ICES CM 2009/Q:11

Not to be cited without prior reference to the author

Triploid Atlantic salmon: current status and future prospects
Tillmann J. Benfey

Department of Biology, University of New Brunswick
Fredericton, New Brunswick, Canada E3B 5A3
(benfey@unb.ca)

Abstract

The concept of using induced triploidy as a means of providing sterile fish for aquaculture
and fisheries management is not new, having been first suggested over 30 years ago.
Triploid Atlantic salmon were first produced almost 25 years ago, and they have been
evaluated in the European, North American and Australian aquaculture industries. Through
this work it has been demonstrated that it is easy to mass produce triploid salmon and that,
when combined with simple and proven methods for producing all-female populations,
triploidy is highly effective at suppressing gonadal development in Atlantic salmon.
However, aside from Tasmania, there is currently no use of triploid Atlantic salmon in
commercial aquaculture. This paper will review the development of triploidy as a
management tool and outline some of the limitations of triploid performance that have
influenced the decisions of industry not to adopt this technology. Finally, suggestions will
be made for how to approach genetic and husbandry improvements to enhance the

potential of triploid Atlantic salmon in commercial culture.



Triploidy has been induced in many species of fish, generally with the goal of providing
reproductively sterile populations for aquaculture. The production, identification and
characteristics of triploid fish have been extensively reviewed, as has the rationale for their
use as a management tool in aquaculture (Pandian and Koteeswaran, 1998; Benfey, 1999;
Felip et al., 2001; Hulata, 2001; Maxime, 2008; Benfey, 2009; Piferrer et al., 2009).
Triploids are sterile because of the inability of three sets of homologous chromosomes to
progress through recombination during the first meiotic division. Most triploid cells fail to
complete meiosis, and those that do are typically aneuploid. Triploid males often still
undergo substantial gonadal development, with normal endocrine profiles and reproductive
behaviours, whereas triploid females retain the characteristics of immature fish throughout
their lives. The most effective use of triploids in aquaculture is therefore in combination

with simple endocrine manipulations leading to the production of all-female populations.

The first reported production of triploid Atlantic salmon (Salmo salar) was published over
60 years ago, albeit in very low numbers and as a hybrid with brown trout (S. trutta)
(Svardson, 1945). It was another 30 years before further attempts were made to produce
triploid Atlantic salmon, using methods that ultimately proved unsuccessful (Lincoln et al.,
1974; Allen and Stanley 1979). Success followed 10 years later (Benfey and Sutterlin,
1984a; Bolla and Refstie, 1985; Johnstone, 1985; Johnstone et al., 1989; Quillet and
Gaignon, 1990), leading to the pilot-scale evaluation of triploid Atlantic salmon for
aquaculture in Scotland (Johnstone et al., 1991; Johnstone, 1993, 1996; McCarthy et al.,
1996), Atlantic Canada (Friars and Benfey, 1991, Sutterlin and Collier, 1991; McGeachy
etal., 1995, 1996; Pepper et al., 1996; O’Flynn et al., 1997; Benfey, 2001; Friars et al.,
2001), Tasmania (Jungalwalla, 1991), the USA (Galbreath et al., 1994; Galbreath and
Thorgaard, 1995), Ireland (Cotter et al., 2000; Wilkins et al., 2001; Cotter et al., 2002) and
Norway (Oppedal et al., 2003). Results from these trials were mixed. Triploids tended to
grow well, even occasionally outperforming diploids when the latter started to mature, but
they often had reduced survival compared to diploids. Mortalities were highest during egg
incubation and first feeding, when they have minimal economic impact, and during the

marine phase when economic impact is greatest. As a result, salmon farmers in the UK,



Norway and Canada showed no interest in adopting triploidy as a management tool, and
the use of triploidy in commercial farming of Atlantic salmon is currently limited to
Tasmania where there is a high incidence of early sexual maturation of farmed fish as

grilse.

A great deal of research has been conducted on triploid Atlantic salmon to determine how
they differ from diploids, largely focused on identifying any unique culture requirements.
Where comparable data exist, triploid Atlantic salmon show the same general
characteristics as do triploids of other species (Benfey, 1999; Maxime, 2008; Piferrer et al.,
2009). They have larger red blood cells than diploids, but their numbers are reduced to
maintain a similar haematocrit and blood haemoglobin content (Benfey and Sutterlin,
1984b; Sadler et al., 2000a; Cogswell et al., 2002). They do not differ from diploids in
their oxygen consumption rates (Benfey and Sutterlin, 1984c), haemoglobin-oxygen
binding affinity (Sadler et al., 2000a), aerobic swimming ability (Cotterell and Wardle,
2004; Lijalad and Powell, 2009) or stress response (Sadler et al., 2000a, 2000b). They
occasionally have lower jaw and gill deformities (Sutterlin et al., 1987; Sadler et al., 2001)
which can affect their ability to recover from exhaustive exercise (Lijalad and Powell,
2009). Triploid Atlantic salmon have less endurance in prolonged swimming tests
(Cotterell and Wardle, 2004), suggesting a reduced anaerobic capacity. However, in the
absence of jaw deformities, they appear to recover more quickly from exhaustive exercise
than diploids (Lijalad and Powell, 2009), a characteristic shared with brook charr

(Salvelinus fontinalis) (Hyndman et al., 2003a).

A reduced ability to sustain anaerobic metabolism is not likely to be of relevance under
typical aguaculture conditions, and nothing else about the physiology of triploid Atlantic
salmon as summarized above points to any deficiencies in aquaculture potential. One of the
more commonly identified limitations of triploid salmonids is a reduced ability to survive
chronic exposure to what would be considered sub-lethally high (for diploids) temperature
(Benfey, 1999; Hyndman et al., 2003b; Maxime, 2008). This may reflect lower blood

oxygen carrying capacity (Graham et al., 1985), as is also apparent for chinook salmon



(Oncorhynchus tshawytscha) (Bernier et al., 2004), which would become problematic at
higher temperatures due to increased metabolic oxygen demand by the fish as oxygen
solubility decreases with rising temperature. Arguably the most significant recent finding
with respect to triploid limitations in aquaculture in this regard is that they have lower
thermal optima than diploids, which could explain why they tend not to perform as well as
diploids when reared using thermal regimes optimized for the latter (Atkins and Benfey,
2008).

Many fish farmers feel that triploid Atlantic salmon are more susceptible to disease than
diploids, but there is no published scientific evidence to support this. Research on
complement activity in triploid Atlantic salmon suggests that they may be slightly
disadvantaged compared to diploids in their ability to withstand exposure to bacterial
pathogens (Langston et al., 2001). The only published study of disease resistance in
triploid Atlantic salmon found them to be no different from diploids in their susceptibility
to bacterial kidney disease, but this study used triploids and diploids from different
families (Bruno and Johnstone, 1990). Studies with other salmonids have generally found
no effect of triploidy on complement and phagocyte activity, vaccine efficacy or disease
resistance (Benfey, 1999; Maxime, 2008), although Jhingan et al. (2003) did find triploid
coho salmon (Oncorhynchus kisutch) to be less resistant than diploids to vibriosis from

Vibrio anguillarum.

In terms of their behaviour, triploid Atlantic salmon were found to be less aggressive than
diploids in one study (Carter et al., 1994) but not in another (O’Keefe and Benfey, 1997),
likely due to differences in fish size and experimental design. Studies with other salmonids
have failed to find a consistent effect of triploidy on aggressiveness or the establishment of
feeding hierarchies (O’Keefe and Benfey, 1999; Garner et al., 2008). But in any case, for
the sake of inventory management, triploids are not likely to be reared together with

diploids in commercial culture.



It is unclear how a second maternal set of chromosomes affects the ability to select for
improved production traits in triploids. Given that they are sterile, triploids themselves
obviously cannot form the basis of any selection program. Ideally one would select based
on diploid performance, making triploids from the same parents that give the best
performing diploids, but a study with triploid Atlantic salmon concluded that selection
programs based on diploid performance may not yield the best performing triploids (Friars
et al., 2001). This conclusion is not supported by research with other salmonids, which
have generally found little evidence of family X ploidy interactions (Blanc and Vallée,
1999; Johnson et al., 2004; Shrimpton et al., 2007; Chiasson et al., 2009). However, the
doubled maternal genome does apparently affect phenotypic expression of important
production traits in unpredictable ways that may still affect selection programs (Johnson et
al., 2007).

In conclusion, a review of the literature indicates that there are no dramatic effects of
triploidy on Atlantic salmon production traits in aquaculture, aside from their sterility.
Their oft reported reduced performance may reflect sub-optimal rearing conditions or the
need to use different strains of fish. For all the research done evaluating triploid Atlantic
salmon in Atlantic Canada, there is no information on how triploids of the best performing
diploid strains compare to their diploid siblings. Future research should evaluate the
performance of triploids derived from the best performing production strains, and should

focus on defining the optimum rearing environment for triploids.
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