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Abstract

Cysts of the toxic dinoflagellate Alexandrium spp. have been implicated in
incidents of paralytic shellfish poisoning. There is a paucity of data conceming the
possible effects the benthic resting cyst may have upon bivalve biology, although the
effects of motile, vegetative Alexandrium cells on bivalve physiology have been

extensively studied. The research presented in this thesis examines the role mussels may

play in reci ing di cysts within an site, the impact of passage
through the bivalve gut on the viability of cysts, and the retention time of the cysts within
the bivalve digestive tract.

Mussels from the top and bottom of mussel socks were similarly contaminated

with cysts of several di species (Scrippsiella sp., A. putative A.
ostenfeldii) as there was active sediment resuspension within the site. Scrippsiella sp.

cysts inated the di cyst lation of the sediment, however fewer cysts

of this species were egested. The composition of the faecal material collected from
mussels contaminated in the field and in the laboratory suggests putative 4. ostenfeldii
cysts were not digested since intact cells of this species were dominant in the faeces.

The estimated 8% daily replenishment rate of the bottom sediment A. ostenfeldii

hypnozygotes by faecal pellet ition is a i ibution to the
i of di cyst i As well, putative A. ostenfeldii cysts

were viable following passage through the acidic bivalve gut. The thick-walled
dinoflagellate cysts egested in faeces were of similar viability as cysts found in
sediments, germinating in about 10 - 14 days. The estimated gut retention time of these
cysts was 9 h.

The egestion of viable cysts from mussels could have serious implications for
current aquaculture practice. The transport of contaminated bivalves among sites may

result in the transfer of viable cysts, capable of germinating and seeding a toxic

bloom in a previ i area.
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CHAPTER I

Introduction

1.1 Paralytic Shellfish Poisoning and Bivalve Molluscs

Paralytic shellfish poisoning (PSP) is a global problem caused by the
consumption of contaminated shellfish which can result in human illness and death. It is
a serious public health risk that presents an economic threat to the commercial harvest of
both wild and cultured bivalve populations. It is important to understand the nature and
causes of bivalve toxicity as they continue to pose serious problems to harvesters,
seafood processors, consumers and regulatory agencies. Efficient monitoring programs
have helped to ensure product safety and minimize disruption of harvesting (see review
by Shumway 1990). To prevent toxicity to humans in Canada, an estimated $3.3 million
is spent annually on product monitoring and analysis on both the east and west coasts by
the Department of Fisheries and Oceans (Cembella & Todd 1993; Todd 1995).

PSP toxins are produced by certain genera of marine dinoflagellates, including
Alexandrium spp. (Halim) emend Balech, Gymnodinium catenatum Graham, and

Pyrodi bah var. comp (Bohm) Steidi Tester et Taylor (Hall &

Reichardt 1984; Taylor 1984; Oshima ef al. 1990). In temperate waters, the

Alexandrium ified formerly as G spp. or the P

catenella/tamarensis species complex) is frequently implicated in incidents of PSP



toxicity (Taylor 1984; Shimizu 1987). Among the twenty-two species in the genus

Alexandrium (Balech 1985), eight have been d d as sources of
toxins (see review by Shumway 1990), the most studied species being A. tamarense
(Lebour) Balech, the organism responsible for PSP in many parts of the world.

Alexandrium fundyense (Lebour) Balech (formerly known as Protogonyaulax tamarensis

or Gonyaulax is) is the di species primarily ible for PSP in
eastern Canada and the United States (Taylor 1984). Alexand;ium fundyense is
distinguished from A. tamarense by the absence of a distinctive ventral pore located on
the 1" apical plate found on the latter species (Balech 1985). Recently it has been
suggested by Anderson et al. (1994) that these two species may be varieties of a single

species based upon toxin ition, allozyme is and sexual

As this proposed change in taxonomy has yet to be confirmed, the two forms will be

considered as separate species in this thesis.

The PSP toxins are a suite of purine i of saxitoxin
(STX) and at least 21 naturally occurring analogues (Oshima er al. 1993). Saxitoxin
blocks transmission across neuromuscular synapses by inhibiting the inward flow of

sodium ions to the axon (Steidinger & Baden 1984). Both the toxicity and toxin

of toxigenic Alexandrium species have been shown to vary considerably
among isolates from different locations (Maranda et al. 1985; Oshima et al. 1990;
Anderson er al. 1994). The toxicity of isolates of A. fundyense from coastal regions of

the northwest Atlantic ranges from below detection levels to > 100 pg STX eq cell" and



may vary by an order of i ing upon culture itions (Maranda e al.

1985, Cembella er al. 1988; Anderson ez al. 1994).
Bivalves accumulate PSP toxins by ingestion of toxic dinoflagellates during

feeding (: eral. 1987, y 1990). Toxin accumulation may

depend upon several factors: filtration rate, the toxicity and concentration of the

dinoflagellate cells, and a particular species’ capacity for selective ingestion and/or

Although the itivity of i to saxitoxin is much lower than
that of vertebrates, the degree of sensitivity has been shown to be species-specific

(Twarog & Yamaguchi 1974). Among other factors, the ability of bivalve species to

accumulate toxin may be a result of differing sensitivities of the nervous system of each
species to saxitoxin, as suggested by Twarog and Yamaguchi (1974).

Extensive research has been conducted on the impact of motile, vegetative toxic
dinoflagellate cells upon bivalve physiology and feeding behaviour. Exposure to A.

tamarense cells can elicit a wide range of physiological responses in numerous bivalve

species: differential shell valve closure, erratic heart rate, increased oxygen consumption,

altered filtration rate and ion of like material et al. 1985a,
1987; Shumway & Cucci 1987; Gainey & Shumway 1988; Bricelj e al. 1990; Marsden
& Shumway 1992, 1993). Alexandrium tamarense can also reduce byssus production in
the blue mussel, Mytilus edulis Linnaeus (Shumway er al. 1987). Reduced tissue growth
rates, absorption efficiencies and clearance rates have also been documented (Bricelj et

al. 1990; 1993). Responses are generally species-specific and may act to protect bivalves



from the effects of the toxins (Marsden & Shumway 1993). A laboratory study
(Shumway & Cucci 1987) exposing bivalves to bloom concentrations of A. tamarense (5
x 10° cells ') documented 75% mortality in M. edulis from areas free of PSP, while M.
edulis from Maine, a region of recurrent toxic blooms, did not experience any mortality.
Twarog and Yamaguchi (1974) speculated that bivalves which are periodically exposed
to toxic blooms may have developed mechanisms to ingest the toxic microalgae without
adverse effects. In the absence of other microalgae, juvenile mussels have been reported
to utilize toxic 4. fundyense cells effectively as a food source (Bricelj er al. 1993).
Although the effects of motile, vegetative Alexandrium cells on bivalve behaviour
and physiology have been extensively studied, there remains a paucity of data canceming
the possible effects the benthic resting stage of Alexandrium may have upon bivalve
biology. The motile, vegetative stages pose only a seasonal threat to bivalve harvest. [n
contrast, cysts are resident in sediments year-round. The research presented in this thesis
examines the role mussels may play in recirculating cysts within an aquaculture site, the
impact of passage through the bivalve gut on the viability of cysts, and the residence time

of the cysts within the bivalve digestive tract.

1.2 Life cycle of Alexandrium
Many marine phytoplankton species produce dormant cysts (hypnozygotes)
during their life histories. More than 80 species of marine dinoflagellates are known to

produce cysts (Matsuoka er al. 1989). The alternation of generations between motile



vegetative cells and dormant resting cysts enables dinoflagellate populations to inhabit
both the benthos and pelagos. Population growth occurs through binary division, but a
transition to sexual reproduction resuits in the formation of gametes, which fuse. In 4.
tamarense, conjugation can occur between anisogamous (Turpin ef al. 1978) or
isogamous gametes (Anderson 1980; Fritz er al. 1989), giving rise to a planozygote (Fig.
1.1). A large, longitudinally biflagellate motile cell, the planozygote does not divide, but
continues swimming for several days before transforming into a thick-walled resting cyst,
or hypnozygote, which sinks to the sediments (Anderson 1980). Alexandrium tamarense
cysts have an endogenous germination rhythm (Pfiester & Anderson 1987). Following an

obligate dormancy period, the hypnozygote can remain in a quiescent state until

cues trigger (Anderson & Morel 1979; Anderson
1980). Alternatively, an annual endogenous “clock™ has been proposed, restricting
germination to a particular time of year (Anderson & Keafer 1987). This mechanism

may explain germination of cysts in deep water sediments which are not exposed to

changes in envij iti Upon the hypi
releases a farge, posterioriy-biflagellate planomeiocyte (Anderson & Wall 1978) which
then divides to produce vegetative cells, the inoculum for subsequent blooms (Steidinger

1975; Dale 1977; Anderson & Wall 1978; Anderson 1980).
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Fig. 1.1: Lifecycle di fthe toxic dinoflagel Al drium . Stages are as

follows: (1) vegetative, motile cell; (2) temporary cyst; (3A) anisogamous “female” and

“male” gametes; (3B) isogamous gametes (4A & B) fusing gametes; (5) swimming zygote or

p[anozygme (6) resting cyst or hypnozygote; (7 & 8) motile, germinated cell , or
; and (9) pair of vegetati 11s (adapted from Anderson et al. 1995).




1.3 The role of Alexandrium hypnozygotes
Two types of cysts can be formed by dinoflagetiates: temporary cysts and resting
cysts. Temporary Cysts are thin-walled, nonmotile, athecate cells, formed during
vegetative growth as a result of short-term changes in ambient conditions (Anderson &
Wall 1978). Absent from sediments, these cells regain motility within several days under
favourable environmental conditions (Dale 1977). Temporary cysts are not considered in
this thesis, therefore the use of term “cyst™ here refers to the resting stage or hypnozygote.

Several functions have been attributed to dinoflagellate resting stages. Prakash

(1967) lished a ionship between benthic cyst ions and historic
shellfish toxicity sites, leading to the suggestion that toxic dinoflagellate blooms arise

from benthic resting cysts. Certain locations which accumulate cysts as a result of

selective deposition due to phic and sedi; y processes serve as “seed beds”.
producing motile cells which then initiate blooms (Wall 1971; Steidinger 1975; Anderson
& Morel 1979; Tyler et al. 1982). Other functions attributed to cysts are survival under

adverse envil iti for ive cells, species dispersal and

protection against predation (Wall & Dale 1968; Daie 1983; Heaney er al. 1983).

Encystment is often triggered by adverse
(Blanco 1995).

Hypnozygotes formed at the end of Alexandrium blooms have been implicated as
direct vectors of toxin transfer to bivalves (Dale et al. 1978; White & Lewis 1982).

Blooms of vegetative, toxic dinoflagellates explain toxicity peaks in bivalves during



spring and summer months. However, high toxin levels have been reported during the
winter which cannot be accounted for by blooms. Cembella and Shumway (1995)
reported a winter toxicity peak in the surf clam, Spisula solidissima Difiwyn, which
cannot be solely explained by toxin bioconversion since the results indicate a rise in both
PSP toxin concentration and total body toxicity. This apparent discrepancy may be
accounted for by the ingestion of toxic hypnozygotes.

The benthic resting cyst hypothesis for contamination of bivalves was first
proposed by Bourne (1965) as an explanation for slow detoxification rates in scallops
during winter months. Bivalves inhabiting regions with bottom sediments containing
toxic cysts cannot avoid encountering these cells, and A. ramarense cysts have been

Gmelin etal.

reported in the gut of the sea scallop, Pl
1987). The abundance of A. fundyense cysts in sediments has been positively correlated
with maximum recorded levels of PSP toxins in M. edulis (Schwinghamer et al. 1994).
The toxicity of the resting cyst of Alexandyium spp. relative to the motile
vegetative cell has been debated in the literature. Early work by several researchers (Dale
etal. 1978; Yentsch & Mague 1979; White & Lewis 1982) showed that the resting stage
was more toxic than the vegetative cell, although these studies compared the toxicity of

natural ions of hyp! gotes in sedi with that of cultured vegetative cells.

Cultured Alexandrium vegetative cells are often less toxic than natural populations from
the same region (Cembella & Therriault 1987; Cembella ez al. 1988). More recently,

Cembella et al. (1990) compared the toxin composition of naturally occurring



9
hypnozygotes and vegetative cells from the lower St. Lawrence estuary and reported that,
in general, hypnozygotes were less toxic than motile cells. While some variation in
toxicity may exist, depending upon geographical location, there is a consensus that 4.

tamarense cysts contain PSP toxins.

1.4 Thesis Objectives

The objectives of this thesis were to investigate the uptake, retention and
elimination of Alexandrium hypnozygotes by a bivalve mollusc. The blue mussel,
Mpytilus edulis, was chosen for study as it is an important aquaculture species in the

and G used as a sentinel organism to monitor PSP,

M. edulis is resistant to PSP toxins and is capable of sequestering large amounts of toxin
during toxic algal blooms (Twarog et al. 1972; Twarog & Yamaguchi 1974). It rapidly
accumulates and eliminates toxins from its tissues (Medcof er al. 1947) at rates faster
than in other bivalves (Gainey & Shumway 1988).

Mussel isan ing industry in Ne land. The first

documented case of PSP in Newfoundland occurred on 25 September 1982 at Harbour
Grace, Conception Bay (Fig. 1.2) (White & White 1985), although it has been suggested

that A. is indi; to surveys of coastal

sediments around the Province revealed contamination by A. fundyense cysts in many
areas (McKenzie 1993, 1994; Schwinghamer et al. 1994). One former mussel farm,

located in Barred Island Cove, Notre Dame Bay, now permanently closed to aquaculture
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Cove (@) and the site of the first recorded PSP incident in the Province. Harbour
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1
due to consistent PSP contamination, has been the focus of ongoing research (Fig. 1.2).
Sediment analysis at this site, a cove with two barrier islands and a shallow sill, revealed
A. fundyense cyst concentrations ranging from 20 to > 1000 cysts cm™ and frequent
sediment resuspension as the result of strong winds (McKenzie 1993; Schwinghamer et
al. 1994). Sediment core sampies and mussels collected from established socks at this
site were used to conduct the laboratory studies described in this thesis.

This thesis is divided into five chapters. The role mussels may play in maintaining
populations of Alexandrium within an aquaculture site was examined by comparing the
dinoflagellate cyst composition of faeces from naturally contaminated mussels with the
distribution of cysts in the underlying sediment (Chapter IT). The faecal material
collected was then used to determine the viability of Alexandrium cysts after passage
through the digestive tract of mussels (Chapter III). Mussels were artificially
contaminated with sediment containing A4/exandrium hypnozygotes in the laboratory to
determine the gut retention time and compare pre- and post-ingestion selection of the
cysts (Chapter IV). The results were then summarised and discussed in context with the
current literature, suggesting avenues for further investigation (Chapter V).

Two species of mussels, M. edulis and M. trossulus (Gould 1850), co-exist in
Newfoundland. Mussels used in this study were identified as M. edulis based upon

morphological characteristics.



CHAPTER II

The role of the mussel in recirculating dinoflagellate cysts

2.1 Objectives

A ions of benthic toxic di cysts have been observed and

studied in various marine environments: offshore trenches and depressions, fjords, and
the shallow coastal embayments often selected for shellfish aquaculture operations (Dale
1976; Dale et al. 1978; Anderson & Morel 1979; White & Lewis 1982). The
concentration of filter-feeding bivalves in an area such as an aquaculture site may
facilitate the maintenance of a seed bed of Alexandrium hypnozygotes by concentrating
transient vegetative cells or resuspended cysts. Therefore, the objective of the present
study was to examine the role the mussel Mytilus edulis may play in recirculating
dinoflagetfate cysts within an aquaculture site contaminated with A. fundyense resting
stages. Specifically, the location of mussels within the site and in the water column was
assessed with respect to contamination by Alexandrium hypnozygotes, as measured by
the concentrations of cysts in faecal material. Sediment samples were analysed to

de ine the ions of dinofl: resting stages within the bottom sediments

and to compare these with cyst concentrations in mussel faeces. Finally, the
biodeposition rate of dinoflagellate cysts was estimated as an index of the rate at which

resuspended cysts are returned to the sediment surface by cultured mussels.



2.2 Materials and Methods
2.2.1 Mussel sampling and faecal pellet collection

Mussels were sampled in September and October 1996 from the top and bottom
of mussel socks previously established at the study site, Barred Island Cove, Notre Dame
Bay, Newfoundland (Fig. 2.1). Specific socks within the site were selected for study
based upon previous estimates of Alexandrium fundyense cyst concentrations (McKenzie
1993), and differing bottom depths (Fig. 2.2). Since a bloom of A. findyense vegetative
cells occurred between the September and October sampling dates (McKenzie et al.
1997), the samples from September were termed pre-bloom and the samples from
October were termed post-bloom.

On September 24, twenty-nine Myrilus edulis (mean shell length 63.5 mm = 10.2
S.D.) were collected from socks 1, 2 and 4 and transported on ice in the dark to the Ocean
Sciences Centre, Logy Bay. The transport time was approximately 8 h, during which
there were no mortalities. Upon arrival, mussels were scrubbed free of epibionts and

placed in indivi 1 iners with 700 ml UV-sterilized, filtered (1.0 um) seawater

(FSW) at 15°C for collection of faecal material. Following a 15 h incubation period, the
mussels were removed and the faecal pellets were carefully collected with a large bore
pipette and expelled into 7 ml glass vials containing 3.5 ml FSW. The total volume of the
faecal material was measured to the nearest 0.1 ml using a graduated pipette. The vials

were then stored in the dark at 4°C until ing. No ion was

observed.
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Fig. 2.2: Diagram depicting sampling depths (@ top of sock; ® bottom of sock) and
bottom depths (=) for specific mussel socks established at the study site, Barred Island
Cove, Notre Dame Bay, Newfoundland.



On October 29, four M. edulis (mean shell length 43.6 mm + 6.7 S.D.) were
sampled from the top and bottom of each of socks 1, 2, 3, and 5. Faecal pellets were
collected on-site as follows: after being scrubbed free of epibionts, individual mussels
were placed in plexiglass cylinders (diameter = 70 mm; height = 75 mm), filled with 200
ml surface water. Cylinders were sealed with a rubber stopper, leaving an air pocket, then
submerged for a 19 h incubation period. The faecal material was then collected,
transported to the laboratory and stored as described above.

Although the protocols for faecal collection were different in the two sampling

dates, the i are In the faecal pellets were collected

from mussels after a transport time interval of 8 h, whereas in October faeces were
collected within one hour. Since the mussels remained closed during transport, there was
no egestion of faeces. Prolonged retention of the material within the digestive tract does
not appear to have affected the egestion of intact dinoflagellate resting stages as more

cysts were recovered in mussel faeces in September than in October.

Although the gut retention time for Alexandrium cysts has not yet been
determined for any bivalve (Scarratt et al. 1993 proposed a 12 h minimum), 15 h was
considered sufficient time for complete gut evacuation based upon results of a
preliminary examination of faecal and gut contents of sixteen mussels sampled from the

study site on June 19, 1996. Mussels were incubated for 15 h and the faecal material



collected in the same manner as described for October. After the mussels were
transported on ice to the laboratory, the entire digestive gland-stomach mass of each
mussel was dissected out and the stomach contents removed with a micropipette. This
material was suspended in FSW and inspected microscopically (see Section 2.2.4).
Although intact 4. fundyense resting stages were present in the faecal material collected,
no intact dinoflagellate cysts of any species were found in the stomach contents, therefore

all cells were presumed to have been evacuated.

2.2.3 Preparation of faecal material for examination: testing three methods of dispersal
Faeces produced by Mytilus edulis are mucus-bound pellets, composed of well-
digested material mixed with partially digested material which may have been rejected
during the sorting process within the stomach (Reid 1965; Widdows & Bayne 1971;
Thompson & Bayne 1972). Three methods were tested to determine the most effective
technique for compiete dispersal of the faecal pellet contents: vortexing, repeated
aspiration through a micropipette and sonication. Vortexing a faecal sample for up to ten

minutes at the highest speed available was ineffective in disaggregating faecal pellets.

Repeated aspiration through a | ml micropipette tip d the pellets
into clumps, but these agglomerations were too dense to permit examination of the

contents. Gentle sonication resulted in a ion of faecal material,

although it was necessary to determine the precise conditions to ensure there was no

destruction of cysts (Anderson er al. 1984). For this purpose, two faecal samples,
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suspended in filtered seawater in 7 ml glass vials, were sonicated for five minute intervals

in an ice-water (4°C) sonicating bath (Cole Parmer 8851). Following each five minute

period, 300 uL of each sample was ined using phase and

microscopy. The number of Alexandrium fundyense cysts present was determined and
the physical state of each cyst was assessed based upon the condition of the cell walf and
cellular contents. Counts of A. fundyense cysts in the suspension remained constant for
both samples after 30 minutes of sonication. Thirty minutes of sonication did not appear
to have any detrimental effects upon A. fundyense cysts, nor did forty-five minutes of

sonication, the maximum length of time tested.

2.2.4 Examination of faecal contents

The contents of the unpreserved faccal pellets were identified and enumerated by
direct cell counting. Although this approach is laborious and time-consuming, it yields
the most accurate information about the composition and condition of phytoplankton
(Sakshaug 1990). An electronic particle counter could nat be used for enumeration of the
cells in the faecal material in this study, as the cysts were approximately the same size
(40 um diameter) and shape, and thus could not be distinguished with this method.

After disaggregating the faecal contents and freeing cysts from other detritus by
sonication for thirty minutes in an ice-water bath, triplicate counts were made of
dinoflagellate cysts in each faecal sample. From a homogeneous suspension, 200.L was

dispensed into each of three Uterméhl settling chambers and settled for five minutes. The



entire surface of each chamber was examined using phase and epifluorescence
microscopy on a Zeiss Inverted Microscope at magnifications of 200x and 400x. The
counting error of this method, estimated by five replicate counts of a single sample,
which contained 494 Alexandrium ostenfeldii putative cysts mg™' ashed dry weight
(ADW), was 20% (coefficient of variation: CV). When standardized for carbon content,
the same sample contained 1.09 putative 4. ostenfeldii cysts ug C** and the CV was again
20%. The technical error in this counting method is comparable to the 20% CV counting
error reported by Ishikawa and Taniguchi (1994) for enumeration of Scrippsiella spp.

cysts in sediment.

The cysts of four di species (Scrippsiella sp.,  fundyense,
and two unknown cyst types) were identified based upon their physical appearance under

the light mi (Chapter 3) and for each faecal sample. Preliminary

examinations of sediment cores and mussel faeces from the study site revealed the
presence of two unknown cyst types. The first is referred to as the “Grey” cyst because

of its grey appearance under phase microscopy. The second cyst type numerically

the dinofl cyst ion in the sediment samples. It was not possible
to determine the dinoflagellate species to which these two cyst types belonged.
Germination studies conducted Jater (Chapter 3) suggested that the unidentified cysts of
the second species are the resting stages of Alexandrium ostenfeldii (Paulsen) Balech et
Tangen, a potentially toxic dinoflagellate species which has been observed in the Guif of

St. Lawrence (Levasseur ef al. 1996), and in Nova Scotian coastal embayments



(Cembella ef al. 1998). Grey cysts did not germinate under culture conditions and

therefore remain unidentified in this study.

2.2.5 Faecal pellet organic and inorganic content for standardization of cyst abundance

To facilitate comparison between mussels from different locations and of different
sizes, cyst abundance values were expressed per g C and per mg ADW of faeces, as
measures of organic and inorganic content of faeces respectively.

Duplicate samples of 0.7 - 1.2 ml homogeneous faecal suspension were filtered
onto preweighed, preashed (450°C) Whatman GF/C filters (25 mm) to determine the
carbon content of the faecal pellets. Duplicate filters for ADW determinations were
similarly prepared, then rinsed with 10 ml 3% ammonium formate to remove salts. The
remaining faecal suspension was used for sample blanks as seawater samples were not
collected from the study site. This suspension was filtered through a 0.45 um cellulose
acetate filter which retained all cellular material and debris. Sample blanks were then
prepared as above for the different analyses.

All filters were oven-dried to constant weight at 60°C. Organic carbon was
measured by combustion in a Perkin Elmer Model 2400 elemental analyser. ADW filters
were combusted at 450°C for 12 hrs, cooled in a desiccator and reweighed. Weights

were determined within 1 ug using a Mettler UM3 microbalance.



2.2.6 Sediment core collecti ion and
On September 24 and October 29, 1996, four sediment cores were collected by
hand by SCUBA divers within a | m® area beneath each mussel sock in the study site.

The top 6-8 cm of sediment and 2-3 cm of overlying water was collected using a

modified 50 ml il tube with a ional area of 5.92 cm®
(McKenzie 1993, 1994). Cores were transported on ice in the dark to the laboratory,
where the top 3 cm of sediment and the overlying water were transferred to clean 50 ml
centrifuge tubes, then stored in the dark, unpreserved, at 4°C prior to processing. The top
3 cm fraction, rather than the flocculent surface layer, was analysed for the presence of
dinoflagellate cysts (Anderson & Wall 1978; Dale et al. 1978; Lewis et al. 1979) because
White and Lewis (1982) demonstrated that as many Alexandrium tamarense (=
Gonyaulax excavata) cysts were present in the 3 - 4 cm fraction as at the surface.

The sediment was sonicated for two bursts, each 45 seconds, with a Branson 250
Probe Sonifier, with power set at level 4 to ensure adequate dispersal of detritus. The
sample was then fractionated to separate and concentrate dinoflagellate resting stages
following the density-gradient technique of Schwinghamer er al. (1991). In brief,
following sonication, the sediment was sieved through 80- and 20-.m Nitex nylon sieves,
retaining the material on the 20-um sieve. A step gradient was then formed by injecting
“light” and *“dense” solutions composed of a non-toxic, aqueous colloidal silica
suspension (Nalco 1060), made isosmotic with seawater of salinity 32%o using sucrose,

beneath the sieved cyst suspension in a 50 ml centrifuge tube. The tubes were then
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centrifuged at 1469 g for 30 min at 4°C and the concentrated layer of dinoflagellate cysts
formed at the interface between the light and dense solutions was removed for
examination.

Cysts of the four dinoflagellate species in the mussel faecal pellets were
enumerated in triplicate for each sediment core by examining the concentrated cyst layer
using phase and epifluorescence microscopy (Section 2.2.4). Each count was performed
on 100 - 200 »L of the homogenous cyst slurry, the volume settled for each core being
adjusted to yield a total of 100 - 300 cysts per slide. It is recommended that at least 100
algal cells be counted to give a 95% confidence interval of the estimate within + 20% of
the mean value (Venrick 1978, with reference to Lund et al. 1958). The counting error
(CV), estimated by five replicate counts of A. ostenfeldii cyst concentrations in one
sediment core which contained 156 A. ostenfeldii cysts cm”, was 14%. Results are

expressed as number of cysts per cm’, from the top 3 cm of sediment.

2.2.7 Statistical analysis

The numbers of Scrippsiella sp., Alexandrium fundyense, A. ostenfeldii and Grey
cysts in faeces of Mytilus edulis sampled from the top and bottom of mussel socks within
the study site were analysed by two-way nested analysis of variance with the sock,
position of mussel on the sock and the individual mussels as treatments. Separate

analyses were performed for the abundance of each cyst type present in mussel faeces,
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expressed per mg ADW and per ug of faecal carbon. September and October data were
examined separately.

The variability within and between the four sediment cores sampled beneath each
sock and between socks was analysed by nested one-way analysis of variance with the
sock and the core, nested within the sock, as treatments. Analyses were performed
separately for September and October data, and for each cyst species, expressed as the
total number present per cm’ of sediment.

Where the residuals of statistical analyses were not normally distributed, the p
values were randomized, since randomization daes not assume a normal distribution of

residuals. The criterion for statistical significance in all analyses was p < 0.05.

2.3 Results
2.3.1 Analysis of dinoflagellate cyst counts in mussel faeces

In the two-way nested analysis of variance, the numbers of Scrippsiella sp.,
Alexandrium fundyense, A. ostenfeldii and Grey cysts present in the mussel faeces, per
mg ADW, in September from the top of socks {, 2 and 4 were similar to the numbers in
faeces of mussels collected from the bottom of the socks (p > 0.05; Figs. 2.3 - 2.6). The
same results were abtained for the numbers of Scrippsiella sp., A. fundyense, and Grey
cysts per ug C in mussel faeces (p > 0.05; Figs. 2.7 - 2.9). Examination of individual
socks using t-tests of mean cyst counts for each mussel revealed that there were more 4.

ostenfeldii cysts per ug C egested from mussels sampled from the bottom of socks 2 (p =
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0.0477) and 4 (p < 0.03) than from the top of the socks (Fig. 2.10). There were no

significant differences for sock 1.

In October, the numbers of Scrippsiella sp., A. fundy A. ii and Grey
cysts. standardized per mg ADW and per ug C, were similar in the facces of mussels
collected from the top and bottom of mussel socks 1,2, 3 and 5 (p > 0.05; Figs. 2.3 -

2.10).

Faeces collected from socks in generally ined more A.
cysts than faeces collected in October. The number of A. ostenfeldii cysts defaecated from
mussels sampled from the bottom of sock 4 in September was at least thirty times greater

than that defaecated from mussels from the top of the same sock (Figs. 2.5 & 2.10).

2.3.2 Analysis of dinoflagellate cyst concentrations in sediment beneath mussel socks

To examine the variability in composition within and between sediment cores
beneath each mussel sock and the variability between socks, core contents were analysed
using a nested one-way ANOVA. In all analyses the concentrations of Scrippsiella sp.,
Alexandrium fundyense, A. ostenfeldii and Grey cysts per cm’ of sediment were
significantly different between the four cores beneath each sock (p < 0.03), therefore the
variability due to cores beneath each mussel sock was tested by separate one-way
ANOVA.

Although sampled within a one square metre area, the dinoflagellate cyst

compositions of the four cores taken beneath each sock were highly variable in both
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September and October (Table 2.1). The ions of Scrippsiella sp.
varied between all sediment cores beneath each mussel sock, ranging from 265 to 1665
cysts cm” in September and from 76 to 610 cysts cm™ in October (Fig. 2.11).
Concentrations of 4. fundyense (Fig. 2.12) and A. ostenfeldii (Fig. 2.13) in cores beneath
sock 2 were consistent for both sampling dates, however beneath sock 3 concentrations of
the same species were highly variable. Prior to the bloom of Alexandrium vegetative

cells in A. fund cyst ions in the sediment varied from 3 to 371

cysts cm” while A. ostenfeldii cyst concentrations ranged from 13 to 183 cysts cm™.
Post-bloom concentrations of A. fundyense cysts in the sediment ranged from 1 to 214
cysts cm™ and concentrations of A. ostenfeldii cysts varied from 14 to 581 cysts cm.
With the exception of the sediment samples beneath sock 1 in September (2 - 25 cysts
cm), Grey cysts were rare (<11 cysts/cm’) or absent from sediment beneath each sock
(Fig. 2.14).

between di cyst ions in sediment

from September and October were not possible due to the variability between cores
sampled beneath the same mussel sock, so general trends are presented. From September
to October, the number of Scrippsiella sp. resting stages in the sediment decreased, as did

the abundance of 4. fundyense cysts, with the exception of sock 3 beneath which A.

increased. The ion of putative 4. ostenfeldii

hypnozygotes beneath the mussel socks also decreased from September to October for

socks 1 and 2, but tended to increase under socks 3 and 4. Grey cysts, present in all cores



Table 2.1: P values from one-way analysis of variance comparing the variability betweed4
sediment cores beneath each mussel sock using mean cyst counts per core for each cyst
species. NS = not significant.

Cyst species Sock September October
1 0.0001 0.0002
Serippsiella sp. 2 0.0001 0.0001
3 0.0001 0.0023
4 0.0009 0.0001
1 0.0001 NS
Alexandrium fund Z L NS
3 0.0037 0.001
4 NS 0.0016
1 NS 0.0117
putative
Alexandrium Idii Z NS NS
3 0.0001 0.0001
4 NS NS
1 NS NS

Grey oyt NS 0.0126
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under only sock 1 in September, were rare or absent in the sediment beneath socks 2 - 4

in September and beneath all four mussel socks in October.

2.3.3 Comparison of di cyst ition of faecal pellets and sediment cores

The relative proportions of the cysts of each of the four dinoflagellate species
encountered in the study site were similar in the sediment in September (n = 16) and
October (n = 20). On both sampling occasions, the dominant dinoflagellate cyst type in
the sediment was Scrippsiella sp. (Fig. 2.15). In contrast, the dinoflagellate cyst
composition of mussel faeces in September (n = 29) and in October (n = 32) was
dominated by putative Alexandrium ostenfeldii. This trend is most evident in September

samples: Scrippsiella sp. resting stages ised 77.1% of the total dinoflagellate cysts

in the sediment, whereas A. ostenfeldii comprised 81.1% of the cyst composition in

mussel faeces.

2.4 Discussion
2.4.1 Variability of data

There was considerable variation in the precision of dinoflagellate cyst counts in
mussel faeces. This can be attributed to the low counts in most of the sampling units.
The spatial coverage of the core samples was too small relative to the spatial patch scale
of the cysts. Fewer, larger cores should have been sampled to reduce the variability. The

abundance of these cell types in the sediment underlying the mussel socks was less
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ariable as cyst densities were greater. Cembella et al. (1988) demonstrated that the

precision of triplicate counts of Alexandri (=F I is)
cysts from sediments in the lower St. Lawrence estuary was strongly affected by the cyst
density: samples with > 500 cysts cm™ had a CV between 4-10%, while the CV varied

from 18-100% for samples with < 150 cysts cm™.

2.4.2 Significance of mussel position in water column with respect to cyst contamination
Vertical relaying of mussels in the water column may limit their exposure to toxic
dinoflagellate cells (Desbiens et al. 1990). Desbiens and Cembella (1993) tested this
strategy to reduce PSP contamination by positioning mussels near the bottom of the water
column (13 - 15 m deep) during a bloom of vegetative Alexandrium tamarense (= A.
excavatum sensu Balech) cells and raising the mussels close to the surface at times when
A. tamarense was concentrated near the bottom of the water column. Mussels placed
near the bottom were found to be the least toxic during most of the cycle. The reverse

strategy was tested in this study to ine whether mussel ination by

resuspended Alexandrium cysts could be limited in a relatively shallow aquaculture site
(5- 11 mdeep).

Contamination of Mytilus edulis by Alexandrium hypnozygotes was similar for all
mussels sampled in this study, regardless of the mussel location in the water column and
the depth of the sediment beneath the mussel sock. Faecal material collected from

mussels at the top and bottom of mussel socks contained similar amounts of Scrippsiella



42
sp.. A. fundyense, putative A. ostenfeldii and Grey cysts. The only exception to this trend
occurred in September for socks 2 and 4: cysts resembling A. ostenfeldii were found in
greater abundance in faeces (standardized by carbon content) collected from mussels
sampled from the bottom of the socks than in faeces from mussels at the top. It was
expected that mussels from the bottom of the socks would contain more dinoflagellate
cysts than mussels from the top, due to their proximity to the sediment surface. However,
sediment resuspension carries cysts thiroughout the site, therefore exposure to
resuspended cysts cannot be minimized by careful placement of mussel arrays.

While the high contamination of mussel faeces from the bottom of socks 2 and 4

by A. ostenfeldii cysts was expected, as a corollary it was also expected that there would

bea degree of faecal ination by the other dinoflagellate species

studied. This is based on the assumption that cysts are present in resuspended sediment

and available to mussels as seston at similar ions to those in the

sediment surface layer. The densities of all four cyst types are similar (between 1.2 - 1.4

g cm™) as they all together in the density-gradi ion technique

(Schwinghamer ef al. 1994). The specific gravity of Scrippsiella frochoidea (Stein)
Loeblich I cysts ranges from 1.05 to 1.39 g ¢cm™ and that of A. fundyense cysts from
1.15 to 1.30 g cm™ (Anderson et al. 1985). Faecal material from mussels from the

bottom of sock | was not highly i by putative 4. ii cysts, although

the sediment beneath this sock contained i the same ions of cysts

of this species as that below socks 2 and 4. More than one point source may be involved
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in ion, or small-scal effects beneath the socks may account for the

difference in contamination. The depth of sediment erosion may be a factor, depending
upon the depth distribution of each species of cyst. White and Lewis (1982)
demonstrated that there are as many A. famarense (= G. excavata) cysts in the top 3 cm
as in the flocculent surface layer, however it is unknown whether there are vertical
gradients in abundance of cysts of other dinoflagellate species within the sediment. There
is no clear relationship between the point source beneath the mussel socks and the

number of dinoflagellate cysts passing through the overlying mussels.

2.4.3 Concentrations of dinaflagellate cysts in bottom sediments
The concentrations of dinoflagellate cysts in the upper 3 cm of sediment were

highly variable within the square metre area sampled beneath each mussel sock. The

distribution of Alexandrium fundy and A. Idii cysts within a
small confined area has serious implications for sampling techniques in cyst mapping and
distribution studies. These studies are conducted to help assess where shellfish
monitoring stations and aquaculture projects should be located (Lewis er al. 1979), and to

determine ly the and distribution of cysts in an aquaculture site

(Yamaguchi et al. 1995). The presence of dinoflagellate cysts in local sediments is one
of several criteria suggested for assessing the susceptibility of a site to PSP, since cysts
are often an early indication of a potential toxic algal bloom (Dale ef al. 1987 as cited in

Shumway 1990). ial di in cyst ions among sediment cores
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examined in this study emphasize the need to include fewer, larger cores in composite
samples to obtain an accurate assessment of sediment contamination.

The dinoflagellate cyst concentrations in the sediment also varied considerably
from September to October. In the interim period, a bloom of Alexandrium vegetative
cells was observed (McKenzie ef al. 1997). Although this bloom was attributed to the
proliferation of A. fundyense cells, it is possible that it may have been caused by 4.
ostenfeldii vegetative cells, or that both 4. fundyense and A. ostenfeldii bloomed

concurrently, triggered by the same environmental conditions, Vegetative cells of both A.

Jundyense and A. ostenfeldii are difficult to distinguish under the light mi the
method used by McKenzie et al. (1997). In material fixed in Lugol’s iodine, Hansen et
al. (1992) were unable to distinguish between the two species.

Blooms of motile, cyst-forming dinoflagellate species can increase cyst deposition
in the underlying sediments (Cembella er al. 1988). However, with three exceptions,
there were fewer cysts in the sediment post-bloom than were present pre-bloom in this
study. Post-bloom concentrations of Scrippsiella sp. cysts decreased in the sediment
beneath all the sampled mussel socks. The post-bloom abundance of 4. fundyense
hypnozygotes decreased beneath all socks except sock 3. A. ostenfeldii cyst
concentrations post-bloom decreased beneath socks 1 and 2, however concentrations
increased beneath socks 3 and 4. The concurrent accumulation of both A. fundyense and
A. ostenfeldii cysts supports the hypothesis that both species bloomed at the same time.

However, the diff¢ in di cyst ions in the sediment from




September to October may not have been a result of the interim bloom, but rather of
hydrodynamics: the shoreward tidal transport of cysts (Cembella e al. 1988) could
account for the decrease in abundance beneath the more outlying socks | and 2,
concentrating the resting stages in the shallow northeastern section of the cove (Figs. 2.1
and 2.2).

In this study, A. ostenfeldii cysts were more abundant in sediments than those of

A. fundyense. The vegetative cells of A. dii have been in the St.

Lawrence estuary and gulf (Levasseur er al. 1996), and in Nova Scotian coastal
embayments (Cembella et al. 1998). However, this species has not been recorded for
Newfoundiand waters, possibly because it is difficult to identify. Maximum
concentrations of A. fundyense ( < 375 cysts cm™) and A. ostenfeldii cysts (< 600 cysts
cm™) in the sediment from this site are comparable with other identified seed beds in
eastern Canada. The lower St. Lawrence estuary can contain 400 - 1500+ A. excavarum
cysts cm™, depending upon the time of the year (Cembella er al. 1988, 1990); the
southern Bay of Fundy, particularly to the east and northeast of Grand Manan Island, is
rich in A. fundyense (= G. excavata) cysts, counts ranging from 2000 to 8000 cysts cm™
(White & Lewis 1982). Sediments at Harbour Grace, Conception Bay, Newfoundland,
contain between 30 and 150 A. fundyense (= G. excavata) cysts cm (White & White

1985).
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2.4.4 Egestion of putative Alexandrium ostenfeldii cysts in mussel faeces
Many suspension-feeding bivalves are capable of sorting particles and selectively

rejecting them prior to ingestion (Kierboe & Mahienberg 1981; Neweli & Jordan 1983)
and after ingestion (Bricel]j er al. 1984; Hawkins & Bayne 1992). Pre-ingestive particle
selection occurs at the gills or labial palps (Kierboe er al. 1980, 1981; Kiorboe &
Mehlenberg 1981; Newell & Jordan 1983) and filtered material is rejected from the
inhalent siphon as pseudofaeces (Haven & Morales-Alamo 1972). Pre-ingestive selection
of particles may be correlated with factors such as cell shape, electrical charge, or
chemical cues such as algal ectocrines (Ward & Targett 1989). Post-ingestive particle
selection occurs during the sorting process within the stomach, and ingested material may

be d through the gut undi d, by-passing the digestive gland (Reid 1965;

Widdows & Bayne 1971; Thompson & Bayne 1972). Post-ingestive sorting may be
based upon differential particle size (Bricelj er al. 1984) and texture (Purchon 1977),
among other possible factors.

The differential processing of certain species of dinoflagellate cysts in the mussel

gut is suggested in the ison of the relative di cyst ition of the
sediment analysed in this study with the composition of faecal material collected from
suspended mussel cultures. Since no pseudofaeces production was observed, it is
assumed that all filtered particles were ingested. Furthermore, it is assumed that the

dinoflagellate cysts in the sediment were resuspended as seston in the same proportions

as they occurred in the sediment, since they are similar in size, shape and density. If this



is correct, then Alexandrium ostenfeldii cysts were not digested as intact cells of this
species were dominant in the faeces. In contrast, although Scrippsiella sp. cysts

d the dinofl; cyst lation of the sediment, a i ly smaller

proportion was egested in faecal material. This may indicate utilization of this
dinoflagellate species by Mytilus edulis. However, this cannot be confirmed as the
amounts of empty Scrippsiella sp. cysts egested were not determined in this study.

The egestion of A. ostenfeldii hypnozygotes in Mytilus edulis faeces requires
further investigation. Size, shape and density are not apparent selection factors. It is
possible that PSP toxicity may play a role. Although direct measurements of the specific
toxicity of cultured vegetative cell isolates from Denmark suggest there is a low risk of
PSP associated with this species (Balech & Tangen 1985; Hansen ef al. 1992), isolates of

A. ostenfeldii from New Zealand are highly toxic (MacKenzie er al. 1996).

2.4.5 Estimated biodeposition rate of cysts from suspended mussel cultures
To determine the replenishment rate of bottom sediments by 4. ostenfeldii cysts
egested in mussel faeces it is necessary to estimate the rate of biodeposition, the process

by which faeces and pseudofaeces settle to the bottom (Haven & Morales-Alamo 1966).

Since this study was not designed to i i the biod ition rates of dinofl;
cysts, mussels were not continuously exposed to the cells of interest. Therefore values

used in the calculations are to be considered estimates and may underestimate the actual



rates of biodeposition since the mussels collected in this study were isolated from the
seston and were not permitted to feed continuously.

Over the 15 h incubation period in September, musseis (n = 29) egested an
average of 333 A. ostenfeldii cysts mg"' dry weight of faeces (DW). In October, mussels
(n = 32) egested an average of 2.4 A. ostenfeldii cysts mg"' DW over 19 h. Navarro
(1983, as cited in Navarro & Thompson 1997) reported that biodeposition rates of ~ 53
mm shell length Mytilus chilensis (Hupe 1854) ranged from 10 - 38 mg DW mussel” d".
Although these values are for a different Myrilus species than the one currently being
investigated, an intermediate value was arbitrarily selected since the mussels were of the
size range of M. edulis used in this study. Many studies have calculated biodeposition
rates in terms of the deposition by all the mussels in a specified area, rather than on an
individual mussel basis (e.g. Tsuchiya 1980; Jaramillo er al.1992).

Using a value of 20 mg DW mussel d", the biodeposition rate of A. ostenfeldii
cysts by an individual mussel was 6660 cysts mussel" d"' in September and 47 cysts
mussel d"' in October. Comparison of these values with the concentrations of A.
ostenfeldii cysts in the bottom sediments requires information on the stocking density of
mussels. In Newfoundland, the average mussel farm has an estimated 30.9 mussels m*
bottom (Couturier, pers. comm.), therefore in September approximately 2.1 x 10° 4.
ostenfeldii cysts m™ d”' were transferred to the sediment in the form of biodeposits. In
October, approximately 1.5 x 10° A. ostenfeldii cysts m™ d" were deposited on the

sediment floor.
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Mean 4. Idii dinofl cyst ions in the sediment, converted

from the number of cysts present per cm’ by integrating the 3 cm depth, were 2.55 x 10°
cysts m™ in September and 4.26 x 10° cysts m™ in October. Therefore, approximately 8%

of the bottom sediment A. ldii hyp: were being repleni: daily in

September by faecal pellet deposition from the overlying mussel culture. However, in
October the replenishment rate was considerably lower, as less than 1% of the cysts in the
sediment were deposited in the form of mussel faeces.

The egestion of A. ostenfeldii hypnozygotes by M. edulis in faeces provides a
mechanism for the recycling of dinoflagellate cysts to the sediment floor. A daily

rate of i 8%isa to the

of A. ostenfeldii cyst populations, and may alter the composition of the sediment over
time, provided the egested cysts remain viable after passage through the bivalve digestive

tract.



CHAPTER III

The viability of dinoflagellate cysts egested in mussel faeces

3.1 Objectives

areas has

The i ion of dil species to p
been attributed to the transport of viable cysts (Hallegraeff et al. 1990). Alexandrium
hypnozygotes, transported in the ballast water of ships, have been successfully
germinated in the laboratory to produce toxic cultures (Hallegraeff & Bolch 1992). When
bivalves are transferred between aquaculture sites, there is a risk of transporting viable
cysts, via the gut contents, with potential to seed future Alexandrium blooms. Intact
Alexandrium cysts have been found in the gut contents of scallops (Shumway er al. 1987)
and mussels (Schwinghamer er al. 1994). However. the possible effects of passage
through the bivalve gut on the viability of dinoflagellate cysts have not been examined.
Therefore, it was the objective of this study to assess the viability of Alexandrium
hypnozygotes following passage through the bivalve gut. The percentage of successful

germination of cysts isolated in mussel faeces was compared with the germination of

cysts isolated from sedil Germination times were also ined to facilitate

comparison.
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3.2 Materials and Methods
3.2.1 Preparation of sediment and faecal material

Sediment samples and faecal material collected from the study site in September

and October 1996 were prepared and examined as described previously (Section 2.2). All
samples were stored in the dark at 4°C for a minimum period of six months to ensure that
all cysts used in the germination study had matured beyond the obligate 4-6 month
dormancy period (Anderson 1980). The samples were sonicated prior to storage. Further

sonication was not necessary as the material did not re-aggregate over time.

In contrast to the of putative Alex i ii hypnozygotes in
both the sediment core samples and the mussel faeces, A. fundyense cysts were relatively
scarce. The numbers of A. fundyense cysts present in the faecal material were insufficient

to conduct statistical analyses on viability trials. Therefore, only the viability of 4.

ostenfeldii cysts was assessed, following passage through the bivalve gut.

3.2.2 Incubation of cysts

Cysts which appeared to be A. ostenfeldii hypnozygotes were selected for

incubation based upon their physical under the [ight mi¢ intact ceff
wall, prominent pigment inclusion bodies and the cell completely filled with cytoplasm.

The autofluorescence of the cysts was also examined under blue-light excitation. The

phyll of di cysts red prior to ination (Anderson &

Keafer 1987).



Individual cysts were isolated with a micropi under a di

(Wild Makroskop, Mag. 64x) and an inverted microscope (Zeiss, Mag. 400x). To remove
detritus, cysts were washed twice in FSW and deposited into 400 x| wells of polystyrene
tissue culture plates (Coming 96-well micro titre) containing 250 ul of L1/10 culture
medium (Guillard & Hargraves 1993). Four cysts were placed in each well because
incubation of individual A. ostenfeldii cysts (n = 10) was unsuccessful in preliminary
trials. Plates were then sealed with parafilm to prevent desiccation and incubated at 16 =
1°C under cool, white fluorescent bulbs (80 #mol m™s™ ) on a 14:10 Light: Dark cycle.
Wells were examined every two days for evidence of successful germination, i.e. the
presence of emergent motile vegetative cells.

Two trials were conducted, each with six plates maintained for thirty days.
Although separated by a period of two weeks, the two trials were of exactly the same
design. However, cysts in trial one were isolated under the dissecting microscope,
whereas cysts in trial two were isolated under the inverted microscope. One plate was set
up per day. On each plate, five wells were randomly designated for cysts isolated from
sediment and five wells were designated for cysts isolated from faecal material. Plates

were randomly allocated positions within the incubator, equidistant from the light source.

3.2.3 Statistical analysis
The number of wells per plate in which motile, vegetative cells were observed

was recorded for cysts isolated from sediment and for cysts isolated from faecal material.



The data were analysed by two-way analysis of variance with the cyst source and
individual plates as treatments. To compare the germination time of cysts from the
different sources, the number of days required for germination in each well was analysed
by two-way ANOVA with the cyst source and the individual plates as treatments.
Separate analyses were performed for each trial, with p < 0.05 being the criterion for

statistical significance.

3.2.4 Identij ion of dinofle cysts and ive cells

Live cysts of the four dinoflagellate species described in Chapter II were
photographed with a Contax 167 camera (Kodak Ektachrome 160 & 1600 slide film) on a
Zeiss inverted microscope, using phase contrast and epifluorescence illumination (Figs.
3.1,3.2). Autofluorescence of chlorophyll in the cysts was observed under blue-light

excitation (Zeiss 48 77 09 filter set). Calcofluor White (Fritz & Triemer 1985) was used

to stain the thecal plates of vegetative cells for epi i using
ultraviolet light for excitation (Zeiss 48 77 02 filter set) (Hansen et al. 1992). Twenty
individual Grey cysts were isolated and incubated as described previously (Section 3.2.2)

to permit identification of the vegetative cells.



Fig. 3.1: Light micrographs of resting stages of dinoflagellate species studied. A=
Scrippsiella sp.; B = Alexandrium fundyense; C = putative Alexandrium ostenfeldii; D =
Unknown species.
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Fig. 3.2: Epifluorescence micrographs of resting stages of dinoflagellate species studied,
cells as in Fig. 3.1, showing chlorophyll autofluorescence emitted under blue light
excitation. A = Scrippsiella sp., B = Alexandrium fundyense, C = putative Alexandrium
ostenfeldii. Cysts of the unknown Grey species did not autofluoresce.
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3.3 Results

3.3.1 Viability and germination time of cysts isolated from sediment and mussel faeces

The number of wells which contained motile, veg

cells was similar for cysts isolated in sediment and cysts isolated in mussel faeces in both
trial | and trial 2 and there were no significant differences between the plates (p > 0.05
for all analyses) (Fig. 3.3). Cysts which had recently passed through the bivalve digestive

tract were of similar viability as cysts resident in the upper 3 cm of sediment. However,

was d for i fewer wells in trial | than in

trial 2: only 4% of wells with cysts from sediment and 37% of wells with cysts from
faeces contained vegetative cells during the course of trial 1. In contrast, 60% of wells
with cysts from sediment and 73% of wells with cysts from faeces contained vegetative
cells during the course of trial 2. The two trials were identical in experimental design and
protocol except that the cysts in trial | were isolated under a dissecting microscope
whereas the cysts in trial 2 were isolated under an inverted microscope.

The time required for germination was similar for cysts egested in mussel faeces
as for cysts isolated from sediment (Fig. 3.4). The germination time of cysts incubated in
trial | was an average of 14 days for cysts from both sources, whereas cysts in trial 2
germinated in about 10 days. In a two-way analysis of variance, conducted for each trial

there were no signil i in ination time as a result of either

the cyst source or the individual culture plate (p > 0.05 for all analyses).



57

(§ = "xewr) uonEUILLIAF [NISSI!

NS (1M S[[M JO JoqUInN

ulture plate

ulture plates which contained motile,

cells of putative Alexandrium ostenfeldii. A = Trial 1; B = Trial 2.

Fig. 3.3: Total number of wells in tis:

vegetative



o

2ES
ﬁﬁﬁﬁﬁ

7////////////////2

,,,,,,,,,
=3 © © <+ ) = o © <+ 25 i 4
Y 25

111111



3.3.2 Identification of Alexandrium ji and Grey cysts

Putative Alexandrium osrenfeldii cysts were similar in appearance to the

description given by MacKenzie et al. (1996): spherical cells (~ 40 um diameter)

one or two red-br i granules and areas of condensed, golden-
brown pigmentation radiating from the centre of the cell towards the periphery (Fig.
3.1C). However, the identification of vegetative cells from these cysts was not possible.

Less than twenty motile, vegetative cells survived in each well culture and repeated

attempts to produce larger cultures were i of fixed
cells stained with Calcofluor White (Fritz & Triemer [985) to study the thecal
morphology was difficult with the diffuse cultures. Although several cells stained
optimally and fluoresced, their orientation did not permit examination of the cell thecae

for the distinguishing features of A. Idii: the large ventral pore within the first

apical plate and the wider than long shape of the sixth precingular plate (Balech &
Tangen 1985). Vegetative cells were generaliy equal in length and width, with the
maximum width within the 41 - 49 zm range suggested for A. ostenfeldii (Levasseur et
al. 1996) (Fig. 3.5).

Grey cysts were cylindrical cells (35 - 45 um x 30 - 35 xm) with a prominent red
pigmented granule (Fig. 3.1D). The cell wall was densely covered in mucilaginous
material which obscured observation of internal cell features. No chlorophyll

autofluorescence was observed under blue-light excitation. Individual cysts incubated in
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Fig. 3.5: Light micrograph of empty theca of putative Alexandrium ostenfeldii
vegetative cell, germinated from a cyst isolated from mussel facces.

60




61
both £2/10 and L1/10 microalgae culture media did not germinate. Therefore, the

vegetative cells could not be identified.

3.4 Discussion

Di late cysts i i ii passing through the

digestive tract of mussels and egested as faeces were of similar viability to cysts found in
the sediment. The thick-walled cysts were resistant to the extracellular digestion and the
mechanical action of the crystalline style within the stomach.

The cyst wall of Alexandrium is composed of two layers, the exospore and the
endospore (von Stosch 1973). The exospore of A. excavatum and A. tamarense is thin

and resistant to both acetolysis and H,SO,, and the probably

contains cellulose (Dale 1977; Anderson & Wall 1978; Turpin er al. 1978). Cysts of A.
ostenfeldii are likely to be of similar composition. Anderson and Wall (1978) suggest the
cyst wall may also contain a sporopollenin-like polymer (Brooks 1971) as do other
dinoflagellate cysts (Wall & Dale 1968; Wall 1975). Sporopollenin is a highly refractory
compound which is very resistant to degradation by strong acids.

Dinoflagellate vegetative cells may pass through the bivalve gut unchanged and
remain viable within the faecal material (Fox & Coe 1943). A. fundyense vegetative cells
egested in Mytilus edulis faeces are capable of replication rates similar to those of

ungrazed dinoflagellate cells (Bricelj e al. 1993). Mussel and scallop spat also retain
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living A. tamarense vegetative cells in rinse water, faeces and pseudofaeces following 6 h
in simulated shipment conditions (Scarratt et al. 1993).
The germination success of putative A. ostenfeldii cysts from sediment (60%) and
from mussel faeces (73%) in trial 2 was comparable to the 70% germination reported for
A. ostenfeldii isolated from sediment samples (MacKenzie et al. 1996). Similarly, the

percentage germination ranges from 81.3 - 100% for A. minurum Halim (Cannon 1993),

and from 27 - 90% for A. (=G. is), de ing upon storage and
culture conditions (Anderson & Morel 1979).

Successful germination of cysts from sediment and from faeces was considerably
less in trial | than in trial 2. The two trials were identical in experimental design and
protocol, although cysts in trial | were isolated under the dissecting microscope whereas
those in trial 2 were isolated under the inverted microscope. There may have been more
contamination of the culture media with detritus and bacteria during cyst isolation under
the dissecting microscope than under the inverted microscope. The growth of
dinoflagellates is strongly influenced by the presence of other algae or bacteria (Martin &

Martin 1987; Blanco & Campos 1988), possibly due to chemical conditioning of the

growth medium.
The ination of dil P is affected by many factors,
including the age ition of the cyst i tioning, light

limitation, oxygen concentration and nutrient availability (Anderson & Wall 1978;

Anderson & Morel 1979: Anderson 1980; Binder & Anderson 1986; Anderson et al.
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1987; Cannon 1993; Ishikawa & Taniguchi 1994). In this study, designed to control for
these factors, some cysts never germinated, although they appeared fully viable in the
microscope and exhibited visible red autofluorescence under blue-light excitation.
Quiescent cysts do not fluoresce red when excited with blue light until ready for

germination (Anderson & Keafer 1985). Anderson et al. (1987) report a similar lack of

by ly viable A. ta (=G.ta 5is) cysts. Potential

artifacts associated with sonication and isolation techniques may have affected

excystment (Anderson & Morel 1979; Dale 1983; Binder & Anderson 1987), however it
is unclear why some cysts do not germinate under optimal culture conditions.

Cysts from both sediment and mussel faeces germinated in about 10 - 14 days,
compared with 10 days for A. minutum (Cannon 1993), 3-5 days for A. tamarense (= G.
excavatum) (Fritz et al. 1989), and 6+ days for A. tamarense (= G. tamarensis)
(Anderson & Morel 1979). However, A. ostenfeldii cysts germinate within 20 h of being
isolated from sediment samples and being placed in tissue culture wells containing
nutrient medium, most cysts germinating within the first 3 - 4 h (MacKenzie er al. 1996).
Culture conditions in this study were the same as those used by MacKenzie et al. (1996),
except that these authors incubated individual cysts in GP medium (Loeblich & Smith
1968) whereas L1/10 medium (Guillard & Hargraves 1993) was used in the present
study. The two media have the same major nutrient and vitamin composition, although
GP is enriched with soil extract whereas L1 is seawater enrichment which contains a

number of trace elements not found in GP. Assuming the cysts incubated in this study
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are A. ostenfeldii, differences in the obligate dormancy phase may explain the

in ination times. The ination time of another dinoflagellate cyst,

Scrippsiella trochoidea, is also known to vary considerably under similar culture
conditions, between 2.5 days (Binder & Anderson 1987) and 8 days (Ishikawa &
Taniguchi 1994).

It is clear that Alexandrium hypnozygotes remain viable after passage through the
bivalve digestive tract. The egestion of viable cysts from mussels could have serious
implications for current aquaculture practice. The transport of contaminated bivaives

among sites may result in the transfer of viable cysts, capable of germinating and seeding

a toxic di bloom in a previ inated area.



CHAPTER IV
and gut r ion time of dinoflagellate cysts in mussels
4.1 Objectives
Mussels are selective ion-feeders, retaining particles on the

ctenidia, rejecting some particles in pseudofaeces prior to ingestion, and differentially

processing material within the gut. Examination of faecal material from Myrilus edulis

d with Alexandri in the field (Chapter IT) suggests cysts
resembling A. ostenfeldii are not digested. Since these cysts are egested intact and viable

(Chapter [II), further ination of di: ial selection of dis

cysts is
required under controlled conditions.
The objective of this study was to compare pre- and post-ingestive selection by

mussels of sediment contaminated with cysts of several dinoflagellate species

(Scrippsiella sp., A. putative A. ii). beads the same size
and approximate shape as the cysts were added to the sediment as control particles. Gut
retention times (Taghon 1981; Bayne ez al. 1984; Bricelj et al. 1984) were also
determined to ascertain the minimum time required for purging potentially toxic

dinoflagellate cysts from mussels.
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4.2 Materials and Methods
+4.2.1 Experimental mussels

Ten Mytilus edulis of similar size (mean shell length 68.8 + 1.6 mm S.D.) were
collected from a population near Bellevue, Trinity Bay, Newfoundland. Animals were
transported on ice to the Ocean Sciences Centre and maintained in the laboratory for six
weeks. They were maintained in flowing seawater (temperature = 15°C; salinity ca.
30%o) containing natural seston from Logy Bay, supplemented every second day with
Isochrysis galbana at an approximate concentration of 50 x 10° cells m!"' for 60 min,

during which time the seawater flow was turned off.

4.2.2 Algae and sediment

Xenic cultures of /. galbana were grown in aerated f/2 medium in 4 | flasks
(Guillard & Ryther 1962) under continuous illumination at 18 - 20°C. Cells were
harvested in late exponential growth phase. Algal concentrations were determined with
an electronic particle counter (Coulter Counter Multisizer) fitted with a 100 wm orifice
tube. [sochrysis galbana was chosen because it is motile and can easily be kept in
suspension using aeration.

Sediment contaminated with potentially toxic Alexandrium fundyense and
putative A. ostenfeldii hypnozygotes was collected from Barred [sland Cove, Notre Dame

Bay, Newfoundland. In the laboratory, the sediment was sonicated, sieved and

using a density-gradient il i hnique (Chapter I).
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Concentrations of dinoflagellate cysts in the sediment were determined from triplicate
counts of 200 I sediment slurry settled onto Utermdhl chambers and examined under an
inverted microscope. Samples were pooled into two groups based upon the numbers of
dinoflagellate cysts present: low concentration sediment (LCS) and high concentration
sediment (HCS). Non-toxic Scrippsiella sp. cysts (40 wm diameter), which occur in the
same sediment as Alexandrium resting stages, were used to examine the basis of selection
between dinoflagellate cysts of similar size, shape and density. Purple polystyrene beads

(41um diameter, Coulter) were added as a control to the two pools in similar

concentrations such that the di cyst ition of LCS was 27 Scrippsie
sp., 10 4. fundyense, 55 A. ostenfeldii, and 377 beads per ml of sediment slurry. HCS
was composed of 33 Scrippsiella sp., 60 A. fundyense, 465 A. ostenfeldii, and 315 beads
per mi of sediment slurry. The dry weights (60°C, 3 d) of LCS and HCS sediment
slurries were 3.1 mg ml” and 4.3 mg ml" respectively. The amount of organic material
in both LCS and HCS was 60%, as determined by weight loss upon ignition in a muffle

furnace (450°C, 12 h).

4.2.3 Experimental apparatus

A i ion of the experi apparatus is depicted in Fig. 4.1.

Flowing seawater from Logy Bay was collected in a 20 | header tank and supplied to an

experimental tray (46 x 37 x 13 cm high) ining ten i plastic i

chambers (13.0 x 5.0 x 3.8 cm high). The rate of seawater inflow (15°C) into the
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experimental tray was maintained at 750 - 850 ml min™'. Algal culture was pumped from
15 1 glass carboys into the experimental tray using a peristaltic pump (Cole-Parmer
Masterflex) at ca. 5.3 ml min". The algal cells were allowed to mix with seawater in a
10 cm length of 1.5 cm dia. tubing before the suspension flowed into one end of the
experimental tray through one of six openings in a PVC manifold. Aerators were placed
in the four comners of the experimental tray to maintain a homogeneous algal suspension.
Algal concentrations within the tray were 15 - 18 x 10° cells mlI"' throughout the
experiment. A preliminary test of the system with algal cells but no animals present
confirmed homogeneity: random seawater samples from the experimental tray showed
similar concentrations of algae (n = 10, p = 0.447).

The ten incubation chambers were arranged in two rows, the narrow end of each
chamber facing the inflow and raised at 35° to facilitate collection of mussel biodeposits.
Mussels were scrubbed clean of epibionts and placed individually in the chambers with
the ventral side upwards and the exhalant siphon directed downward. After delivery of
the sediment slurry, the incubation chambers were covered with a 500 «m mesh screen to

prevent loss of biodeposits.

+4.2.4 Delivery of sediment pulse and collection of biodeposits
Mussels were placed in the experimental chambers for 3 h to allow embyssment
and to establish steady-state feeding. When the shell valves were gaping widely, the

sediment slurry was delivered directly into the inhalant siphon using a micropipette. This
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method of direct delivery was chosen for two reasons (1) to ensure each mussel received
similar concentrations of the dinoflagellate cyst - bead slurry initially, (2) to provide
sufficient cysts, because the limited volume of concentrated sediment was inadequate for
delivery in suspension in either a static or flow-through apparatus. Sediment was slowly
delivered by hand, taking care to avoid contact with the margin of the inhalant canal.
Seven 200 u! aliquots of sediment for each of five animals required 35 minutes,
approximately one minute for each delivery. Rates faster than 200 w| min" disturbed the
flow into the inhalant siphon, often resulting in its closure. The mussels in the row of
incubation chambers near the inflow received LCS to prevent contamination by HCS,
while the mussels in the row behind simultaneously received HCS.

Immediately prior to sediment delivery, all biodeposits (faeces and pseudofaeces)
were collected separately for each animal with a large-bore micropipette and placed in
glass vials (7 ml), each containing 1.5 ml FSW. Biodeposits were then collected every 45
min for the first 4.5 h. Subsequent samples were taken at 6, 9, 12, 16, 20, and 24 h.
Faeces are expelled through the exhalant siphon, whereas pseudofaeces are rejected

through the inhalant siphon at the dorsal margin. In this study, pseudofaeces were easily

visually distinguished from faeces, thereby facilitating their itati ion and
recovery. All samples were stored in the dark at 4°C prior to processing.

Biodeposit samples were examined in triplicate as described in Section 2.2.4. The
total numbers of Scrippsiella sp. cysts, A. fundyense hypnozygotes, cysts resembling 4.

ostenfeldii, and beads were determined for each sample of faeces and pseudofaeces. The
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ostenfeldii, and beads were determined for each sample of faeces and pseudofaeces. The

coefficient of variation, estimated by five replicate counts of a single sample, was 8.2%.

4.2.5 Data analysis
The relative percentage of cysts and beads egested in faeces and pseudofaeces was

Iculated as a ion of the initial ion. The gut retention times for A.

ostenfeldii cysts and polystyrene beads of the same size were estimated for each
individual mussel and defined as the time required for egestion of 90% of the total
number passed in faeces (Bayne et al. 1987; Hawkins er al. 1990). [t was not possible to
estimate the gut retention times for Scrippsiella sp. cysts and A. fundyense hypnozygotes

as they were not found in the faecal samples.

4.3 Results
4.3.1 Selective rejection of dinoflagellate cysts

Copious amounts of loosely-aggregated pseudofaeces were produced within 3
minutes of the initial delivery of the dinoflagellate cyst and bead sediment slurry into the
inhalant siphon of the mussel. Pseudofaeces production ceased after 2.25 h.
Examination of the contents of this material revealed that a large proportion of the initial

particles delivered in both LCS and HCS (Scrippsiella sp. cysts, Alexandrium fundyense

cysts ing 4. Idii, p beads) were rejected in



pseudofaeces (Fig. 4.2). With the exception of A. fundyense cysts in LCS, the mean
percent rejection of particles ranged from 53 - 89%.

Dinoflagellate cysts and beads were not egested for the first 1.5 h. Subsequent
faecal samples contained detritus, polystyrene beads and A. ostenfeldii cysts. No
Serippsiella sp., or A. fundyense cysts were egested by the mussels. Less than 20% of the
initial amounts of A. ostenfeldii cysts and polystyrene beads were recovered in faecal
material,

The total numbers of particles in biodeposits (both pseudofaeces and faeces)

accounted for between 60 and 90% of the initial particle composition of LCS and HCS.

4.3.2 Estimates of gut retention time

Plots of the percentages of A. ostenfeldii cysts in mussel faeces, relative to the
total number egested, revealed peaks at two sampling periods (Fig. 4.3). The first peak of
egestion occurred at 3 h in faeces from both groups of mussels, the second at 6 and 9 h
for LC treated mussels and at 6 h for HCS treated mussels.

Peaks of egestion were also recorded for relative percentages of polystyrene beads
in mussel faeces, although these were not as marked as in A. ostenfeldii cysts (Fig. 4.4).
‘The first peak occurred at 3.75 h in faeces from all mussels. The second peaks were not
clearly defined, partially due to data variability. Following the first peak, egestion of

beads was gradual in faeces from LCS contaminated mussels. The second peak of bead
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A = Low concentration sediment; B = High concentration sediment.

Error bars represent the standard error of the mean.
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egestion from HCS treated mussels occurred at 6 h. The first peak probably corresponds
to egestion of intestinal faeces, the second to the egestion of glandular faeces.

Polystyrene beads were egested over a longer period of time than dinoflagellate
cysts resembling A. ostenfeldii. The estimated gut retention time of the cysts, calculated
as the passage of 90% of the total amount egested, was between 6 and 9 h. By 9h, 93 -
100% of the cysts had been passed in faeces from mussels. The estimated gut retention
time of the 40 m polystyrene beads was between 12 and 16 h. Approximately 94 - 98%

of the beads passed in faeces of mussels had been egested by 16 h.

4.4 Discussion
4.4.1 Pre-ingestive selection

Pseudofaeces contain material remove from suspension, but rejected within the
mantle cavity and not ingested. Above a threshold concentration of particulate matter, an
increasing amount of material retained by the gill is rejected as pseudofaeces. In this
study, between 53 and 89% of the particles were rejected as pseudofaeces. This may
represent selection against the cysts and beads, or the result of overloading the gills with
sediment. The sediment slurry of dinoflagellate cysts and beads, delivered into the
inhalant siphon in discrete pulses of 0.62 mg min" LCS and 0.86 mg min™' HCS exceeded

the normal capacity of the gills. In itions of high particle ion and

increased frequency of clogging of the gill, the functional state of the gill has been

described by Jergensen (1976) as a “cleaning” state, characterized by copious mucus and



Mussels reject a greater proportion of filtered

material as pseudofaeces with increased seston concentration (Foster-Smith 1975;
Widdows et al. 1979; Bayne et al. 1993). Bayne et al. (1993) report 40% rejection of
filtered material at seston concentrations of 6 - 10 g I'. Below a threshold for feeding
selectivity, mussels lose their ability to selectively filter out phytoplankton from mixed
particle assemblages (Newell ef al. 1989).

Pre-ingestive refection of particles as pseudofacces may be affected by particle
size, shape, electrical charge and chemical cues such as algal ectocrines (Newell & Jordan
1983; Newell ez al. 1989; Ward & Targett 1989; Kemp er al. 1990). Selection can occur
between different algal species (Shumway er al. 1985b), and between algaf cells and
inorganic particles (Kierboe er al. 1980; Kiorboe & Mdhlenberg 1981; Newell & Jordan
1983). In this study, with the exception of A. findyense hypnozygotes in low
concentration, cysts of Scrippsiella sp., A. fundyense and putative A. ostenfeldii were

rejected as in simifar fons as beads. The

of A. fundyense cysts in LCS was very low (10 cysts mi") in comparison to other

particles, making it difficult to detect a signal. Under the conditions in this study, the

mussel gill did not diffe between ially toxic dinofl,

cysts (A.
fundyense and A. ostenfeldii), non-toxic Scrippsiella sp. cysts and polystyrene beads of

similar size and shape.



4.4.2 Post-ingestive selection

In mixed cell suspension, mussels are capable of differential processing of
specific algae within the gut, possibly as a result of different routes of passage through
the digestive system. When food is abundant, some of the ingested material can be
transported through the gut undigested, by-passing the digestive gland (Thompson &
Bayne 1972) and voided as intestinal faeces (van Weel 1961). Following assimilation of
digested material in the digestive gland, the remaining unassimilated matter is voided as
glandular faeces (Thompson & Bayne 1972, 1974).

The high proportion of both dinoflagellate cysts and beads recovered in
biodeposits suggests that these particies are relatively indigestible. The wall of the
Alexandrium cyst may contain a sporopollenin-like polymer (Anderson & Wall 1978)
which is refractory. Bricelj et al. (1984) report that algal cells containing sporopolienin
bypass the digestive gland and are eliminated faster than more digestible species.

There was no egestion of either Scrippsiella sp. cysts or A. fundyense
hypnozygotes. The absence of these cells in the facces may be due to (1) selective
rejection during pre-ingestion or (2) digestion and utilisation of the cells. Scrippsiella sp.

hypnozygotes and putative 4. ostenfeldii cysts were rejected as pseudofaeces in similar

the inif ions of cysts being ingested. However,

only A. ostenfeldii cysts were egested, together with the polystyrene beads.
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+4.4.3 Gut retention times

Although the capacity of mussels to produce both intestinal and glandular faeces
has been recognized in the literature, the two peaks which often resuit have not been
reported in gut retention time studies. in which curves are normally fitted to the data.
Figure 3b in Bayne er al. (1987) clearly shows two peaks at 2 h and 5 h in the relative
activity of “C. Furthermore, Figure 2 in Hawkins er al. (1990) shows two peaks, the first
at about | h, the second at about 3 h. In the present study, Figures 4.3 and 4.4
demonstrate peaks of particle egestion in intestinal and glandular faeces. Egestion of
cysts resembling A. ostenfeldii peaked in intestinal faeces at 3 h and in glandular faeces at
about 6 h. Polystyrene beads in intestinal faeces were most concentrated at 3.75 h and in
glandular faeces at about 6 h. Although both A. ostenfeldii cysts and beads were egested
intact in glandufar faeces and were not assimilated in the digestive gland - stomach mass,
it is possible that some cells may have been digested.

Polystyrene beads were egested over a longer period of time than A. ostenfeldii
cysts. The estimated gut retention time for the dinoflageliate cysts was 9 h, compared
with 16 h for the beads. Gut retention times are highly variable. Gut retention times of
adult mussels, determined with radio-labelled food, range from about 2 to 13 h (Bayne et
al. 1987, 1989; Hawkins e al. 199.0). Mean retention times of bovine red bfood cefis in
mussels range between 2.4 and 8.3 h (Bayne er al. 1984). The gut retention time of
dinoflagellate cysts has not been previously determined, although Scarratt ef al. (1993)

proposed 12 h minimum for purging A. tamarense cysts.



The polystyrene beads used in this study were similar in size and shape to the
putative A. ostenfeldii cysts. Both particles were rejected in similar proportions in
pseudofaeces and facces. However, the dinoflagellate cysts were egested more rapidly
than the beads. The mechanisms effecting selective rejection after ingestion are poorly
understood, although if the unidentified cysts are indeed A. ostenfeldii, exudates (possibly
PSP toxins) may be a factor. Although direct measurements of the specific toxicity of A.
ostenfeldii cultured isolates suggest there is a low risk of PSP associated with this species
(Hansen et al. 1992), Hansen (1989) found that exudates of this algal species in culture
reversed ciliary movements in the tintinnid ciliate Favella ehrenbergii, as well as
swelling and cell lysis. Therefore, it is important that the cyst resembling A. ostenfeldii
be identified and the relative toxicities of both the benthic resting stage and the motile
vegetative stage be determined, as these couid have serious imptications for aquaculture

operations in Notre Dame Bay, Newfoundland.



CHAPTER V

Summary and avenues for further investigation

The research presented in this thesis examined the role mussels may play in
recirculating cysts within an aquaculture site, the impact of passage through the bivalve
gut on the viability of cysts, and the retention time of the cysts within the bivalve
digestive tract.

The dinoflagellate cyst composition of faecal material from contaminated musseis
in a closed aquaculture site was compared with the composition of the underlying
sediment. Mussels from the top and bottom of mussel socks were similarly contaminated

with dinoflagellate cysts as resuspension effects carried cysts throughout the site.

Scrippsiella sp. cysts i the dis cyst population of the sediment,
however fewer cysts of this species were egested in faecal material. Cysts resembling 4.
ostenfeldii were more abundant in mussel faeces. The comparison of the relative
dinoflagellate cyst composition of the sediment analysed with the composition of faecal
material collected from suspended mussel cultures suggests A. ostenfeldii cysts are not
digested in the mussel gut.

To compare pre- and post-ingestive selection in the laboratory, mussels were

treated with sediment contaminated with cysts of several dinoflagellate species

(Scrippsiella sp., A. putative 4. ii). Non-toxi ippsiella sp.



82

i cysts were rejected as pseudofaeces in

PRozygs and ially toxic 4.

similar ions, the ining cysts ingested. However, only A.
ostenfeldii cysts were egested in faeces. This suggests there may not be digestion of A.
ostenfeldii hypnozygotes in the bivalve gut and digestion of Scrippsiella sp. cysts.
Although this finding is consistent with the results of field contaminated mussels, it is not
unequivocal evidence.

The egestion of A. ostenfeldii hypnozygotes in Mytilus edulis faeces requires

further i igation in the lab; y. Sediment i with di cysts
should be defivered in more dilute concentrations to prevent overloading the gill.
Scrippsiella sp. cysts could be labelled, if possible, with a surface particle or charge to
trace the route of passage through the bivalve gut. Although Secrippsiella sp. and putative
A. ostenfeldii cysts are similar in size, shape and density, they are apparently
differentiated within the mussel digestive tract.

The egestion of A. ostenfeldii hypnozygotes by M. edulis in faeces provides a
mechanism for the recycling of dinoflagellate cysts to the sediment floor. The estimated
8% daily replenishment rate of the bottom sediment A. ostenfeldii tiypnozygotes by faecal
pellet deposition from the overlying mussel culture is a considerable contribution to the

of 4. Idii cyst i The volume and vertical displacement of

resuspended sediment under different environmental conditions require study to provide a
better understanding of contamination of mussels in shallow aquaculture sites and the

role mussels may play in recirculating dinoflagellate cysts.
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Intact A. ostenfeldii cysts in mussel faeces remained viable after passage through

the bivalve gut. The estimated gut retention time was 9 h. The thick-walled dinoflagellate
cysts egested in faeces were of similar viability as cysts found in the sediment. Putative

A. ostenfeldii cysts were similar in to the description given by MacKenzie er

al. (1996), however identification of vegetative cells from these cysts was not possible
and requires further study. Cysts resembling A. ostenfeldii germinated in about 10 - 14

days under the culture conditions described, d with the 20 h ination time

previously reported (MacKenzie er al. 1996), possibly due to the different culture media.
The egestion of viable cysts from mussels could have serious implications for current
aquaculture practice. The transport of contaminated bivalves among sites may result in

the transfer of viable cysts, capable of germinating and seeding a potentially toxic

bloom in a previ i area.
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