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Abstract

:

Pre-harvest male maturation is problematic for Atlantic salmon (Salmo salar) farmers and is regulated by the environment and genetics (e.g., vgll3). Five families of all-male salmon parr (produced using YY males crossed with XX females) with different vgll3 genotypes were split between three environmental regimes in January 2018. The “advanced maturation” regime used elevated temperature (16 °C) and continuous light from January 2018 with post-smolt maturation assessed in March 2018. The “extended freshwater” regime used ambient freshwater (1–16 °C) and simulated natural photoperiod (SNP) with post-smolt maturation assessed in November 2018. The “sea transfer” regime used ambient temperatures (1–14 °C) and SNP in freshwater until May 2018 when they were transferred to 9 °C seawater with natural photoperiod for 2.5 years (final mean weight of circa. 14 kg) and assessed for post-smolt maturation, 1 sea-winter (1 SW) maturation, and 2 sea-winter (2 SW) maturation in the autumn (November/December) of 2018, 2019, and 2020, respectively. Post-smolt maturation was highest in the advanced maturation and extended freshwater regimes (39–99% depending on family) and lowest in the sea transfer regime (0–95% depending on family). In the sea transfer regime, maturity incidence increased over time (0–95% post-smolt maturation, 1–100% 1 SW, and 50–90% 2 SW maturation, depending on family). In all regimes, those homozygous for the pre-designated vgll3 “early” maturing allele had the highest incidences of maturation whilst those homozygous for the “late” allele had the lowest. A low percentage of 2 SW phenotypic and genetic females were found (0–5% depending on family), one of which was successfully crossed with an XY male resulting in progeny with an approx. 50/50 sex ratio. These results show (i) post-smolt maturation varies dramatically depending on environment although genetic regulation by vgll3 was as expected, and (ii) crossing YY sperm with XX eggs can result in XX progeny which can themselves produce viable progeny with an equal sex ratio when crossed with an XY male.
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Key Contribution: These results highlight the strong role the environment and genetics play in the timing of male sexual maturation in Atlantic salmon.










1. Introduction


With 2.7 million metric tons produced in 2020 at a market value of $1.5 billion [1], Atlantic salmon (Salmo salar) is one of aquaculture’s most valuable commercial species. Yet despite the industry’s success and rapid growth since its foundations in the 1970’s, there remains significant production challenges. One of these is pre-harvest sexual maturation which leads to reductions in growth, poor seawater tolerance, and an increased likelihood of becoming sick and/or dying [2]. The lipid content of mature fish is also depleted resulting in a pale watery fillet that performs poorly in consumer preference tests [3]. This means the fillets of mature fish have a lower economic value and are either downgraded or thrown out at slaughter.



Grilsing has traditionally been the most problematic precocious phenotype in salmon farming. The term refers to individuals which mature after only one winter in seawater at around 1–5 kg [2]. However, the rise of recirculating aquaculture systems (RAS) to farm salmon outside its normal geographical range (e.g., China [4]) or to reduce the biomass at sea in locations with heavy sea lice infestations (e.g., Norway [5]) has been hindered by precocious sexual maturation with “jacking” becoming an emerging problem. This term has been taken from Pacific salmonid species (e.g., coho, chinook, sockeye) where jacks are wild males that mature after only one summer in sea and at least 1 year before the “youngest” maturing female. In Atlantic salmon, jacks are usually only a few hundred grams in body weight and are also known as mature post-smolts [6]. They have only been observed in a limited number of wild populations [7]. Changes in farming practices now mean salmon may not experience classical seasons due to the prolonged use of continuous light (e.g., [8]). Therefore, the term jack commonly refers to male salmon that mature when large enough to migrate/smoltify (>30 g), but which lack the hooked jaw (kype) and skin coloration of the larger (>1 kg) reproductive phenotypes such as grilse [9]. Jacks are also phenotypically distinct from sneaker males/mature parr, the smallest (<30 g) reproductive phenotype, as they lack parr markings having passed the threshold body size for seawater migration. Jacks are frequently observed in RAS [8,10,11,12] with incidences of ≥70% in some studies [13].



The age of puberty in salmon is known to be regulated by several environmental factors with the most studied being temperature. Like most fishes, the age/body size of salmon at maturity decreases at higher temperatures [10,14,15]. This trend is called the “temperature size rule” and is widely studied in ecology [16]. As such, the high incidence of jacking in RAS is most likely due to the relatively warm temperatures employed of between 12 and 13 °C from first feeding onwards [10]. In comparison, farmed salmon produced in more traditional flow-through systems (FTS), or those moved to sea-cages, spend a significant amount of their life experiencing winter temperatures that can be as low as 2–6 °C in FTS [17] or 0–6 °C in sea-cage facilities [18] in Norway. Previously, Fjelldal et al. [14] showed that jacking can be easily induced in 100 g salmon using elevated water temperatures of 16 °C combined with constant light after a winter signal (i.e., a short-day length). This model has made it possible to study other factors that interact with temperature to regulate jacking. However, it relies on being able to regulate water temperature for extended periods of time (at least 6–7 weeks) which is generally economically expensive. Therefore, it would be beneficial to develop other models which rely on natural temperature ranges to study jacking.



In addition to environmental factors, genetics also plays a substantial role in salmon life history. It is well established that the age of puberty is heritable in salmon [19] and has recently been explored at the level of individual genes [20]. Consequently, vgll3 has consistently been found to play a major role in regulating all the male reproductive phenotypes; parr maturation [21], jacking [22], grilsing [23], and multi-sea-winter (MSW) maturation (those that mature after two or more winters at sea [24]). Interestingly, work in wild salmon suggested the early maturing vgll3 allele was dominate in regulating the likelihood of delaying maturation from being a grilse to being a MSW salmon [20], but the relationship between jacking and grilsing has not been assessed. For the work on jacks, pubertal development was advanced by exposing salmon to a winter signal for at least 6 weeks before being put on constant light and 16 °C [22]). This leads to the advancement of puberty, evident at the pituitary, plasma hormone, and gonad level, after only 2–3 weeks of the fish receiving the constant light and elevated temperature signal [25]. However, we do not know whether vgll3 also regulates jacking initiated under more natural conditions, such as in fish moved to seawater having experienced ambient winter and spring freshwater temperatures (as observed in [6,26]) or in salmon kept in ambient freshwater for an additional summer rather than being transferred to brackish/full-strength seawater (as observed in [15,26]). This information is important for those managing broodstock, as vgll3 could be a target for those wishing to manipulate the timing of maturation for commercial, research, or stock management purposes.



In 2018, we used an advanced maturation regime to induce out-of-season sexual maturation in nine families of all-male salmon produced from a domestic strain [20]. The all-male lines are a tool to reduce the use of research animals, as female salmon rarely mature as post-smolts and are not generally considered a significant commercial problem in Norway [9]. However, five of the families used in Fjelldal et al. [22] were also reared in one to two alternative environments which relied on ambient water temperatures. In one environment, the fish were also kept until 2020 so we could assess the family links between the propensity to jack, grilse, or mature after two or more sea-winters (i.e., MSW maturation). The main objective of the current work was to i) compare the level of jacking between the three different environments in 2018 and ii) assess the extent to which it was regulated by vgll3. The hypothesis was that the family ranking for the incidence of jacking and its regulation by vgll3 would be stable across all three environments. In addition, we expected vgll3 to regulate the timing of maturation across all the regimes in accordance with the pre-designated expectations for early and late maturing alleles [20,21,22,23,24]. The results suggest family ranking is not necessarily consistent across environments, but vgll3 behaved as expected throughout.




2. Materials and Methods


2.1. Ethics


The present experiment was approved by the Norwegian Animal Research Authority (permit number 5281, 8504, and 8521) and performed according to prevailing animal welfare regulations.




2.2. Family Material


The study is a continuation of the families reported in Fjelldal et al. [22]. In brief, 9 families were originally created using 5 dams and 3 sires. However, only families 2, 4, 6, 8, and 9 from Fjelldal et al. [22] were followed up in the current study. Eggs from two double haploid females (dams 2 and 4) were each split in two equal parts and fertilized with milt from two YY males (sires 1 and 2), creating two half sibling groups per dam (Figure 1). Dam 2 was homozygous for the early maturing vgll3 allele, dam 4 was homozygous for the late maturing allele, whilst sires 1 and 2 were both heterozygous. Milt from a third YY male (sire 3) homozygous for the vgll3 early maturing allele was used to fertilize eggs from a fifth double haploid female (dam 5) also homozygous for the early allele. The YY males were initially produced from the AquaGen strain in 2012 and double haploid females from the commercial Salmobreed (now Benchmark) strain in 2012, details of which can be found in Fjelldal et al. [22] and Hansen et al. [27], respectively.




2.3. Rearing Conditions


Each family was incubated in its own tray in a flow-through system at 6 °C before being moved to duplicate start feeding tanks (1 × 1 m, n = 10 tanks in total) on the 22 March 2017 under conditions of continuous light and a stable temperature of 12 °C. The fish stayed under these conditions until the 21 June 2017 when each family group was then transferred to single 3 m ø tanks (n = 9 tanks in total) and the temperature was changed to ambient. The daylength was changed to simulated natural photoperiod (SNP, civil twilight based on 61° N) on the 1 October 2017. The fish continued on these conditions until one sub-group was created on the 1 December 2017 (see “Advanced maturation” regime below), a second sub-group was created on the 1 May 2018 (see “Sea transfer” regime below), whilst the remaining fish continued on freshwater with ambient temperature and SNP (see “Extended freshwater” regime below).




2.4. Advanced Maturation Regime


The regime is described in detail in Fjelldal et al. [22]. Briefly, on the 1 December 2017, 180 fish from families 2, 4, 6, and 8, and 90 fish from family 9, were pit-tagged and distributed in common garden between six 3 m ø tanks, with the same number of individuals from each family in each tank (in total, n = 1530 fish with 255/tank; the additional fish came from families 1, 3, 5, and 7 reported in Fjelldal et al. [22]). These fish were reared under an environmental regime designed to induce post-smolt maturation (Figure 2A). They were kept under SNP and 6 °C until the 8 January 2018 when they were anesthetized (Finquel vet., 0.1 g/L), had their pit-tag number recorded, measured for fork length and body weight, and moved to six new 3 m ø tanks. On the 9 January 2018, photoperiod was shifted to continuous light and the water temperature was gradually adjusted to 16 °C over a 3-day period to induce maturation. The fish were kept under these conditions until the 6 March 2018 when they were all killed by an overdose of anesthetic (Finquel vet., 0.5 g/L). They then had their pit-tag recorded, were measured for fork length and gonad and body weight, sexed by visual examination of the gonad, and had their adipose fin preserved in ethanol for vgll3 genotyping.




2.5. Sea Transfer Regime


A second subset of fish including 100 fish from families 2, 4, 6, 8, and 9 (in total n = 500) were pit-tagged on the 16 April 2018 and moved to one 7 m ø outdoor tank with natural photoperiod and 8.9 °C seawater (Figure 2B) on the 1 May 2018. The fish were kept under these conditions until the 2 December 2020. On the 18 November 2019, the fish were split between two tanks identical 7 m ø outdoor tanks. In total, 82 fish (16%) were not registered at the end of the study and were presumed to have died. Unfortunately, a predator (otter) broke into one tank in January 2019 and removed an unknown number of fish which were not recovered. Therefore, it was not possible to calculate natural mortality rates related to family. The PIT tag, length, weight, and maturity status (based on external morphology and the presence of running milt) of all the fishes were recorded on the 19 November 2018, 18 November 2019, and the 2 December 2020. At each timepoint, mature fish were removed from the experiment and had their adipose fin preserved in ethanol for vgll3 genotyping. At the final sampling, all the remaining fish were terminally anaesthetized, had their adipose fin preserved in ethanol, and their phenotypic sex assessed by visual examination of the gonads.




2.6. Extended Freshwater Regime


A third subset of fish were split between four square 1 m tanks and one 5 m ø circular tank (all indoors) with simulated SNP and ambient freshwater (Figure 2C). There were 220, 152, and 161 fish from families 6, 8, and 9 in the large circular tank with 1 unidentified fish (in total n = 534). In the smaller square tanks, 2 contained 24 fish each from family 6 (in total n = 48) with the remaining 2 having 25–26 fish from family 8 (in total n = 51). All tanks remained on ambient temperatures and SNP until the 23/24 October 2018 when they were anaesthetized, had their length and weight recorded, were examined for their maturity status, and their adipose fin preserved in ethanol for vgll3 genotyping.




2.7. Vgll3 Genotyping


Genotyping of the vgll3 locus was performed using an allelic discrimination assay for the two missense SNPs in vgll3 according to Ayllon et al. [23] and served to distinguish three different genotypes; homozygous early maturing (EE), homozygous late maturing (LL), and heterozygous early/late (EL).




2.8. Phenotypic Females


In total, the dataset included 95 (2.4%) phenotypic females and 3797 (97.6%) phenotypic males. The percentage of phenotypic females ranged from 0.0 to 4.7% within in each family. Low percentages of phenotypic females in putative “all-male” populations are commonly observed in fishes [28,29,30]. In Fjelldal et al. [22] using the same population, we found 5% of the phenotypic females were genetically male (XY, sdY-positive) whereas the remaining individuals were genetically female (XX, sdY-negative). These individuals were removed from all statistical analyses. However, 8 of the females in the sea transfer regime were sexually mature in December 2020 and their eggs were collected and crossed with sperm from 7 males (1 male per female, except for one male which was crossed with two females) from the same study population. All 8 of these females were sdY-negative (genetically female), whilst all 7 males were sdY-positive (genetically male, presumed XY) [22]. These embryos were reared under standard farm conditions in separate trays/tanks (n = 1/family) until they reached an average weight of approx. 60 g, at which point they were euthanized and sexed by visual examination of the gonads and by the sdY assay. The initial number of eggs, fertilization success, and embryo survival were unfortunately not recorded.




2.9. Statistical Analysis


The data were transferred to the R statistical software (version 4.0.4. [31]) for all analyses. Fulton’s condition (K) factor (body mass (g)/fork length (cm)3 × 100) was used as a measure of body condition. The packages “nlme” [32], “emmeans” [33], and “ggplot2” [34] were used for analysis and graphical presentation. Throughout, model diagnostics were assessed via q-q plots and standardized vs. predicted residual plots. The raw data (Fraser et al.xlsx) and R code (Fraser et al.R) used for the analysis and figures can be found in the Supplementary Material.



We fit 3 generalized linear mixed-effects models (GLMER’s) with a binomial response (matured = yes or no) to the maturity data from 2018. The first included the fixed effect of experiment (three levels, extended freshwater, advanced maturation, or sea transfer) with genotype (three levels, EE, EL, or LL) and family (five levels, family 2, 4, 6, 8, or 9) as random effects on the intercept. The second had genotype as the fixed effect and experiment and family as random effects. The third had family as a fixed effect and experiment and genotype as random effects. This approach was taken as the data showed complete separation with some groups having no maturation making more holistic models challenging (Figure S1). Based on visualizing the raw data, we fit 5 models to look at the effect of experiment within each family separately, with genotype as a random effect (expect for family 9 where all the fish were EE so the random effect was not necessary). We fit 4 models to look at the genotype effect within each family, with experiment as a random effect. Finally, we fit a final model with experiment and family as fixed effects, their interaction, and genotype as a random effect.



We fit generalized linear models (GLM’s) with a binomial response (mature = yes or no) to the maturity over time data from the sea transfer regime. Initially, we used eight models to explore the fixed effect of genotype (three levels, EE, EL, or LL) within each family (families 2, 4, 6, and 8) and year (two levels, 2019 or 2020) separately as there were many instances of complete separation which made a more holistic model challenging (Figure S2). We then fit one model to each family within grouping (10 models in total) to explore the probability of delaying maturation from 0 to 1 SW, 1 SW to 2 SW, or 2 SW to 2 SW+. Only 5 of these did not suffer from complete separation.



To assess the effects of vgll3 on body size parameters (weight, length, condition) in the extended freshwater regime, we used linear mixed effect (LME) models. We fit one model per family to each endpoint with genotype (three levels, EE, EL, or LL), maturity status (two levels, mature or immature), and their interaction included as fixed effects and tank included as a random effect on the intercept. Due to a lack of normality, a Kruskal–Wallis test was used to assess condition factors in family 8 (4 levels, EL immature, LL immature, EL mature, LL mature). To assess for effects of vgll3 and maturity on body size parameters over time (four levels, 2017, 2018, 2019, 2020) in the sea transfer data we used GLM’s. We fit one model per family per year to each endpoint with genotype (three levels, EE, EL, or LL) and maturity (two levels, yes or no) as fixed effects. Where there was a large enough sample size, we allowed genotype to interact with maturity status. For the freshwater data, 2 fish from family 6 and 9 fish from family 8 were removed due to condition factors indicative of human error or deformities (<0.8 or >1.8). Similarly for the sea transfer data, 1 fish from family 4, 1 from family 6, and 1 from family 8 were removed for the same reason.





3. Results


3.1. Post-Smolt Maturation across Three Environmental Regimes


There was a general regime effect independent of vgll3 and family, with the advanced maturation and extended freshwater regimes having equal amounts of maturation whilst the sea transfer regime had significantly less (Figure 3A,B). At the family level, family 6 had a significantly higher amount of maturity in the advanced maturation regime whereas families 8 and 9 had a higher amount in the extended freshwater regime (Table 1).



There was a general effect of vgll3 independent of environment and family, with EE having the most maturation and LL the least (Figure 3C,D). The same trend was evident within every family albeit it was not significant for families 4 and 6 (p = 0.10–0.12, Table 2). The trend was also evident in each regime within every family, except in family (Figure S1). In family 6, vgll3 behaved as expected in the extended freshwater and advanced maturation regimes, but not in the sea transfer regime where a single EL male matured in seawater whereas no EE males matured.



There was a strong family effect independent of vgll3 and environment (Figure 3E,F). Notably, this was not consistent across environmental regimes (Figure 4). Family 4 had the least maturity in the advanced maturation regime, but the second most in the sea transfer regime. In addition, whereas family 9 had ≥95% maturity in all regimes, family 6 had ≥91% in the advanced maturation and extended freshwater regimes but only 1% maturity in the sea transfer regime.




3.2. Maturation over Time in Seawater


The probability of delaying maturation from a jack (0 SW) to grilse (1 SW) was difficult to assess due to the levels of maturity within each family (Figure S1). In families 2 and 8, no males matured before 1 SW. In family 4, those LL males that matured prior to 2 sea-winters (2 SW) did so only after 0 SW (there was no 1 SW maturation) whereas 35% of the EL males waited until they were 1 SW. In family 6, all the EE fish delayed maturing until they were 1 SW fish whereas only half the EL males delayed.



The probability of delaying maturation from 1 SW to 2 SW or from 2 SW to beyond did follow consistent trends. In families 2 and 6, EE males were less likely to delay maturation compared to EL fish in both scenarios, and in families 4 and 8, EL fish were less likely to delay maturation than LL males in both scenarios (Table 3).




3.3. Timing of Maturation and Body Size


There was some evidence that body weight and length from May 2018 could predict maturation in November 2018, but the body size data from November 2018 and November 2019 showed no association with maturity in November 2019 and December 2020, respectively (Figure 5 for weight, Figure S3 for length). In 2018, family 9 was the largest and had the most maturation, whereas in family 4 there was also an indication that body size in May 2018 was related to the probability of maturation in November 2018. For all time points, body condition was not associated with the likelihood of maturation in any family (Figure S4).




3.4. Vgll3 Genotype and Body Size


In the extended freshwater regime, vgll3 genotype had a significant interaction with maturity status on body condition in family 6 and length and condition in family 8 (Figure S5, Table S1). In family 6, immature EL fish had a higher body condition than immature EE fish, but there was no genotype effect in mature fish. In family 8, immature LL fish were longer with a lower condition than immature EL fish, but there was no genotype effect in mature fish. Otherwise, mature fish were significantly shorter with a higher body condition than immature fish in both families.



In the sea transfer regime, there were few genotype effects within any family, and they were transient and inconsistent (Figures S6–S17, Tables S2–S5). Mature fish were often significantly shorter and lighter than immature fish within each family, but not every year.



The data from the advanced maturation regime were previously analysed in Fjelldal et al. [22]. Briefly, mature fish were significantly larger than immature but there was no genotype effect on body size traits.




3.5. Genetic Sex of Phenotypic Females within Supposed “All-Male” Lines


Six of the eight crosses produced no viable offspring. In the remaining 2, in 1 only 6 offspring survived to 60 g whereas in the other 23 survived. Of these, 33 (2/6) and 52% (12/23) were both phenotypically and genetically female, whereas the others were both phenotypically and genetically male.





4. Discussion


Our main objective was to compare jacking across multiple environments varying in their practicality for use in research. Of particular interest was the association between maturation levels in the advanced maturation regime with its high manipulation of both temperature and photoperiod to induce out-of-season maturation in small fish, compared to the levels in the extended freshwater and sea transfer regimes which received less environmental manipulation and relied on in-season maturation. In this respect, the extended freshwater regime produced comparable maturity levels as the advanced maturation regime and would be a useful tool for further research into precocious maturation. Our second objective was to see whether vgll3 consistently regulated maturation across environmental regimes and over time. We found vgll3 did control the timing of maturation, but neither allele appeared to be strongly dominant.



We describe differences in maturation levels in the same population of fish split between different environments. These different environments were set up to understand whether we could find a feasible alternative to the advanced maturation model used in Fjelldal et al. [22]. In this sense, keeping fish on ambient freshwater for an additional summer led to a high incidence of sexual maturation with the same family ranking as in the advanced maturation model. However, the work described herein is not a strict comparison of different environments due to differences in the tank size, number of replicates per treatment, whether each family was represented within each tank, light source (natural vs. SNP), and stocking densities. Similar inconsistencies have also hampered previous studies [15,26,35,36] due to the expense of maintaining fish under different environments for extended periods of time as is necessary when studying salmon reproduction. For instance, at our facility in 2022, temperature control costs 25% more per day than without and these tanks are limited in number and in high demand. It is certainly feasible the uncontrolled factors may explain some of the variation in maturation between our environments. However, the variables discussed below (temperature, salinity, growth, and genetics) have previously been identified as major regulators.



The extended freshwater regime strongly promoted early maturation over the sea transfer regime as in other regions. In Baltic (Swedish) salmon, maintaining previously mature male parr in freshwater for another summer led to 100% maturation (n = 80) the following autumn, whereas only 7% (n = 3/43) of those moved to brackish (5 ppt) water the previous spring matured [26]. Similarly, maintaining previously immature Saint Johns River (Canada) smolts in freshwater over the summer resulted in 100% (n = 8) male maturation in the autumn compared to 0% (n = 20) in those transferred to full-strength seawater in the spring [15]. Conversely, Duston and Saunders [35] and Duston [36] found no maturation in the same Canadian stock reared for up to 2 years in freshwater. Duston and Saunders [15] theorized this was because their population was produced using early maturing parr as their sires, whereas Duston and Saunders [35] and Duston [36] had used later maturing grilse as sires. The nature of the broodstock used in Lundqvist and Fridberg [26] is not described. The age of puberty is heritable in salmon and may explain some of the discrepancy between the three Canadian studies. Our male broodstock were also all mature parr but came from the domesticated AquaGen (Norwegian) strain which has been selected against early maturation since the 1980’s (Thomas Moen, personal communication).



Higher temperatures lead to earlier maturation in Atlantic salmon [10,14]. Therefore, one could expect this may explain the higher levels of precocious maturity in the extended freshwater (peak 16 °C) over the sea transfer (constant 8.9 °C) regime. The same trend was also observed by Duston and Saunders [15] as their freshwater values peaked at 21 °C whilst the seawater temperature only reached 15 °C, and this was associated with more maturation in the former than the latter. However, in Lundqvist and Fridberg [26], the freshwater and brackish (5 ppt) water treatments had more similar temperature profiles peaking at around 20–21 °C in both yet precocious maturation was much more prevalent in freshwater. Family 9 in our experiment showed high rates of jacking (≥95%) in both the extended freshwater and sea transfer regime despite the large difference in temperature profiles. Therefore, although our data fit the general trend that higher temperatures led to earlier maturation, we are unable to separate this from other uncontrolled factors such as photoperiod/light source (natural vs. SNP) or salinity.



How migration/salinity regulates life history decisions in salmon is relatively unexplored from an experimental viewpoint. It is generally thought that smoltification and sexual maturation are in developmental conflict with the two processes unable to occur simultaneously [37]. However, post-smolt maturation following the first summer at sea does occur in both farming [38] and in the wild [7]. Furthermore, the two processes can be readily initiated simultaneously in fish of >90 g although they can show signs of conflict. In smolts for instance, puberty can suppress indicators of seawater tolerance [9,39] or increase the likelihood of dying in fish moved abruptly from freshwater to seawater [40]. Earlier work has also shown that sex steroid implants can impair the development of hypo-osmoregulatory ability during smoltification [41]. Work on salinity exposure in cultured salmon suggests it stimulates early maturation in those parr able to survive the transition from freshwater to seawater [36], it speeds up the maturation process in smolts that had already initiated puberty [42], and it reduces the likelihood of jacking in previously mature smolts [26] but has no effect on grilsing rates [43]. Ytrestøyl et al. [12] found an elevation in jacking in post-smolts kept in RAS on constant light and brackish water (12 ppt) compared to freshwater controls, but the opposite occurred in another group that had been given a square-wave photoperiod (long-short-long day length) to induce smoltification. In this study, the sea transfer regime reduced maturation levels in all families but had only a minor effect in the fastest growing/largest family. This suggests that body size/growth rate may have played an important role in regulating maturation rates between the different regimes.



Growth rate, body size, and/or body condition are often positively associated with precocious maturation [44]. The theory behind this is that all are regarded as proxies for energy reserves [45], maturation is energetically expensive [46], and salmon are expected to mature as soon as they reach an energy threshold [37]. In the current study, those in seawater were 57% heavier than those kept on freshwater (albeit the seawater fish had been allowed to grow for 26 days longer) but showed less maturation. As discussed above, this could be because the seawater was colder or that salinity exposure has a suppressive effect on the decision to mature. Nevertheless, the quickest growing family had the highest levels of sexual maturation. Following on from this, body size in May 2018 showed some positive associations with maturation the same year. However, the size data from November 2018 and 2019 showed no association with the tendency to mature the following year. Body condition showed no associations with the timing of puberty as found previously [22,39]. This may be because its relevance is restricted to a narrow developmental window not covered in the current design or that the strength of the correlation between Fulton’s K factor and energy density can be context dependent [47]. The high maturation rates in family 9 even in seawater may suggest the size/energy threshold for maturation was higher in this scenario compared to the extended freshwater regime. Notably, family 4 had the second highest prevalence of jacking in the sea transfer regime and was on average the second largest behind family 9.



One factor not explored in the current work is when male salmon take the decision to mature. Females initiate puberty in the autumn when daylength is decreasing, one year prior to maturing the next autumn [48]. If this is the case in males, then all the males were on a common environment at this time and the decision would have been made simultaneously across the whole population. It would then suggest the advanced maturation regime merely advances the pubertal process, whereas in the extended freshwater regime the fish followed the natural progression. This may explain why similar levels of maturity were seen between the two regimes. In contrast, it would suggest males in the sea transfer regime may have needed to terminate the maturation process having already decided to initiate it. We have previously provided evidence that males can terminate post-smolt maturation [49], although how common this phenomenon is has not been explored. Why family 9 still went on to almost unanimously mature is unclear, but it was the largest family followed by family 4 which also showed a relatively high incidence of jacking in seawater. As such, it could be that larger fish are able to migrate in the spring and then mature after only one summer at sea.



Vgll3 behaved as expected during the current experiment. The EE males matured earlier than EL males, and EL males matured earlier than LL males, irrespective of the environment or family. Unfortunately, the direct comparison of EE to LL males in the current setup is compromised as they come from half-siblings due to broodstock limitations. We found no strong evidence that the E allele is dominant as suggested in wild fish [20], although this analysis was hampered by a lack of all phenotypes in each family. Nevertheless, others have also found no indication of allele dominance [24] or evidence that the L allele shows slight dominance for parr maturation [21]. How vgll3 regulates the timing of maturation is not fully understood, but it is associated with elevated markers of pituitary gonadotropin levels prior to testes growth [50]. Vgll3 has also been found to be associated with small but significant differences in body condition, with the EE genotype having higher values than LL fish, with EL fish intermediate [21]. We found little evidence vgll3 regulated growth or condition in immature fish in this study or in Fjelldal et al. [22]. However, both these studies are unable to directly compare EE to LL fish. However, the fact that vgll3 behaved consistently over the three regimes matches recent work on parr maturation under two temperatures [51].



Of future interest, the family ranking for the prevalence of maturation did show one inconsistency in that family 4 had the second highest proportion of fish maturing in sea transfer regime, but the lowest prevalence in the advanced maturation regime. This suggests genes other than vgll3 may be important with regards to the timing of precocious maturation in freshwater versus seawater as reported in Tasmania salmon [43]. We also observed several individuals which had not matured after 2 sea-winters even though 93% (55/59) of these attained body weights of between 11 and 21 kg and lengths of 96–115 cm. These individuals are notably larger than the median harvest weight in Norway of 4.25 kg [52] and already within the range of returning MSW spawners in Norwegian rivers with a sea-age of 3–4 years (e.g., 88–131 cm and 6.5–22.5 kg for a mixed sex population [53] or 80–100 cm in 3 SW males [20]). In comparison, 2 SW wild salmon in Norway are typically reported to be around 65–75 cm [20,53,54,55] or 2.5–3.8 kg [53,54] whereas our 2 SW salmon were on average 105 cm and 13.6 kg. This would suggest the domesticated strains we used show a higher size threshold for maturation than wild fish as expected. This is despite our seawater fish being kept at a constant 8.9 °C which is generally higher than what Norwegian salmon experience in the wild during winter (e.g., 3.4–5.0 °C), and at the high end of what they experience in the summer (e.g., 6.7–8.9 °C) [56]. It is also warmer than mean daily temperatures found in Norwegian sea-cages during the winter (e.g., 1–7 °C), but lower than those experienced in the summer (e.g., 11–18 °C) [18].



By chance, we found eight ripe phenotypic females in the sea transfer regime in December 2020, and they were also genetically female. The occurrence of females in supposed “all-male” lines is not uncommon [22,28,29,30]. Why this occurs is unknown, given crosses between XX eggs with YY sperm are all expected to be XY. We opportunistically crossed these females with presumed XY males. Although survival was generally very poor for unknown reasons, the sex ratio of the one cross with 23 survivors was approximately 50/50 which is what would be expected from crossing an XX female with a XY male and would support the assumption the female was XX and the male XY.




5. Conclusions


In conclusion, we describe the prevalence of precocious maturation in the same population of domesticated all-male salmon split between multiple environments. All environments produced jacks to various levels, with more in the advanced maturation and extended freshwater regimes than the sea transfer regime. As such, the extended freshwater regime could be a useful tool for those wishing to work on understanding the factors that influence jacking without the need to artificially heat water for extensive periods of time. Vgll3 behaved as expected based on previous studies across all three environments.
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Figure 1. An overview of the family material and the vgll3 genotype of the broodstock. In total, three dams (pink) and three sires (blue) were used to produce five families (grey), some of which were half-siblings. The broodstock were either homozygous for the early maturing vgll3 allele (EE), homozygous for the late maturing allele (LL), or heterozygous (EL). As such, each family had one to two vgll3 allele combinations. The family and broodstock names (numbers) respond to those in Fjelldal et al. [22]. 
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Figure 2. The temperature and photoperiod of the three environments compared. The fish were reared on a common environment from hatching until December 2017 when the first subset of fish was moved to elevated temperatures and continuous light to induce maturation as part of the “Advanced maturation” regime (A). In (B), the dashed horizontal line indicates the timing when a second subset of fish were moved to 9 °C seawater in May 2018 having been on ambient freshwater from June 2017. In (C), a third subset of fish were maintained in ambient freshwater throughout. The date of the maturity assessment in 2018 for each regime is indicated by the arrow. 
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Figure 3. Model results of the maturation data in 2018. The influence of (A,B) environment (EF = extended freshwater, AM = advanced maturation, ST = sea transfer), (C,D) genotype, and (E,F) family on the incidence of maturity. The left panels are the predicted means and 95% CI, whilst the panels to the right are pairwise p-value plots based on least square means. For the p-value plots, groups joined by black lines share the p value indicated in red. 
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Figure 4. Model results of the family × environment interaction on the 2018 maturation data. Data are means +/− 95% CI. Regime: EF = extended freshwater, AM = advanced maturation, ST = sea transfer. 
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Figure 5. Histograms of the relationship between maturity status (yes/no) and body weight at an earlier timepoint. For the 19 November 2018, the body weight is from May 2018. For the 18 November 2019, the body weight is from the 19 November 2018. For the 2 December 2020, the body weight is from the 18th of November 2019. 
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Table 1. Model results for the environmental effect on the incidence of sexual maturation in 2018 within families. Different superscript letters within a row indicate significant (GLM, p < 0.05) group differences. ** p < 0.01; *** p < 0.01.
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Family

	
Model

	
Maturation (%)

	
Odds Ratio




	
χ2

	
df

	
p

	
EF

	
AM

	
ST

	
EF/AM

	
EF/ST

	
AM/ST






	
2

	
-

	
-

	
-

	

	
91.6 (91.5–91.7)

	
-

	
0.0

	
-

	
-

	
-




	
4

	
18.5

	
1

	
<0.001

	
***

	
39.4 (31.1–48.3) a

	
-

	
10.1 (4.9–19.6) b

	
-

	
-

	
5.8 (2.4)




	
6

	
50.2

	
2

	
<0.001

	
***

	
91.3 (87.7–94.5) b

	
97.7 (93.8–99.2) a

	
1.3 (0.2–9.1) c

	
0.2 (0.1)

	
766.8 (796.8)

	
3087.6 (3508.7)




	
8

	
7.0

	
1

	
0.008

	
**

	
67.8 (33.4–89.8) a

	
52.2 (20.7–82.1) b

	
0.0

	
1.9 (0.5)

	
-

	
-




	
9

	
5.3

	
2

	
0.071

	

	
99.4 (95.6–99.9) a

	
97.8 (91.5–99.4) b

	
94.8 (88.1–97.8) c

	
3.5 (4.4)

	
8.5 (9.3)

	
2.4 (2.0)








EF = extended freshwater regime; AM = advanced maturation regime; ST = sea transfer regime.
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Table 2. Model results for the genotype and time (year) effect on the incidence of sexual maturation within families. Different superscript letters within a row indicate significant (GLM, p < 0.05) group differences. * p = <0.05; ** p < 0.01; *** p < 0.01.
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Year

	
Family

	
Model

	
Maturation (%)

	
Odds Ratio




	
χ2

	
df

	
p

	
EE

	
EL

	
LL

	
EE/EL

	
EL/LL






	
2018

	
2

	
17.6

	
1

	
<0.001

	
***

	
97.5 (90.7–99.4) a

	
77.7 (68.1–85.0) b

	
-

	
11.4 (8.6)

	
-




	

	
4

	
2.7

	
1

	
0.097

	

	
-

	
25.5 (8.7–55.2)

	
17.3 (5.3–44.1)

	
-

	
1.6 (0.5)




	

	
6

	
2.4

	
1

	
0.124

	

	
72.0 (3.8–99.4)

	
57.9 (2.1–98.9)

	
-

	
1.9 (0.8)

	
-




	

	
8

	
65.1

	
1

	
<0.001

	
***

	
-

	
80.8 (71.0–87.8) a

	
35.6 (25.2–47.7)b

	
-

	
7.6 (1.9)




	
2019

	
2

	
8.5

	
1

	
0.004

	
**

	
38.5 (24.7–54.4) a

	
10.5 (4.0–24.9) b

	
-

	
5.3 (3.3)

	
-




	

	
4

	
-

	
-

	
-

	

	
-

	
6.5 (2.1–18.4)

	
0.0

	
-

	
-




	

	
6

	
6.47

	
1

	
0.011

	
*

	
22.5 (12.1–37.9) a

	
3.1 (0.4–19.1)b

	
-

	
9.0 (9.8)

	
-




	

	
8

	
-

	
-

	
-

	

	
-

	
2.3 (0.3–14.4)

	
0.0

	
-

	
-




	
2020

	
2

	
1.87

	
1

	
0.171

	

	
95.8 (75.7–99.4)

	
85.3 (69.2–93.7)

	
-

	
4.0 (4.5)

	
-




	

	
4

	
24.9

	
1

	
<0.001

	
***

	
-

	
88.4 (74.9–95.1) a

	
29.2 (14.6–49.8) b

	
-

	
18.5 (12.1)




	

	
6

	
2.09

	
1

	
0.149

	

	
96.8 (80.4–99.5)

	
87.1 (70.3–95.1)

	
-

	
4.4 (5.1)

	
-




	

	
8

	
-

	
-

	
-

	

	
-

	
100.0

	
35.9 (22.5–51.9)

	
-

	
-








EE = vgll3 early/early alleles; EL = vgll3 early/late alleles; LL = vgll3 late/late alleles.
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Table 3. Model results for the genotype effect on delaying maturation within families. * p = <0.05; ** p < 0.01; *** p < 0.01.






Table 3. Model results for the genotype effect on delaying maturation within families. * p = <0.05; ** p < 0.01; *** p < 0.01.





	
Phenotype

	
Family

	
Model

	
Delayed from Earlier to Later Phenotype (%)

	
Odds Ratio




	
χ2

	
df

	
p

	
EE

	
EL

	
LL

	
EE/EL

	
EL/LL






	
0 SW to 1 SW

	
2

	
-

	
-

	
-

	
100.0

	
100.0

	
-

	
-

	
-




	
4

	
-

	
-

	
-

	
-

	
33.3 (11.1–66.7)

	
0.0

	
-

	
-




	
6

	
-

	
-

	
-

	
100.0

	
35.3 (5.9–94.1)

	
-

	
-

	
-




	
8

	
-

	
-

	
-

	
-

	
100.0

	
-

	
-

	
-




	
1 SW to 2 SW

	
2

	
7.1242

	
1

	
0.008

	
**

	
60.5 (44.4–74.6)

	
87.9 (71.8–95.4)

	
-

	
0.21 (0.13)

	
-




	
4

	
0.97931

	
1

	
0.322

	

	
-

	
92.6 (79.6–97.6)

	
100.0

	
-

	
-




	
6

	
5.7051

	
1

	
0.017

	
*

	
76.9 (61.3–7.5)

	
96.4 (78.6–99.5)

	
-

	
0.12 (0.13)

	
-




	
8

	
0.55807

	
1

	
0.455

	

	
-

	
97.7 (85.6–99.6)

	
100.0

	
-

	
-




	
2 SW to 2 SW+

	
2

	
1.8721

	
1

	
0.171

	

	
4.2 (0.6–24.3)

	
14.7 (6.3–30.8)

	
-

	
0.25 (0.29)

	
-




	
4

	
24.936

	
1

	
<0.001

	
***

	
-

	
11.6 (4.9–25.1)

	
70.8 (50.2–85.4)

	
-

	
0.05 (0.04)




	
6

	
2.0854

	
1

	
0.149

	

	
3.2 (0.5–19.6)

	
12.9 (5.0–29.7)

	
-

	
0.23 (0.26)

	
-




	
8

	
-

	
-

	
-

	

	
-

	
0.0

	
64.1 (48.1–77.5)

	
-

	
-








EE = vgll3 early/early alleles; EL = vgll3 early/late alleles; LL = vgll3 late/late alleles.
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