 
urchins exposed to control extract 

Partial purification of spawning inducer 

Attempts were made to purify the spawning inducer 
using bioassays of sea urchins spawning to guide the 
purification process (Fig. 4). To remove many non- 
reactive substances, including proteins, carbohydrates, 
uronic acids and photosynthetic pigments, 3 pre-extrac- 
tions were performed on phytoplankton cells prior to 
alkaline hydrolysis. Extractions were made sequentially 

20 
0 5 10 15 20 

Days 

Fig. 2 Strongylocentrotus droebachiensis. Efficiency of the 
spawning inducer (NaOH extract from the diatom Phaeodac- 
tylum tncornutum), stored in dark at 5'C, over time. Each 

point represents the spawning response for 12 sea urchins 

male (n=12) 

female (n=7) 

Time (min) 
Fig. 3. Strongylocentrotus droebachiensis Spawning fre- 
quency, at 5 min intervals over 1 d,  of sea urchins exposed to a 
1 equivalent concentration of phytoplankton NaOH extract 

Table 3. Strongylocentrotus droebachiensis Spawning 
response of sea urchins exposed in NaOH extracts from Fucus 
vesiculosus and Phaeodactylum tricornutum Each bioassay 
involved 12 sea urchins and was repeated twice. Percent 
spawning was determined from pooled data since there were 

no significant differences between replicates 

Expt Concentration Spawning (%) 
no. Control Extract 

Fucus vesiculosus 
1. 0.8 equivalents 0.0 33 3" 
2, 1.6 equivalents 0.0 41 7" 
3, 3.2 equivalents 0.0 25.0' 
4, 4.8 equivalents 0.0 33 3" 

Phaeodactylum tricornutum 
5. 0.5 equivalents 0.0 41.7" * 
6. 1.0 equivalents 0.0 667" 

* * Significantly different (Fisher's exact test) at the 0 1 level 
from the response of urchins exposed to control test 

* Significantly different at the 0.05 level 
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Table 4. Strongylocentrotus droebachiensis. Percentage spawning and reaction time of male and female sea urchins exposed to 
spawning males and phytoplankton NaOH extract, separately and together. Controls consisted of sea urchins exposed to extracts 
from filters without phytoplankton (NaOH extract control) Experiments ran for 2 h The number of individuals tested in each 

experimental group was 68 

Expt Treatment Spawning Mean reaction time ( m ~ n ) ~  
no. (SD; n) 

Females Males 

Sea water 2.9 
NaOH extract control 0.0 
conc. :0.5 equivalent) 

NaOH extract control 0.0 
(conc.: 1 equivalent) 

Sperm 0.0 
NaOH extract 29 4' 
(conc. .0.5 equivalent) 

Sperm + NaOH extract 30.9' 
(conc :0 5 equivalent) 

NaOH extract 47 0' 
(conc.. 1 equivalent) 

a Reaction hmes sharing the same letters are not significantly different (Mann-Whitney U test; p >  0.05) 
* Significantly different (Fisher's exact test with Bonferrom correction to the probabilities, p<0.05) from the response of 

urchins exposed (1) to sea water and (2) to NaOH extract at the concentration used in the experimental test 

with (1) distilled water, (2) chloroform/methanol and (3) 
NazC03, each time retaining the residue. At each step, 
the supernatant showed little activity. The NaOH 
extract obtained from these pre-extracted cells retained 
a high capacity for spawning induction (45.8 %; Fig. 4). 

Proteins were the major component of this NaOH 
extract (21.3 mg phytoplankton equivalent1). Adjust- 
ing this extract to pH 7.0 caused considerable precipi- 
tation. The precipitate was removed by filtration. Large 
molecules in the filtrate were removed by ultrafiltration 
with Amicon YM5 membranes with a nominal cutoff at 
5000 daltons. The ultrafiltrate did not show reduced 
induction of spawning compared to the initial NaOH 
extract (Fig. 4). This was consistent with the molecular 
weight estimations from dialysis. 

The ultrafiltrate contained substances soluble in 
organic solvents which were probably liberated by 
alkaline hydrolysis. To determine whether the spawn- 
ing inducer could be extracted with organic solvents 
following alkaline hydrolysis, subsequent extractions 
were performed directly on NaOH extracts of phyto- 
plankton cells without the above 3 pre-extraction steps 
and ultrafiltration (Fig. 5). Extracts obtained with hex- 
ane at pH 8.0 (for steroids) failed to induce spawning 
(Expt 4), whereas extracts obtained with ether at pH 2.0 
gave a high spawning response (Expt 6). No spawning 
activity occurred in control experiments in which 
organic solvents were applied to the NaOH extract 
from filters without phytoplankton (Expts 3 & 5). This 
indicated that the spawning inducer could be extracted 
with ether following alkaline hydrolysis. 

The following purification steps were applied to the 
NaOH extract after pre-extraction and ultrafiltration 
(Fig. 4). This ether-purified fraction was yellowish in 
colour, contained few carbohydrates and proteins, 
1.7 pg and 2.0 pg phytoplankton equivalent1, respec- 
tively (compared to 31.3 and 57.4 mg equivalent1, 
respectively, for the phytoplankton cells). Furthermore, 
this fraction showed a strong UV absorption, indicating 
the presence of aromatic compounds (Fig. 6). In ether 
(1.4 ml phytoplankton equivalent1), it had absorption 
peaks at 238, 260 to 266 and 272 nm, a shoulder at 
274 nm and 2 weaker absorption peaks in the visible 
range at 404 to 416 and 668 nm (Fig. 6). When the ether 
extract was evaporated and redissolved in absolute 
ethanol (5 ml phytoplankton equivalent1), absorption 
peaks were observed at 210, 260 to 266 and 274 nm. 
When redissolved in petroleum ether (35 to 60 O C ,  5 ml 
phytoplankton equivalent1), absorption peaks were 
observed at 217, 246, 260 to 266, 274 nm. The strong 
UV absorption disappeared completely in 100 % 
chloroform indicating that the substance was insoluble 
in chloroform before and after alkaline hydrolysis. The 
latter corroborated our previous observation that the 
spawning inducer was insoluble in chloroform (Fig. 1). 

When a large amount of the ether-soluble fraction 
was applied to cellulose Mn 300 TLC plates and 
chromatographed using 1-butanol-acetic acid-distilled 
water (4: 1 :5, top layer), a yellowish band migrated in 
front of the solvent. This band absorbed light in the UV 
range. No other UV-absorbing bands were detected, 
suggesting that the yellow pigment(s) was responsible 
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Results of procedures 
without phytoplankton 

(controls) 

Treatments Results of procedures 
with phytoplankton 

6 x lo9 cells of p. -filtered onto 
Whatman GF/C filters and stored at -80 OC until 

extraction 

Filters ground in distilled water e 
Chl a : 2.5 mg 
Dry weight: 130.4 rng 1 
Proteins: 57.4 rng 

Carhhydrates: 31.3 mgj 

Na2COa extract 

, (Table 1, Expt 14) 

Supernatant 
Proteins: 21.3 mg 

Filtration on GFIC filters Precipitate +Discarded 
Filtrate 

Supernatant iscarded 

Filtrate 

Proteins: 15.0 mg 
Carbohydrates: 1.0 m 

Ether extract 

Proteins: 2 pg 

Fig. 4.  Flow chart showmg partial purification of the spawning inducer produced by the diatom Phaeodactylum tricornutum. 
Spawning responses (%) of the sea urchin Strongylocentrotus droebachiensis are indicated for each purification step. 
Each experiment involved 12 sea urchins and was repeated twice. Concentrations of metabolites are expressed in weight phyto- 

plankton equivalent1. Figures and tables describing the experiments in more detail are indicated in parentheses 

for this strong absorption. When chromatograms were 
sprayed with a mixture of equal volumes of 1 % ferric 
chloride and 1 % potassium ferricyanide, for detection 
of phenols (Harborne 1973), only this band reacted. 

DISCUSSION 

The potential spawning inducer 

Substances released by various species of phyto- 
plankton trigger spawning in green sea urchins (Starr 

et al. 1990). Taxonomically diverse algae liberate sim- 
ple and complex carbohydrates during active growth 
and these may account for a considerable fraction of 
their photoassimilated carbon (Handa 1970, Myklestad 
& Haug 1972, Hellebust 1974, Bolze & Soeder 1978, 
Eberlein et al. 1983). Amino acids and peptides are 
released, but they represent only a small fraction (1 to 
12 %) of the total extracellular material (Hellebust 
1974). Proteins and carbohydrates represent 44 and 
24 %, respectively, of the dry weight of Phaeodactylum 
tricornutum cells. These values are similar to those 
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Fig. 5. Flow chart showing extrac- 
tion techniques applied to NaOH 
phytoplankton extract using or- 
ganic solvents and percentage 
spawning obtained when sea ur- 
chins were exposed to each ex- 
tract. In the control experiments, 
organic solvents were applied to a 
NaOH extract of filters without 
phytoplankton. Each bioassay in- 
volved 12 sea urchins and was re- 
peated twice. We used the pooled 
data as differences between re- 
plicates were not significant Tests 

Crude NaOH extract 

Hexane extract 

Three extractions with 37.5 ml of 
hexane. The combined extract 
was evaporated using a rotary 
evaporator (c 37 OC) and redis- 

solved in 50 ml of distilled water 
for 12 h 

Ether extract 

Four extractions with 37.5, 25,25.25 ml 
of anhydrous ether. The combined 

extract was evaporated using a rotatory 
evaporator (< 37 OC) and redissolved in 50 

ml of distilled water for 12 h 

marked with an asterisk ( * )  were 
significantly different (Fisher's ex- 
act test; p < 0.05) from the respec- 

tive controls 4. Extract: 0.0 % 
5. Control: 0.0 % 
6. Extract: 41.7 % " 

given by Parsons et al. (1961) for P. tricornutum and 
several other classes of unicellular marine algae. In the 
ether-purified fraction (obtained after pre-extraction, 
alkaline hydrolysis and ultrafiltration) with which the 
spawning activity is associated, the carbohydrate and 
protein concentrations are low, representing only 1.3 x 
lo-' and 1.5 x lop5 % of the dry weight of the cells, 
respectively (2 and 1.7 pg phytoplankton equivalentA1). 
Thus, the spawning inducer does not appear to 
be either a carbohydrate or a protein. Similarly, 
chloroform/methanol and benzene/methanol extracts 
of P. tncornutum cells fail to remove the spawning 
inducer, suggesting that the inducer is not a lipid. 

On the other hand, the aromatic absorption peaks 
seen in the ultraviolet spectrum of the ether-purified 
fraction seem to be due to a yellowish phenolic com- 
pound(~) .  This UV-absorbing material is similar to the 
spawning inducer since it is at least partially soluble in 
ethanol and insoluble or unstable in chloroform. Fur- 
thermore, the spectral absorption peak of this metabo- 
lite at 260 to 266 nm is similar to that of yellow UV- 
absorbing substances released by a variety of phyto- 
plankton and macroalgae (Fig. 7; Fogg & Boalch 1958, 
Yentsch & Reichert 1962, Craigie & McLachlan 1964, 
Sieburth 1968, 1969, Sieburth & Jensen 1969, Kroes 
1970, Indelicate 1985) and to the Gelbstoff fraction in 

sea water (Bricaud et al. 1981, Carder et al. 1989). This 
agrees with the observations of Starr et al. (1990) indi- 
cating that various species of phytoplankton release the 
spawning inducer, and with the present data showing 
that the inducer may occur in the macroalga Fucus 
vesiculosus. Thus, the UV-absorbing compound iso- 
lated in our ether extract appears to be the spawning 
inducer. However, spawning in nature does not corre- 
late with the abundance of Gelbstoff (yellow substan- 
ces), since Gelbstoff is largely associated with land 
drainage (James & Birge 1938, Jerlov 1955, Kalle 1966, 
Hojerslev 1974, Stuermer 1975, Lundgren 1976, Bricaud 
et al. 1981) and spawning in the St. Lawrence Estuary 
occurs after the period of major runoff (Starr 1990), thus 
probably after the Gelbstoff peak. Sieburth & Jensen 
(1969) indicate that yellow UV-absorbing substances 
are formed from phenol-like precursors released by F. 
vesiculosus which are colourless and less absorbing in 
UV light (270 nm). Under the alkaline conditions of the 
sea, these precursors react with proteins and carbo- 
hydrates to form yellow-coloured phenolic complexes 
which are similar to Gelbstoff. They suggested that such 
complexes of macroalgal origin can make up a consider- 
able part of the marine Gelbstoff, eventually forming 
larger complexes which precipitate as organic 
aggregates. The formation of phenolic complexes 
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1.6 

In ether 
266 (1.4 ml per equivalent) 

In petroleum ether (35-60 OC) 
(5 ml per equivalent) 

In absolute ethanol 
(5 ml per equivalent) 

Wavelength (nm) 

Fig. 6. Absorption spectra o f  the ether-purified fraction 
obtained from the diatom Phaeodactylum tricornutum, m 
ether, petroleum ether and absolute ethanol. A hght path of 
1 cm was employed and in  all cases blank extracts were 

substracted 

Fucus vesiculosus 

Ether fraction (in absolute ethanol) 

etoceros pelagicus 

Wavelength (nm) 

Fig 7 Comparison of  the absorption spectra of  the ether- 
purified extract obtained from Phaeodactylum tricornutum 
with spectra of  the yellow UV-absorbmg substances released 
b y  Chaetoceros pelagicus [ from Yentsch & Reichert (1961)l 

and Fucus vesiculosus [from Craigie & McLachlan (1963)l 

occurs only under alkaline conditions and the phenolic 
precursors may be oxidized before or after reaction with 
proteins and carbohydrates. 

The loss of activity of the inducer in the culture filtrate 
(Starr et al. 1990) and in the present bioassays with the 

NaOH extract could be explained by modifications of 
the inducer similar to those which Sieburth & Jensen 
(1969) observed for Gelbstoff precursors in alkaline 
seawater. The stability of the inducer at neutral pH 
could be explained by the fact that phenolic complexes 
are only formed under alkaline pH. A more rapid trans- 
formation of phenol-like precursors to phenolic com- 
plexes is expected as the concentration of precursors 
increases (Haslam 1988 describes mechanisms for the 
aggregation and precipitation of protein-phenol com- 
plexes). The decrease in rate of loss of spawning activity 
of phytoplankton culture filtrates with time (Starr et al, 
1990) supports the hypothesis that a phenolic pigment 
related to Gelbstoff is responsible for spawning. 

Phenolic compounds in plant tissues are usually com- 
bined with sugars as glycosides and, upon hydrolysis, a 
number of ether-soluble phenolic substances are 
released (Harborne 1973). In the phytoplankton cells, 
the spawning inducer is probably bound to macro- 
molecules, since it cannot be extracted directly with 
either ethanol or ether, but is soluble in ether and has an 
increased solubility in ethanol after alkaline hydrolysis. 

The possible advantage of such a compound as a 
spawning cue is that the modification of released 
phenolic compounds should result in a signal of short 
duration, and, therefore, the cue should have a high 
signal-to-noise ratio. Thus, it should accurately indicate 
the presence of phytoplankton. 

Contribution of benthic seaweeds to spawning cue 

The present study showing the presence of a spawn- 
ing mducer in Fucus vesiculosus indicates that mac- 
roalgae may also contribute to natural spawning. This 
could disrupt the coupling of the planktotrophic larval 
phase of species such as the sea urchin with an abun- 
dance of their primary food source, phytoplankton 
(Starr et al. 1990). Although phenolic materials from 
macroalgal can make up a large fraction of UV- 
absorbing materials in temperate coastal waters (Carl- 
son & Mayer 1983), the close correlation of spawning 
with the spring phytoplankton bloom (Himmelman 
1981, Starr 1990) strongly suggests that inducer 
originates from phytoplankton rather than macroalgae. 
This hypothesis is further suggested because the excre- 
tion by macroalgae decreases with temperature (Carl- 
son & Mayer 1983) and water temperatures are low 
during the spring bloom. An alternative and com- 
plementary hypothesis is that the inducer from macro- 
algae is different and less effective than that from 
phytoplankton. In fact, our data indicates that extract 
from F. vesiculosus induces less spawning than that 
from Phaeodactylum tricornutum. Thus, we consider 
that the major source of substances triggering natural 
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spawning is from the rapid growth of phytoplankton, 
Nevertheless, further work is required to identify the 
various sources of the spawning inducers, and to deter- 
mine their relationship with the types of substances 
which we isolated in the laboratory. 

Synergistic effect of sperm 

Successful fertilization is critical for marine inverte- 
brates which release their gametes into the water (Mor- 
tensen 1938, Thorson 1946, Chia 1974, Pennington 
1985, Levitan 1988, Denny & Shibata 1989). Pennington 
(1985) has shown that sea urchin sperm is only viable for 
a short period (< 20 mm) and that successful fertilization 
requires high sperm densities (> 1 0  sperm 1 ') .  These 
observations emphasize the importance of synchronous 
spawning within populations. Photoperiod, which var- 
ies in a regular annual cycle, is probably a good proxi- 
mal signal to coordinate the prolonged process of 
gamete production (Pearse et al. 1986). However, short- 
term changes, such as a phytoplankton outburst, are 
probably much more favourable as spawning signals. 
The spring phytoplankton bloom is one of the most 
sharply defined events in temperate and polar seas. The 
synchrony of spawning may further be enhanced 
because gametes, or pheromones released with 
gametes, induce spawning (Gemmill 1914, 1920, Fox 
1924, Mac Ginite & Mac Ginite 1949, Hyman 1955, 
Rothschild 1956, Lewis 1958, Reese 1966, Kennedy & 
Pearse 1975, Hunmelman 1981, Iliffe & Pearse 1982, 
Starr et al. 1990). Nevertheless, some workers have 
been unable to stimulate spawning using gametes from 
conspecifics (Gemmill 1900, Palmer 1937, Pennington 
1985). High sperm concentrations stimulated spawning 
in the sea urchin Strongylocentrotus droebachiensis, 
but only after a period of 2 d or more (Starr et al. 1990). 
Sperm failed to induce spawning in our experiments 
lasting only 2 h, but it did increases the speed of the 
spawning response of females exposed to the phyto- 
plankton inducer. Thus, an unknown metabolite in the 
sperm suspension may act as a modulator enhancing 
spawning. By definition, modulators have no effect at 
natural concentrations in the absence of the cue 
(Rittschof & Bonaventura 1986). This seems to be the 
case for sperm suspension. In nature, we expect that 
phytoplankton induces spawning in the most receptive 
males and their gametes, together with phytoplankton, 
stimulate subsequent massive spawning. 

New technique for obtaining gametes in mariculture 

In invertebrate mariculture, easily executed tech- 
niques are needed to induce heavy and synchronous 

gamete release. The use of a natural signal should be 
more favourable than the use of chemicals such as 
hydrogen peroxide and KC1 which may damage 
gametes and embryos. Phytoplankton provides a reli- 
able method for the induction of spawning. Phyto- 
plankton is probably the natural spawning cue in many 
marine invertebrates (Starr et al. 1990) and the identifi- 
cation of the inducer(s) produced by phytoplankton 
could permit its use in controlling spawning without 
culturing large amounts of algae. 
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