Adquaculture

ELSEVIER Aquaculture 210 (2002) 6988 ——
www.elsevier.com/locate/aqua-online

Farming triploid oysters

John A. Nell *

NSW Fisheries, Port Stephens Fisheries Centre, Taylors Beach, NSW 2316, Australia

Received 15 March 2001; accepted 20 September 2001

Abstract

Although the commercial benefits of triploidy have been evaluated in the Pacific oyster
Crassostrea gigas (Thunberg, 1793), eastern oyster C. virginica (Gmelin, 1791), Sydney rock oyster
Saccostrea glomerata (Gould, 1850) and European flat oyster Ostrea edulis (Linnaeus, 1750), so far
this technique has only been commercialised for Pacific oysters.

Commercial production of triploids on the West Coast of North America began in 1985. Since
then production of triploids has greatly increased and the use of tetraploid males to fertilise eggs
from diploids to produce batches of 100% triploids has been developed. In 1999/2000, triploid
Pacific oysters made up 30% of all Pacific oysters farmed on the West Coast of North America.
Some hatcheries now use tetraploid males instead of chemical or physical stress to produce triploids.
The rapid uptake of triploid and tetraploidy techniques has been facilitated by the almost total
dependence that these oyster industries have on hatcheries for the supply of seed. This industry in the
Pacific Northwest of the US and in British Columbia, Canada, would not have developed to its
current size without hatchery seed supplies. Triploids are preferred over diploids in summer because
diploids are less marketable when in spawning condition.

There was only limited interest in triploidy production in France until 1999, when IFREMER
began to make sperm from tetraploids available to commercial hatcheries. In 1999/2000, only 10% to
20% of all the hatchery-supplied Pacific oyster spat were triploids, but with the use of sperm from
tetraploid oysters, this could increase sharply.

Elsewhere around the world, the commercial uptake of triploid oysters has been slow to develop.
However, in countries where the production of Pacific oysters is based on hatchery supply of seed, it
is likely that with the use of tetraploid oysters, the farming of triploid oysters will increase in the near
future. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

This review is restricted to the evaluation of triploidy in edible oysters. Many papers
have been published since the first paper on triploidy induction in oysters was published
by Stanley et al. (1981), and a review on ploidy manipulation in shellfish was published by
Beaumont and Fairbrother (1991). Since that last review, triploidy has been induced and
evaluated in Pacific Crassostrea gigas (Thunberg, 1793), eastern C. virginica (Gmelin,
1791), Sydney rock oysters Saccostrea glomerata (Gould, 1850) (formerly S. commer-
cialis; Buroker et al., 1979; Anderson and Adlard, 1994) and European flat oysters Ostrea
edulis (Linnaeus, 1750) (see this review). Increases in growth rates and improvements in
disease resistance varied widely depending on species, culture conditions and length of
experiment. Recent advances in triploidy induction techniques, and the abundance of new
literature on triploidy in oysters, justify a review to clarify and summarise this topic for
interested farmers and scientists.

The dominant commercial oyster in the Pacific Northwest of the US, the Pacific oyster,
undergoes gonad maturation during spring and summer (Breese and Malouf, 1977). The
marketability of Pacific oysters in the US drops in summer and autumn when oysters are
either gravid (Breese and Malouf, 1977; Allen and Downing, 1991) or spent (Chew, 2000).
Therefore, a summer oyster, that is sterile and does not spawn, was developed on the US
West Coast by chromosome set manipulation to produce triploidy (Allen and Downing,
1991).

Triploidy in oysters was originally developed in the US to prevent Pacific oysters from
reaching spawning condition (Allen and Downing, 1991). In Australia, where Sydney rock
oysters are preferably eaten when they have peak meat condition, which is seen usually in
oysters in spawning, triploidy was evaluated to determine if the summer marketing season
could be extended by preventing oysters from spawning (Nell et al., 1994; Hand et al.,
1998a).

2. Triploidy induction

Triploidy can be produced by suppressing meiosis I (MI) or II (MII) (Allen, 1987;
Beaumont and Fairbrother, 1991). However, MII triploidy induction results in both higher
percentage triploidy and larval survival (Hand et al., 1999). Suppression of MI leads to a
high proportion of aneuploids and high mortality (Guo et al., 1992), although MI triploids
may grow faster than MII triploids (Stanley et al., 1984). As most reported comparisons
between diploids and triploids refer to the use of MII triploids, throughout this review, the
term triploid implies an MII triploid, unless otherwise stated. Triploid Pacific oysters are
now being produced by crossing tetraploid males with diploid females (Guo et al., 1996),
and these triploids grow faster than those MII triploids produced with cytochalasin B (CB)
(Wang et al., 1999).

Until the advent of tetraploid oysters (Guo et al., 1996), triploidy induction in oysters
was primarily achieved by blocking the release of the second polar body with CB (Allen
et al., 1989). However, CB is highly toxic and health concerns may limit its use in food
production (Guo et al., 1994). Physical stress, such as heat shock (Quillet and Panelay,
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1986; Yamamoto et al., 1988, 1990) and hydrostatic pressure (Chaiton and Allen, 1985;
Allen et al., 1986; Shen et al., 1993), has been used to induce triploidy in oysters.
However, chemical stress with CB remains more effective (Downing, 1987). In a direct
comparison of six methods (CB, heat, calcium, caffeine, combined calcium and heat,
and combined caffeine and heat), CB was the most effective overall in producing viable
triploids (Scarpa et al., 1994). Desrosiers et al. (1993) and Gérard et al. (1994b)
recommended 6-dimethylaminopurine (6-DMAP) as an alternative to CB for triploidy
induction in Pacific oysters. Nell et al. (1996) reported that CB treatment resulted in
greater survival and higher triploidy percentage than 6-DMAP for triploidy induction in
Sydney rock oysters. The optimal conditions and concentrations for triploidy induction
with CB in Pacific oysters (Downing and Allen, 1987; Allen et al., 1989), eastern
oysters, (Stanley et al., 1981; Barber et al., 1992; Supan et al., 2000) and Sydney rock
oysters (Nell et al., 1996) were determined. Those for triploidy induction with 6-DMAP
in Pacific oysters were determined by Tian et al. (1999). The use of CB was also
successful for triploidy induction in the brooding European flat oyster in which spat
were produced by rearing larvae in vitro (Gendreau and Grizel, 1990; Hawkins et al.,
1994).

Unfortunately, the physical methods of induction are not always reliable and the
chemical methods, in particular those using CB, are costly (Nell et al., 1996) and
potentially dangerous to the operator (Guo and Allen, 1994b). Neither physical nor
chemical methods can guarantee 100% triploidy. Uniformity in condition (Hand and
Nell, 1999) and complete sterility (Guo and Allen, 1994a) in triploids can only be
achieved at this time by crossing tetraploids with diploids to produce 100% triploidy
(Guo and Allen, 1994b; Guo et al., 1996; Eudeline et al., 2000a,b). A large
proportion of triploid Pacific oysters produced in France (Mazurie, personal commu-
nication, 2000) and in the US (Chew, 2000) are now produced using tetraploid males
to fertilise diploid females. Second-generation tetraploid Pacific oysters have been
successfully produced in the US by breeding tetraploid females with tetraploid males
(Guo et al., 1996). The future establishment of tetraploid breeding lines would be a
significant advance in the commercialisation of the triploidy technique in oysters, as
the use of chemicals in the production of both triploids and tetraploids would be
unnecessary.

Various methods for tetraploidy induction have been attempted in oysters (Guo et al.,
1994; Nell et al., 1998), but the only method successfully used to produce tetraploid
oysters is known as ‘blocking polar body 1 in eggs from triploids fertilised by sperm
from diploids’ (Guo and Allen, 1994b). This method has successfully produced
tetraploid Pacific oysters, which successfully bred to produce second-generation
tetraploids (Guo et al., 1996). It has also been used successfully to produce tetraploid
eastern oysters (Supan, 2000) and pearl oysters Pinctada martensi (Dunker, 1850) (He
et al., 2000). This method was refined by Eudeline et al. (2000a,b) who recommended
using eggs from individual females rather than eggs pooled from a number of oysters
and the use of first polar body as a natural indicator for the duration of chemical
application.

The production of tetraploids in Sydney rock oysters has not been successful. Four
methods for producing tetraploids were trialed in Sydney rock oysters and while most
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produced large numbers of tetraploid larvae, few survived for the past 3 days, and none
have survived to settled spat (Nell et al., 1998).

3. Triploidy detection
3.1. Triploidy detection methodology

Direct chromosome counts to determine triploidy levels can only be done readily in day
0 and trochophore larvae (Gérard et al., 1991; Nell et al., 1996). The procedure usually
involves arresting cells in metaphase for chromosome counting. It is necessary to allow for
chromosome loss and overlapping of cells during slide preparation. Thus, a range of
chromosome numbers is used to assign ploidy levels rather than a strict application of
chromosome number (Yamamoto et al., 1988; Guo et al., 1992). Due to the difficulties in
gaining clear and countable chromosome spreads from shelled larvae, spat and adult
oysters, flow cytometry is often the preferred method for determining the ploidy level in
these life stages (Allen, 1983). Flow cytometry measures the fluorescence of the cell
nucleus after it has been stained with a nucleic acid specific dye, either propidium iodide
(PI) (Utting and Child, 1994) or 4’ ,6-diamidino-2phenylindole (DAPI) (Chaiton and Allen,
1985). The amount of dye taken up by the cell in a saturated solution of the dye is generally
proportional to the amount of DNA in the nucleus. Somatic cells of triploid oysters will
therefore emit 1.5 times the fluorescence of diploid cells.

Several other methods for the determination of ploidy level exist including image
analysis (Gérard et al., 1994a), microfluorometry (Komaru et al., 1988; Uchimura et al.,
1989; Durand et al., 1990) and nuclear sizing (Child and Watkins, 1994; Gardner et al.,
1996). Image analysis measures the optical density of stained nuclei, microfluorometry is
in principle similar to flow cytometry and nuclear sizing involves comparison of the
nuclear size of gill tissue and haemolymph cells between diploids and triploids.

3.2. Mosaicism and triploidy reversion

Mosaics (2r/3n) have been found in the batches of triploid oysters in Pacific oysters
(Allen, 1994; Guo and Allen, 1994a; Allen et al., 1996, 1999; Chandler et al., 1999),
Suminoegaki oysters C. ariakensis (Fujita, 1913) (Chandler et al., 1999) and Sydney rock
oysters (Hand et al., 1999). Reversion of triploids to mosaics or diploids was reported in
Pacific oysters (Allen, 1994; Allen et al., 1996, 1999). Hand et al. (1999) reported that
12—47% of nearly 3-year-old putative triploid Sydney rock oysters were in fact triploid/
diploid mosaics. Reductions in triploidy levels of >20% have been reported in Pacific
oysters (Allen et al., 1996; Kent, personal communication, 2000). It is not known if
triploidy reversion also occurs in Sydney rock oysters. In fact, over the 10 years of
experimentation from 1989 to 1998, the triploidy level from 3-day-old larvae to
metamorphosis and through settlement to spat and market size has always increased
(Nell, unpublished data, 2000). It is thought that this happens because of better survival of
triploids. This phenomenon would have masked any triploidy reversion that may have
occurred in Sydney rock oysters.
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4. Growth
4.1. Pacific oysters, C. gigas

Faster growth rates were reported for both chemically induced triploid Pacific oysters
(Fig. 1) (Allen and Downing, 1986) as well as triploids produced from tetraploids (Guo
et al., 1996). Although, in good growing areas, triploids grow faster than diploids, in
poor ones, there is no difference in growth rate between these two types of oysters
(Thompson, personal communication, 2000). Relatively small increases in growth rates
have been reported for triploid Pacific oysters grown at high latitudes (42—43°S) such as
in Tasmania, Australia (Maguire et al., 1994a), but at warmer/lower latitudes (33—34°N)
such as in Hiroshima, Japan, triploid Pacific oysters grow much faster than diploids
(Table 1). Akashige and Fushimi (1992), showed an 81% increase in whole weight
(Table 1) for Pacific oysters in Hiroshima Bay after an experimental period of only 8
months. A similar observation was made in a laboratory study with Pacific oysters by
Shpigel et al. (1992), who also reported faster growth rates at 30 °C when compared to
oysters held at 8—15 °C. A study by Chao et al. (1999), who measured shell height
rather than the whole weight, also showed superior growth for triploid oysters in Taiwan
compared with that of diploids.

4.2. Sydney rock oysters, S. glomerata

Sydney rock oysters are cultivated in Australia (Nell, 1993). In NSW, Australia,
triploids reach market size (Fig. 2) (40—60 g whole weight) on average 6 months earlier

Fig. 1. Triploid and diploid sibling Pacific oysters C. gigas for the half-shell trade. Photograph by Terry Nosho,
University of Washington, Seattle, WA.



Table 1

Comparative performance of diploid and MII triploid oysters

Species Country/ Latitude Length of Number Average whole weight of oysters (g) Increase in Reference
region experiment of sites Start of End of Welg}}t of
(months) tested . . triploids as
experiment experiment
compared to
Dip Trip Dip Trip diploids (%)
Pacific oysters Japan 33-34°N 8 4 5 6 43 78 81 Akashige and
Crassostrea gigas Fushimi, 1992
Pacific oysters Australia 42-43°S 27 2 <1 <1 91 105 15 Maguire et al.,
(Tasmania) 42 1 <1 <1 101 108 7 1994a
Eastern oyster us 36-38°N 17 1 1 3 41 53 29 Barber and Mann,
Crassostrea virginica East coast 1991
Eastern oyster [N} 40-41°N 17 3 <1 <1 31 78 60 Matthiessen and
East coast Davis, 1992
Sydney rock oysters Australia 32-33°S 29 4 <1 <1 39 55 41 Nell et al., 1994
Saccostrea glomerata (NSW)
Sydney rock oysters Australia 31-37°S 28 13 <1 <1 28 37 31 Hand et al., 1998a

(NSW)
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£8-69 (2002) 01 24mnovnby / jjoN 'yr



J.A. Nell / Aquaculture 210 (2002) 69-88 75

Fig. 2. Triploid and diploid sibling Sydney rock oysters S. glomerata. Oysters are 3 years old, the whole weight of
the diploid is around 40 g and that of the triploid around 50 g. Photograph by Ian R. Smith, NSW Fisheries,
Taylors Beach, NSW.

than the usual 3.5 years for diploids (Nell et al., 1994; Hand et al., 1998a; Nell and
Maguire, 1998). Although results vary between farms, after 2—2.5 years on commercial
oyster leases triploids are on average 30.7% heavier and 8.6% larger in shell height than
sibling diploids (Hand et al., 1998a). The growth advantage of triploids seems to be
expressed at specific sizes rather than ages, specifically at a mean whole weight above 5—
10 g or shell height of 30—40 mm. In general, triploids appear to grow faster relative to
diploids at higher water temperatures (Hand et al., 1998a) (i.e. lower latitudes in
Australia). Preliminary data have shown that the percentage weight increase in the triploid
progeny of both non-selected ‘wild’ oysters and third-generation breeding lines selected
for fast growth is similar compared to their respective diploid siblings (Hand, unpublished
data, 2001). This suggests that, as expected, the growth advantages of triploidy and
selective breeding are additive, as they are achieved through different means. This
experiment was carried out by comparing the growth of diploid and triploid siblings of
the most advanced Sydney rock oyster breeding line with that of controls.

4.3. Eastern oysters, C. virginica
Barber and Mann (1991) reported that triploid eastern oysters reached market size of 60

mm shell height or 50 g whole weight (Table 1), 5 months earlier out of a growing period
of 17 months as compared to diploids. That is the triploids were on average 29% heavier
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(whole weight) at the end of the study period in November 1990. This result was
supported by a similar finding by Mathiessen and Davis (1992), who reported that triploids
were on average 60% heavier after a 17-month experimental period. In eastern oysters, the
superior growth of triploids becomes more pronounced in the second season (Stanley et
al., 1981; Barber and Mann, 1991; Matthiessen and Davis, 1992), presumably because of
an increased gonad development in 2-year-old diploid oysters.

4.4. Why triploids grow faster than diploids

Although triploids grow faster, there is more variation in growth among triploids than
in diploids (Goulletquer et al., 1995). They grow faster at least partly because of energy
reallocation from gametogenesis to growth (Allen and Downing, 1986; Barber and Mann,
1991; Hawkins et al., 1994; Hand et al., 1998a). This faster growth becomes more
pronounced after the first year (Stanley et al., 1984; Barber and Mann, 1991; Hand et al.,
1998a), when diploids become more sexually active. Although, energy reallocation does
not explain why triploids grow faster than diploids before sexual maturation (Jiang et al.,
1991), it is certainly important as in poor growing areas that there is no difference in
growth rate between these two types of oysters (Thompson, personal communication,
2000).

Increased heterozygosity in both MI and MII triploids may also contribute to the faster
growth of both MI and MII triploids (Allendorf and Leary, 1984). MI triploid eastern
(Stanley et al., 1984), Pacific (Yamamoto et al., 1988) and European flat oysters (Hawkins
et al., 1994) grow faster than MII triploids. It was suggested (Stanley et al., 1984;
Beaumont and Kelly, 1989; Hawkins et al., 1994) that the faster growth of MI as compared
to MII resulted from their increased heterozygosity as measured over several protein loci,
i.e. multiple-locus heterozygosity (MLH). However, Guo and Allen (1994c) suggested that
the MLH of MI triploids may actually be lower than that of MII triploids, depending on
meiotic crossover frequency. Other studies also showed a lack of correlation between
MLH and growth in MI and MII triploids (Jiang et al., 1991; Mason et al., 1988).
However, the correlation between MLH and growth rate in natural diploid populations is
rather weak (Gaffney, 1990).

Guo and Allen (1994c) agreed that both heterozygosity and energy reallocation may
contribute positively to the overall performance of triploids. However, they also
suggested the hypothesis of polyploid gigantism, in which the increased cell volume
and lack of cell-number compensation is the main reason for faster growth in triploids.
Polyploid gigantism in triploid Pacific oysters produced from tetraploids was observed by
Guo et al. (1996) and demonstrated by Wang et al. (2001). Guo and Allen (1994c¢) also
postulated that environmental factors such as nutrition may have an impact on polyploids.
They speculated that because triploid cells are larger, they may need more nutrients to
grow and divide. Therefore, in an environment where food supplies are limited, triploids
may not be larger than diploids before sexual maturation (Guo and Allen, 1994c). They
also stated that the heterozygosity and energy reallocation hypotheses are insufficient in
explaining the faster growth of triploids, and that the polyploidy gigantism hypothesis
needs to be tested by direct studies on cell size, cell number and organ size in diploids
and triploids.
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Aneuploidy may be a cause of slow growth in oysters (Thiriot-Quiévreux et al., 1988,
1992; Zouros et al., 1996; Leitdao et al., 2001). Zouros et al. (1996) proposed that the
inverse relationship between aneuploidy and growth is due to the unmasking of deleterious
recessive genes caused by ‘progressive haploidisation’ of somatic cells. Zouros et al.
(1996) further suggested that the probability that the chromosome loss will expose a
recessive deleterious mutation is much smaller in triploids than in diploids.

The hypotheses of heterozygosity, energy reallocation, polyploidy gigantism and
reduction of any possible negative effects of aneuploidy are all plausible and may all
contribute to faster growth of triploids at times. Further research is required to determine
the relative importance of these putative factors.

5. Condition and gonad development
5.1. Pacific oysters, C. gigas

Triploidy was developed in Pacific oysters in the US to reduce gonad development
during spring and summer (Allen and Downing, 1991). Triploid Pacific oysters show
reduced gonadogenesis and a slower reduction in glycogen as compared to diploids over
the spawning season (Allen and Downing, 1986; Akashige, 1990; Akashige and Fushimi,
1992). Relative to diploids, gametogenesis in triploids was retarded but not absent in
Humbolt Bay, CA (40—41°N) (Allen and Downing, 1990) and in Tasmania, Australia
(42-43°S) (Gardner et al., 1994). Both studies reported that the male to female sex ratio in
triploids was similar to that in diploids, but the proportions of hermaphrodites in the
triploids in California (Allen and Downing, 1990) and Tasmania (Gardner et al., 1994)
were different at 29% and 3%, respectively. Allen and Downing (1990) in their Californian
study reported that gametogenesis was more retarded in females than in males, whereas
Gardner et al. (1994) showed the reverse in Tasmania. The reproductive potential of a
triploid Pacific oyster population in which sperm from triploid males fertilised eggs from
triploid females was estimated to be only 0.0008% of that of normal diploids in a
laboratory study in which oysters were strip spawned (Guo and Allen, 1994a). It is likely
therefore that in a natural situation the reproductive potential of triploids is even lower
(Guo and Allen, 1994a).

5.2. Sydney rock oysters, S. glomerata

For meat condition in Sydney rock oysters, the relative performance in terms of
triploids compared to diploids varied among five widely distributed sites (31-37°S) in
New South Wales (Hand and Nell, 1999). Over the final year of the study when oysters
were reaching market size (40—60 g whole weight), condition indices of triploids were
higher or not different to those of diploids throughout the year except for summer, when
diploids were at the peak of their condition (Hand and Nell, 1999). As Sydney rock oysters
are preferably eaten when in spawning condition, diploids are the recommended crop for
summer, and triploids for winter. Although triploid Sydney rock oysters may exhibit
brown discolouration of the gonad surface, this problem is less noticeable during the
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cooler months, when their meat condition is superior to that of diploids (Hand and Nell,
1999).

The extent of retardation of gametogenesis in triploid Sydney rock oysters is more
severe than in triploid Pacific oysters (Cox et al., 1996). Sydney rock oyster triploids are
functionally sterile (Cox et al., 1996), whereas evidence of spawning was observed in
triploid Pacific oysters on the West Coast of the US (Allen and Downing, 1990) and in
Tasmania, Australia (Gardner at al., 1994). Another major difference between the Sydney
rock and Pacific oysters was the frequency of reported hermaphrodites. Cox et al. (1996)
reported only 1.3% hermaphrodites in Sydney rock oyster triploids whereas Allen and
Downing (1990) observed 29% hermaphrodites in Pacific oyster triploids. In contrast,
Gardner et al. (1994), recorded only 3% hermaphrodites in triploid Pacific oysters. The
proportion of hermaphrodites in diploid Pacific (Gardner et al., 1994), and Sydney rock
(Cox et al., 1996) oysters of <2% is also quite low.

6. Consumer acceptance

Sensory comparisons of diploids and triploids by taste panels for Pacific oysters (Allen
and Downing, 1991; Maguire et al., 1994a; Chao et al., 2001) and Sydney rock oysters
(Korac et al., 1996) all showed high consumer acceptance of triploids. However, anecdotal
comments from oyster farmers and processors suggest that there may be a buyer resistance
to both triploid Pacific and Sydney rock oysters when diploids are in peak spawning
condition in summer.

The superior flavour of triploids was attributed to their higher glycogen content (Allen
and Downing, 1991). However, as Maguire et al. (1994a) reported that glycogen is
tasteless, the taste preference for triploids reported by Allen and Downing (1991) may
have resulted from the firmer texture of the triploids as compared to the softer texture of
the gravid diploids.

7. Discolouration

Discolouration of triploid oysters has been reported in Pacific oysters by Maguire et al.
(1994b), who noted that 6% of triploid Pacific oysters grown in Tasmania (but not
diploids) developed brown patches on the meats in summer. A similar effect was seen by
Hand and Nell (1999) in Sydney rock oysters, which were particularly prone to localised
discolouration of the gonad. This discolouration differed from the grey gonad patchiness
frequently seen in diploids following partial spawning. Rather, triploid Sydney rock
oysters developed distinct pale to dark brown patches on the gonad surface. Triploid
Pacific oysters produced from tetraploids also have discolouration in some, but not all,
populations (Guo, personal communication, 2000).

Discolouration of Sydney rock and Pacific oysters appeared to increase during the
warmer months of the year, particularly during the post-spawning season of diploids, and
was generally less obvious during winter/spring (Maguire et al., 1994a; Hand and Nell,
1999). The discolouration was not correlated with condition index in triploids (Hand and
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Nell, 1999). Limited literature is available on meat colour in oysters. Live eastern oysters
form brown cells in response to contaminant exposure and stress (Zaroogian and Yevich,
1993). These cells are possibly involved in detoxification and range in colour from light to
black-brown in oysters from polluted sites. Since brown cells are associated with
connective tissue rather than with gonad tissue, it is unlikely that they are responsible
for discolouration in triploids.

Meat discolouration is a common problem with shucked and processed oysters. Dried
(Choi et al., 1977) and frozen (Jeong et al., 1990) oysters develop brown discolouration
due to oxidative rancidity of lipids. High storage temperatures of canned oyster meat are
also known to cause brown colouration due to the non-enzymatic browning ‘Maillard’
reaction between glucose and amino acids (Lee et al., 1976). Differences in protein
metabolism, due to reduced energy expenditure associated with lower concentrations of
RNA per unit total tissue protein, of MI triploids compared to diploid oysters, have been
detected in the European flat oyster, (Hawkins et al., 1994). Shpigel et al. (1992) reported
the elevated tissue dry weight, condition index, carbohydrate and protein levels for triploid
Pacific oysters held at high (30 °C) temperatures as compared to diploids. Further
investigation is required to determine whether the higher protein levels (hence, different
free amino acid equilibria) in triploid oysters combined with high temperatures during
summer could cause a browning effect on the gonad (Hand and Nell, 1999).

8. Disease resistance

In general, Pacific oysters seem to be resistant to disease and associated mortalities
caused by protistan parasites of other oyster species (Elston, 1993; Bower et al., 1994;
Burreson et al., 2000). Allen and Downing (1986) reported that triploid Pacific oysters
have a higher survival rate than diploids, but they did not specify the cause of mortality.
Meyers et al. (1991), who exposed diploid and triploid Pacific and eastern oysters to the
Perkinsus marinus parasite, reported that the Pacific oysters were more tolerant of P
marinus than eastern oysters, but that triploidy provided no increased disease tolerance for
either species. Triploid eastern oysters suffered lower mortality from MSX (Haplospori-
idium nelsoni) than diploids (Mathiessen and Davis, 1992). However, Cheney et al. (2000)
reported that the summer mortality in Pacific oysters, which is most likely caused by
chronic stress, killed more triploids than diploids. Lower survival in triploid Pacific oysters
in high carrying capacity estuaries was reported by Goulletquer et al. (1995). Sami et al.
(1991) investigated the possible cause for the higher survival of triploids Pacific oysters
and found they have more haemocytes with Concanavalin-A binding sites, associated with
increased phagocytosis (Moore and Gelder, 1987), than diploids.

Sydney rock oysters suffer from two major parasites, Mikrocytos roughleyi (Farley et
al., 1988) and Marteilia sydneyi (Perkins and Wolf, 1976), which cause the diseases winter
mortality and QX disease, respectively. Hand et al. (1998a,b) reported that death from
winter mortality is reduced by more than half in triploid oysters when compared to diploid
oysters. Triploid Sydney rock oysters have not as yet been exposed to QX disease and it
remains to be seen as yet is unknown if triploid Sydney rock oysters have tolerance to this
parasite. Generalised statements about differential survival of diploid and triploid oysters
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cannot be made as the interaction between disease and or stressor with ploidy level is
different for each situation and oyster species.

9. Commercialisation of triploid oysters
9.1. North America

The Pacific oyster industry in North America is large, and in 1999/2000, it produced
approximately 5000 t of oyster meat or 33,000 t whole weight of oysters (Nosho, personal
communication, 2000). Because of the unreliability of natural catch, this industry was
quick to adapt hatchery technology and the use of natural catch is now insignificant
(Lindsay and Simons, 1997). Commercial production of triploid Pacific oysters C. gigas
on the West Coast of America began in 1985 (Allen et al., 1989). Since then, the
production of triploids has greatly increased and the use of tetraploid males to fertilise eggs
from diploids to produce batches of 100% triploids has been introduced (Chew, 2000;
Cudd, personal communication, 2000). Shellfish hatcheries in Washington and Oregon are
currently (1999/2000) producing about 37.5 billion ready-to-set or ‘eyed’ larvae each year,
of which 12 billion or about 1/3 are triploid (Nosho, personal communication, 2000;
Thompson, personal communication, 2000). Farmers believe that triploid larvae are harder
to set than diploids (Thompson, personal communication, 2000).

This use of sterile triploid Suminoe oyster C. ariakensis (Fugita, 1919) is being
assessed on both the West Coast (Langdon and Robinson, 1996) and the East Coast (Calvo
et al., 1999, 2000; Allen, 2000) as a means of evaluating the performance of non-native
bivalves. This novel use of triploids may be used for other bivalves in other places to test
their performance while preventing their release into the environment.

9.2. Europe

The main species farmed in France is the Pacific oyster where five hatcheries supplied
10—15% of the seed requirement for this species in 1999/2000, with the remainder coming
from natural catch (Gerard, personal communication, 2000). There was only limited
interest in triploidy production in France until IFREMER began to make sperm from
tetraploids available to commercial hatcheries (Gerard, personal communication, 2000). In
1999/2000, only 10% to 20% of all hatchery-supplied Pacific oyster spat were triploids,
but with the use of sperm from tetraploid oysters, it could soon reach 50% (Le Borgne,
personal communication, 2000). In 1998/1999, there was only one hatchery selling triploid
seed, produced by using CB in Europe, but now there are four hatcheries in France buying
sperm from IFREMER (Le Borgne, personal communication, 2000). Triploid oysters can
be sold on the market at any time because their taste is usually judged superior, but there is
a special interest in them during the summer months from June to September—i.e. the
spawning season for Pacific oysters in France (Le Borgne, personal communication,
2000). The proportion of triploid oysters coming from hatcheries is increasing as farmers
gain confidence in the reliability of this source (Gerard, personal communication, 2000; Le
Borgne, personal communication, 2000).
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The experience with triploid Pacific oysters in the UK has been disappointing, as the
highest level of triploidy obtained using CB was only 70%, growth rates were not
improved and meat yields were consistently poor (Bayes, personal communication, 2000).
However, hatcheries in the UK are keen to try again with the purchase of sperm from
tetraploid oysters (Bayes, personal communication, 2000).

9.3. Australia

Scientific evaluations of triploid Pacific oysters in Tasmania, Australia (42—43°S)
(Table 1), reported faster growth for triploids after they reached market size (60—80 g whole
weight) and maintenance of better meat condition over the summer/autumn spawning
period after oysters had reached market size (Maguire et al., 1994b). Taste tests showed that
consumer acceptability of triploids was high, but Maguire et al. (1994a) reported a 6%
incidence of brown patches on the meats of triploids and none on diploid controls during
summer. Two experimental batches of triploids were produced for farmers in Tasmania and
South Australia. The experience of farmers with triploid oysters in South Australia (32—
35°S) was similar to that in Tasmania; but the superior meat condition of triploids in
autumn after diploids had spawned out was considered to be an important marketing
advantage for South Australian farmers (Zippel, personal communication, 2000).

Despite the conflict between promising scientific reports (Maguire et al., 1994a,b) and a
rather negative initial industry reaction, there is still some interest in trying triploid Pacific
oysters again. In Australia, one of the biggest oyster hatcheries in Tasmania has a target of
2 million triploids which is <2% of the company’s total production of oyster spat to be
sold to farmers in Tasmania and South Australia in 2000/2001 (Pugh, personal commu-
nication, 2000).

Staff from the University of Tasmania produced, using the method by Guo and Allen
(1994b), a batch of tetraploid oyster spat (20% tetraploidy) in 1997. Tetraploid males were
used successfully to fertilise eggs from diploids to produce experimental batches of 100%
triploid oysters (Thompson, personal communication, 2000). However, attempts to
produce second-generation tetraploids have failed so far (Thompson, personal communi-
cation, 2000). The development of 100% triploid Pacific oysters in Australia would have
great advantages, beyond extending the marketing season in autumn: it might facilitate the
approval for Pacific oyster farming in potentially large growing areas in Tasmania and
other states that have been denied to farmers, partly because of concerns about the
problems with Pacific oyster settlement on the foreshores and competition with endemic
oysters such as Sydney rock oysters.

Sydney rock oyster triploids performed very well in NSW, Australia. Unfortunately,
despite excellent results, there has been limited commercial uptake of triploid technology
in NSW, Australia. Farmers are keen to try triploid oysters, and many have been supplied
small batches of 50,000—250,000 spat by the NSW Fisheries hatchery at the Port Stephens
Fisheries Centre. Those that have tried them are keen to buy more, but until the production
problems of early larval mortality around (2—8 days of age) and post-settlement mortality
of spat (0.5—-2.0 mm shell height at 1 -6 weeks of age) have been resolved, commercial
production of both diploid and triploid Sydney rock oysters remains problematic (Heas-
man et al., 2000).
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9.4. Asia

Triploid Pacific oysters have been evaluated in Taiwan (Chao et al., 1999, 2001), Japan
(Komaru, personal communication, 2000) and China (Wang, personal communication,
2000). Triploid Pacific oysters have been in commercial production in China at least since
1997 and pilot scale testing of tetraploids for triploid production commenced in 2000
(Guo, personal communication, 2000).

10. Summary

So far, the triploidy technique has been commercially adapted only in Pacific oysters.
While triploidy induction was restricted to the use of physical, in particular hydrostatic
pressure and chemical stress (CB), large scale triploid farming was restricted to the West
Coast of North America. However, with the development of tetraploid oysters, commercial
production of triploid oysters has increased in France and China, with other countries
likely to follow this example. The production of tetraploid eastern oysters (Supan, 2000)
may promote the interest in the use of triploidy in this species.

The main advantage of farming triploid oysters in North America and Europe is that
they do not come into a spawning condition during summer, and thus retain their
marketability all year round. In Australia, where Pacific oysters in spawning condition
are readily accepted by consumers, farmers desire triploids as a winter crop to be marketed
when diploids have spawned out.

Triploid eastern and Sydney rock oysters grow much faster than diploids, and triploid
Sydney rock oysters suffer half the mortality of the diploids from one of their major
diseases, winter mortality. However, commercial adaption of the triploidy technique in
both these two species is still a long way off. Both the eastern and Sydney rock oyster
industries are largely reliant on natural catch for their spatfall, and it will be a slow process
for farmers to change both their source of spat as well as adapt different nursery and
growing techniques to take advantage of hatchery seed. The Sydney rock oyster is the
species that benefits most from triploidy by faster growth, an alternative crop to diploids
over autumn and winter when the latter have lost meat condition, and partial tolerance to
one of its major diseases. However, until hatchery production problems associated with
high larval mortality and post-settlement mortality have been overcome, large-scale
production of Sydney rock oyster spat is not feasible (Heasman et al., 2000).

11. The future

Beyond the broader adaptation of triploid technology, there are likely to be several
changes to existing techniques. The use of current chemical methods, especially CB, for
the induction of triploidy in oysters is likely to be limited in the future because of its
dangers to operators, and variable results. Instead, the use of tetraploids to produce
triploids is likely to continue and increase. This will be facilitated by the use of tetraploid
breeding lines rather than the continued chemical production of tetraploids. Second-
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generation Pacific oyster tetraploids have already been produced by mating tetraploid
males and females (Guo et al., 1996). Once tetraploid breeding lines have been established
they, and the diploid breeding lines, can each be selectively bred so that their progeny will
have characteristics of value to oyster farmers. Sperm from tetraploid males provide two
thirds of the genetic complement of their triploid progeny, so selecting the tetraploid lines
as well as the diploid breeding lines is of obvious importance. In Australia, the faster
growth and improved survival of triploid Sydney rock oysters has large commercial
potential. Thus, the improved version of the only successful method for tetraploidy
induction ‘blocking polar body 1 in eggs from triploids fertilised by sperm from diploids,
using first polar body as a natural indicator’ (Eudeline et al., 2000a,b) should be tested on
this species. The benefits of triploidy can only be increased by the production of triploids
through the use of sperm from tetraploids to fertilise eggs from diploids.
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