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ARTICLE INFO ABSTRACT

Keywords: Improving growth and product quality remains a key goal in aquaculture. Triploidization can result in improved
Transcriptomics flesh quality and larger body size as fish reach maturity by redirecting energy away from reproduction. Here, we
Genomics investigated how triploidy and probiotic therapies influenced hatchery-reared Chinook salmon (Oncorhynchus
g/lriii;ioi d tshawytscha) mass directly and via fish transcriptomic and behavioural profiles at the juvenile life stage, which
Probiotics may provide insight into factors associated with growth variation at early life stages. Specifically, we measured

transcriptomic and behavioural profiles of juvenile Chinook salmon. Overall, triploid individuals had lower mass
compared to diploid counterparts and triploidy was associated with mass through an interaction between Shh
transcription and boldness/aggression. Further, probiotics did not directly impact mass, but instead interactions
with p53 transcription were associated with mass variation. A few of the genes examined (Auts2, CRF, IGF-1, and
p53) exhibited higher transcription levels which were associated with greater mass, independent of other vari-
ables. Ultimately, our study demonstrates the value of a behavioural transcriptomics approach for identifying
relationships between gene transcription, behavioural profiles, and growth-related traits (e.g., mass) in hatchery-
reared Chinook salmon.

1. Introduction growth on individuals in aquaculture (e.g., Atlantic salmon (Salmo

salar), Fraser et al., 2021 and Black Sea Trout (Salmo labrax), Cimagil

1.1. Growth and aquaculture productivity

Maximizing growth rates in finfish aquaculture is a primary goal of
producers as it directly relates to productivity (De-Santis and Jerry,
2007; Gui and Zhu, 2012). In commercial salmonid aquaculture, fish
farmers aim to produce many individuals of large size (i.e., biomass)
quickly while maintaining flesh quality, at the lowest costs (Rora et al.,
2001). In addition to the selective choice of broodstock (Tymchuk et al.,
2006) and controlling rearing density (Li et al., 2013) to maximize fish
growth, other methods include triploidization of the stock (Rottmann
et al., 1991; Benfey, 1999) and the use of specialized diets (Brizuela
et al., 2001; Nayak, 2010; Gongalves et al., 2011).

1.2. Triploidization: Benefits and drawbacks

Triploidization has sometimes been associated with improved

and Sonay, 2024). Since triploid individuals are functionally sterile,
energy is redirected from reproduction to somatic growth, while main-
taining high flesh quality (Tiwary et al., 2004). The elimination of sexual
maturation can also increase production efficiency due to a larger
window of time to harvest (Garner et al., 2008). Despite its promise,
triploidization has had mixed results in improving the biomass of in-
dividuals, since no change in mass (Chinook salmon (Oncorhynchus
tshawytscha), Garner et al., 2008; rainbow trout (Oncorhynchus mykiss),
Scott et al., 2014) or even reduced mass, in some instances, have been
reported (rainbow trout, Manor et al., 2014; Atlantic salmon, Hansen
et al., 2015). Nevertheless, triploid individuals have been shown to
have higher quality fillets due to preventing muscle deterioration that
results from sexual maturation (Manor et al., 2014).

Drawbacks of triploidization treatments include reduced survival
(Benfey, 2001; Ching et al., 2010; Fraser et al., 2022), compromised
immune function/poorer disease resistance (Ching et al., 2010),
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increased sensitivity to poor environmental conditions (Scott et al.,
2014; Hansen et al., 2015), and lowered responsiveness to environ-
mental change in light, sound, and ammonia levels (Tiwary et al., 2004;
Weiss and Zaniboni-Filho, 2009; Van De Pol et al., 2020). Additionally,
some differences in gene expression have been found in triploids,
including altered immune-response gene expression (e.g., upregulation
of NLRP3, LY9, PNMA1, MR1, PELI1, and NOTCH2; downregulation of
NFIL3 and NLRC4 in goldfish (Carassius auratus), Cai and Wei, 2023),
upregulation of genes associated with growth (e.g., GH, GHR, IGF-1 in
crucian carp (Carassius carassius), Zhong et al., 2012), and with stress
response (e.g., sacsin oxidative stress responsive 1b, 78 kDa
glucose-related protein, heat shock protein 70, and hypoxia upregulated
protein 1 precursor, Clarias macrocephalus, Chatchaiphan et al., 2017).
Furthermore, triploidy has been found to result in a variety of behav-
ioural differences when compared to diploid counterparts, including
lowered aggression (e.g., Chinook salmon, Garner et al., 2008; Atlantic
salmon, Carter et al., 1994), poorer foraging ability (e.g., Atlantic
salmon, Fraser et al., 2012a; Fraser et al., 2012b; O'Keefe and Benfey,
1997; brook trout (Salvelinus fontinalis), O'Keefe and Benfey, 1997),
lowered consumption (e.g., Chinook salmon, Garner et al., 2008;
Atlantic salmon, Fraser et al., 2012a), lowered sensitivity to external
stimuli (sweetfish (Plecoglossus altivelis), Aliah et al., 1990), and
responsiveness (zebrafish (Danio rerio), Van De Pol et al., 2020).

1.3. Probiotics: Effects on growth and behaviour

While impacts of probiotics can depend on the species of bacteria and
the host organism, probiotic diets have previously been used in aqua-
culture to improve a diverse suite of traits through altering the structure,
function, and metabolism of the digestive tract of aquatic species
(Balcazar et al., 2006) resulting in changes in: disease resistance (Aly
et al., 2008; Liu et al., 2013; Ayyat et al., 2014; Butt and Volkoff,
2019), immune responses (He et al., 2013; Villamil et al., 2014), over-
all health (Ouwehand et al., 2002; Llewellyn et al., 2014; Butt and
Volkoff, 2019), feed utilization (Irianto and Austin, 2002; Llewellyn
et al.,, 2014; Nathanailides et al., 2021), stress responses (Llewellyn
et al., 2014), and/or growth performance of fish (Irianto and Austin,
2002; Nayak, 2010; Llewellyn et al., 2014; Butt and Volkoff, 2019;
Nathanailides et al., 2021). Specifically, probiotic administration can
lead to growth enhancement through stimulating appetite and meta-
bolic activity, improving nutrition by producing vitamins (Irianto and
Austin, 2002), and through improved digestibility (Sahandi et al.,
2019). Probiotic therapies can also stimulate gene expression in a va-
riety of tissues such as intestinal, liver, and spleen, and have been shown
to cause upregulation in genes associated with growth, such as intestinal
tumor necrosis factor alpha (TNF- @), insulin-like growth factor (IGF-1),
and growth hormone receptor (GHR) (El-kady et al., 2022; Shaheen
et al., 2014).

Impacts of probiotics can furthermore extend to behavioural effects
due to the enhanced release of gut microbiome metabolites from pro-
biotic administration, stimulating enteroendocrine cells to produce
hormones involved in digestion, food absorption and appetite and thus
downstream consumptive behaviours (Gribble and Reimann, 2019).
These effects are potentially manifested via stimulated areas within the
brain responsible for feeding behaviours through appetite-regulating
neuropeptides (Butt and Volkoff, 2019). As such, increased feeding
rates and feed utilization can aid in explaining the increased growth
benefits exhibited by probiotic therapies (Rohani et al., 2022).

1.4. Integrative behavioural-genomics approach and knowledge gaps

An individual's growth - as with any phenotypic trait — can be
influenced by many factors, such as complex gene interactions, behav-
iours, and the environment (Benfey and Mitchell-Olds, 2009; Zuk and
Balenger, 2014). For instance, behavioural phenotypes can potentially
be related to variation of feeding rates/growth in fish (Castanheira et al.,
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2015; Huntingford and Adams, 2005). Specifically, highly responsive or
reactionary fish tend to be more cautious in their environment, have
lower consumption levels (Basic et al., 2012; Martins et al., 2011), and in
turn have slower growth. Activity levels have also been positively
associated with increases in feed intake and improvements in growth
(Mas-Munoz et al., 2011). Boldness and aggression have been related to
the ability for fish to obtain more food (Krause, 1993) and improve
growth (Brown et al., 2007; Lahti et al., 2001). Further, extremes of
locomotion may be indicative of greater energy expenditure as swim-
ming behaviours can be energetically costly (Rennie et al., 2005), which
can result in reduced energy for somatic growth and thus lower masses.
While studies have examined the link between behavioural phenotypes
and underlying genetic drivers (Renn et al., 2008; Kim et al., 2015;
Demin et al., 2020; Eastman et al., 2020; Sadoul et al., 2022), few have
investigated how gene expression and behavioural profiles interact to
explain growth performance (i.e., mass) in individuals who differ
phenotypically. Moreover, the interactions between ploidy, probiotics,
gene expression, behaviour, and growth in Chinook salmon are poorly
understood. Since differential gene expression (De-Santis and Jerry,
2007; Mun et al., 2019), behaviour (Volpato and Fernandes, 1994;
Huntingford and Adams, 2005), and the external environment (Viadero,
2005) can all influence mass, extending these interactions to perfor-
mance traits may improve the power of the behavioural genomics
approach in identifying integrated mechanisms driving mass variation.

In this study, we implement an integrative behavioural tran-
scriptomics approach to determine the role of ploidy and probiotic
therapy on mass of hatchery-reared juvenile Chinook salmon to better
understand factors influencing growth. In a previous study (Frank et al.,
2024), we performed a series of behavioural assays on diploid and
triploid juvenile Chinook salmon fed either a probiotic or regular diet to
determine the effects of ploidy and diet on the transcriptomic and
behavioural profiles of fish. In this study, we are investigating how these
profiles interact to affect variation in body size, given the individual's
ploidy and diet. We predicted triploid individuals on a regular-feed diet
would have greater mass relative to diploid counterparts; probiotic
therapy would cause an increase in mass in both ploidies; and finally,
transcriptomic and behavioural profiles may explain variation in
growth. Overall, the combination of ploidy and probiotic treatments in
aquaculture is expected to affect production metrics, and our work will
contribute to our understanding on the mechanisms in salmon early-life
stages.

2. Methods
2.1. Study species, breeding design, and husbandry

This study was performed at Yellow Island Aquaculture Ltd. (YIAL),
an organic Chinook salmon farm on Quadra Island, British Columbia
[50°07°59.124”N, 125°19°36.4392"W]. YIAL's domestic stock was
initially bred in 1985 from individuals originating from crosses between
Big Qualicum [49°23°37.954"N, 124°37°0.512"E] and Robertson Creek
[49°20°6.835”N, 124°58°52.043”W] hatcheries on Vancouver Island,
British Columbia (Lehnert et al., 2014). At YIAL, commercially produced
Chinook salmon routinely undergo triploidization via hydrostatic pres-
sure shock. In the current study, a full-factorial breeding design was used
where eggs from eighteen captively-bred XX females were fertilized with
milt from eighteen sex-reversed XX male Chinook salmon in six 3 x 3
crosses. Post-fertilization, eggs were assigned to either the diploid (2 N)
or triploid (3 N) group. Diploid eggs were left untreated, while those
assigned to the triploid group underwent hydrostatic pressure shock
(Rottmann et al., 1991; Johnson et al., 2004; Shrimpton et al., 2012) for
5 min at 6.89x10*kPa (10,000 psi), 30 min post-fertilization (Shrimpton
et al., 2012), to prevent the ejection of the second polar body during the
second meiotic division (Benfey, 1999), giving rise to triploid in-
dividuals. For this study, fertilization and triploidization occurred from
October 19 to 22, 2018. Ploidy was not directly confirmed for this study;
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however, in a parallel study at YIAL using the same methodology, a
subset of fish (n = 16 per ploidy) was assessed and confirmed via flow
cytometry, where triploid fish had significantly larger erythrocytes (tsg
=4.390, p = 0.0001) and higher DNA content (t3o = 3.391, p = 0.0020)
than diploid fish (Cadonic et al., 2023).

Fifteen unique families (from a 3 x 3 and a 3 X 2 cross) were
examined in this study, where crosses involving one female were
omitted from a second 3 x 3 cross due to low survivorship of that fe-
male's offspring. When fish reached the exogenous feeding stage, they
were removed from their incubation stacks to replicated rearing tanks
(200L) between February 16 and 29, 2019, labelled with family ID
(unique number assigned to each family) and treatment, with a total of
120 tanks examined (2 ploidies x 2 feed treatments X 15 families x 2
replicates per family). Fresh running water was supplied to rearing tanks
from an underground well-water supply at an average temperature of
9.05 °C + 0.485 SD, and dissolved oxygen of 9.07 mg/L + 0.167 SD,
with a consistent flow rate. Hatchery lights were set on a timer to align
with the natural photoperiods on Quadra Island, British Columbia. Both
triploid and diploid replicate families were assigned to their appropriate
feed treatments (i.e., regular-feed or a probiotic additive-feed). Fish on
the probiotic treatment began their diet treatment regime on April 5,
2019, when fish were six months post fertilization and could exoge-
nously feed. Feed amounts were calculated according to manufacturer's
instructions (Taplow Feeds, Chilliwack, BC, Canada), with daily
amounts representing approximately 2% of the biomass in a tank to
match a satiated growth promotion diet. Fish on a regular diet were
given EWOS® Micro Crumble feed (1.2 mm in diameter), while the
probiotic feed was prepared by mixing lyophilized Lactobacillus, Bifido-
bacterium, and Lactococcus powder from commercially available pro-
biotics capsules (Jamieson brand, bacterial composition found in
Table 1) (as described in Frank et al., 2024) with 10 mL of sodium
alginate binder (made with 1 g Alginate powder mixed with 100 mL of
water until dissolved) at a dosage of 10° cfu per kg of feed (one probiotic
capsule per kg). The probiotic mixture was added to 100 g of feed and
was prepared on a weekly basis and refrigerated between feedings. Fish
were fed three times daily at 9 am, 1 pm, and 5 pm. Tanks were fed based
on rearing densities and cleaned weekly. Tank density was not stan-
dardized to avoid overhandling the fish.

2.2. Sampling and mass measurements

At eight months post-fertilization, individuals (n = 360) were
behaviourally assayed to characterize emergent behavioural phenotypes
derived from principal component analyses (detailed in Frank et al.,

Table 1

Strains of bacteria and number of colony-forming units (CFU) in the Jamieson
brand probiotics used in this study. Used as the probiotic feed treatment in ju-
venile Chinook salmon.

Bacterial Strain Probiotic Complex in 10 Billion Colony-

Forming Units (CFU)

Bifidobacterium animalis subsp. lactis 2.0
(UABla-12)
Lactobacillus paracasei (UALpc-04) 1.5
Bifidobacterium breve (UABbr-11) 1.0
Lactobacillus gasseri (UALg-05) 1.0
Lactobacillus rhamnosus (UALr-06) 1.0
Lactobacillus rhamnosus (UALr-18) 1.0
Lactobacillus acidophilus (DDS®-1) 0.5
Lactobacillus plantarum (UALp-05) 0.5
Bifidobacterium longum subsp. longum  0.39
(UABI-14)
Bifidobacterium bifidum (UABb-10) 0.3
Lactobacillus casei (UALc-03) 0.3
Lactobacillus reuteri (UALre-16) 0.3
Lactococcus lactis (UALI-08) 0.2
Bifidobacterium longum subsp. infantis ~ 0.01
(UABI-13)
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2024). In brief, individual fish were subjected to a series of behav-
ioural experiments — an open-field test, novel object test, predator
response test, and a mirror test. The open-field test allowed for accli-
mation and exploration of the behavioural arenas to determine baseline
activity levels and exploration tendencies. For the remaining tests, these
were performed to examine responses to additional stimuli. The novel
object test served as a new food being introduced (i.e., glass bead similar
in colouration to food pellets, but larger in size). For the predator
response test, a plush fish moved across the tanks to resemble the
silhouette of a larger predatory fish. Finally, for the conspecific test, a
mirror was added to the arena to stimulate a conspecific without the
additional constraints introduced by secondary fish. The order housing
barrels were sampled was randomized over the trial period each day,
where housing barrels corresponded with the family number and
treatment group; however, three individuals from the same housing
barrel were tested and sampled simultaneously. Four behavioural pro-
files emerged, in which a fish was either behaviourally typed according
to its responsiveness, activity, boldness/aggression, or laterality/loco-
motor extremes (i.e., body side preferences/reaching greater maximum
velocities and locomotive distances). Upon completion of the behav-
ioural assay, fish were then euthanized, weighed, and masses were
recorded. Whole brain tissues were sampled for transcriptional analyses
(Frank et al., 2024) and stored in RNAlater prior to extraction and
quantification. In brief, RNA was extracted using TRIzol™ (Thermo-
Fisher Scientific) following a protocol adapted from Wellband and Heath
(2017), RNA was then converted to cDNA via high-capacity cDNA
reverse transcription kits (ThermoFisher Scientific, Waltham, MA, USA).
RNA integrity was tested with a subset of samples on a Bioanalyzer
(Agilent Technologies, Mississauga, ON, Canada) to ensure RNA quality
and all RNA integrity numbers ranged from 8.80 to 10. Transcriptional
analyses were completed using the Tagman® OpenArray® chips
(Applied Biosystems) designed in our previous work (Frank et al., 2024),
which included a built-in technical replicate for each sample. Two
endogenous control genes were used (EF-la and ARP) to determine
relative gene transcription of genes of interest. Twenty genes were
verified as belonging to the following functional groups: Early Neural
Development (Shh, Auts2, Htrlaa, and DCX), Long-term Neural Devel-
opment (NeuroD1, Crabpla, Dpysl2, SNAP-25a, BDNF, and Dclkl),
Appetite/Metabolism (POMC and NPY), Growth (IGF-1, p53, GH, and
EGR1), and Stress Response (MR, GR2, CRF, and AVT). Specific functions
of genes and their relationship to growth and/or behaviour can be found
in supplementary Table S1. Primer efficiencies were calculated using
LinRegPCR (Ruijter et al., 2009) and transcriptional concentrations
were corrected for using the geometric means of the endogenous con-
trols, with the AACt values calculated for each gene of interest.

2.3. Statistical analyses

To explore the integrated response of treatment, behavioural pro-
files, and transcriptional profiles on growth performance, GLMMs were
conducted using a fish's mass (range: 1.86 g — 7.64 g) as the response
variable. In these models, the effects of treatment, behavioural profiles,
log-transformed single candidate gene transcription, and two-way in-
teractions between behavioural profiles, candidate genes, and treatment
(ploidy and feed) on mass were included as fixed effects. Treatments
encompassed ploidy (categorical — diploid, triploid), feed (categorical —
regular, probiotic), and their interactions. There was a total of four
behavioural profiles (continuous scores) included: reactionary (range:
0.29-4.31), activity (range: 2.31-7.23), boldness/aggression (range:
1.48-10.20), and laterality/extremes of locomotor behaviour (range:
0.99-6.51). For these mass models, only a single gene (continuous,
expression levels per gene) was included at a time to determine how
each gene independently can impact the mass of individuals and interact
with other variables of interest (i.e., treatment and behaviour) due to the
multifaceted effects of genes. Covariates such as time of day (contin-
uous, range: 9.4-15.53) and rearing density (continuous, range: 13-79
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fish per barrel) were also included. GLMMs were run where Dam ID, Sire
ID, family ID, and tank number (nested within family ID) were included
as random effects. Twenty statistical models were run (one per gene),
and we corrected for multiple hypothesis testing by grouping genes
within their functional gene group and then using sequential Bonferroni
method within each group. We took this statistical approach since gene
function is not very well characterized in fish, and genes within a
functional group can serve similar/overlapping functions, allowing
greater confidence that general functions (i.e., neural development,
metabolism/appetite, growth, and stress response) are tested. Quantile-
quantile model residual plots and histograms of model residuals were
visually assessed to ensure normality for all GLMMs.

Linear mixed modelling was performed in R version 4.2.2. Packages
used included dplyr for data-manipulation (Wickham et al., 2023), Ime4
(Bates et al., 2015) for linear model creation, ggplot2 (Wickham, 2016)
and ggeffects (Liidecke, 2018) for data and predicted model visualiza-
tion, interactions for visualizing continuous-variable interactions in
regression models (Long, 2024), and pheatmap for designing a heatmap
of the mass-model results (Kolde, 2019).

3. Results

Raw p-values are reported in the text. Significance thresholds were
determined using sequential Bonferroni corrections within gene func-
tional groups (found in tables S2-S6).

3.1. Behavioural transcriptomics effects on mass

Mass was significantly influenced by an interaction between the
transcription of the early neural development group gene Shh and
boldness/aggression (f = 0.59, CI [0.29, 0.90], t(118) = 3.5, p = 6.04 x
10~%), regardless of treatment, indicating that the relationship between
gene expression and mass depended on behavioural phenotype, as
indicated in Fig. 1.

3.2. Ploidy and feed treatment effects on mass

Within the Auts2 (early neural development gene) model, we found
two significant effects: (1) an interaction between ploidy and gene
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transcription, and (2) ploidy. Ploidy and Auts2 gene transcriptional
levels interacted, with diploid individuals exhibiting greater mass with
increasing Auts2 transcription than triploid individuals (p = —0.62, CI
[-1.17, —0.04], t(154) = —2.03, p = 0.04), indicated in Fig. 2. Ploidy
was found to significantly affect mass as a main effect, with diploid in-
dividuals having greater mass (mean: 4.86 g) than triploid individuals
(mean: 4.53 g) (B = —1.64, CI [-3.02, —0.17], t(154) = —2.10, p =
0.037), indicated in Fig. 3. Within the p53 gene model (growth func-
tional group), we found two significant treatment effects: (1) an inter-
action between ploidy and boldness/aggression, and (2) an interaction
between feed type and gene transcription. Ploidy interacted with the
boldness/aggression behaviour profile, where diploid individuals that
were more bold/aggressive were heavier compared to triploid coun-
terparts (§ = —0.38, CI [-0.69, —0.07], t(145) = —2.31, p = 0.023),
indicated in Fig. 2. Specifically, the estimated marginal slopes indicated
a marginal change in mass for diploids (B = 0.04 &+ 0.11 SE), while
triploids exhibit lower mass (f = —0.34 + 0.13) with increasing bold-
ness/aggression.

Probiotic therapies (mean: 4.56 g) did not significantly impact mass
directly compared to fish on a regular diet (mean: 4.84 g). However, feed
type interacted with transcription of the p53 gene (p = —0.73, CI [-1.37,
—0.11], t(145) = —2.13, p = 0.04), indicated in Fig. 4, where individuals
on a probiotic diet were heavier with increased p53 transcription
compared to individuals on a regular feed type.

3.3. Independent gene and Behaviour effects on mass

For all fish, regardless of treatment, gene transcription effects of four
genes were positively related to mass: (1) early neural development gene
Auts2 (f = 0.55, CI [0.02, 1.03], t(154) = 1.99, p = 0.048), (2) growth
gene IGF-1 (f = 0.60, CI [0.14, 1.06], t(165) = 2.39, p = 0.018), (3)
growth gene p53 (p = 1.04, CI [0.41, 1.69], t(145) = 2.98, p = 3.42 x
10’3), and (4) the stress response gene CRF (f = 0.81, CI [0.28, 1.32], ¢
(145) = 2.87,p = 4.81 x 107%), indicated in Fig. 5. Auts2, IGF-1, p53,
and CRF gene transcription were all associated with greater mass. No
behavioural profiles analyzed were found to independently influence
mass in any of the models (all p-values n.s. after Bonferroni correction to
acceptance threshold) (Fig. 6).

Boldness & Aggression
Behavioural Component
— +18D
-- Mean

-1SD

-1

Shh Gene Expression

Fig. 1. Significant model predicted results of regression analysis of treatment, gene transcription, and behaviours on mass models. Behavioural transcriptomic
interactions were found between Shh gene trascription and a bold/aggressive behavioural profile on mass of individuals. Fish displaying a more bold/aggressive
behavioural profile (solid-dark blue line) were larger with increasing Shh transcription, while those that were less bold/aggressive (small dashed-light blue line) did
not exhibit mass changes to increasing Shh transcription. Model-predicted relationships are plotted, with data points showing the predicted-model data. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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— Diploid
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Auts2 Gene Transcriptionf
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5 e

Mass ()
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Boldness/Aggression Behavioural Component
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Fig. 2. Significant model-predicted results of regression analysis of treatment, relative gene transcription, and behaviours on mass. Interaction effects between ploidy
and transcription, and ploidy and behavioural profiles. Diploid (blue solid) individuals exhibited greatest mass at high Auts2 (early neural gene) transcription
compared to triploid (orange dashed) individuals (A) (n = 179). Triploid individuals had lowest mass with a higly bold/aggressive profile in the p53 mass model (B)
(n = 170). Model-predicted relationships are plotted, with data points showing the predicted-model data. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

3.4. Additional variable effects on mass

Time of day significantly impacted mass in a consistent way (inde-
pendent of treatment group) in the following three gene models: (1)
long-term neural development gene Dclk1 (p = 0.09, CI [0.02, 0.15], t
(202) = 2.44, p = 0.017), (2) p53 (B = 0.11, CI [0.03, 0.18], t(145) =
2.59,p =0.012), and (3) CRF (p = 0.12, CI [0.04, 0.19], t(145) = 2.92,p
= 2.92 x 10~3). Graphical representations of the relationship between
time of day and mass can be found in supplementary materials Fig. S1.
Heavier individuals were sampled later in the day. Tank-rearing den-
sities had no effect on mass of individuals in any of the models (all p-
values n.s. after Bonferroni correction to acceptance threshold). Random
effects of sire impacted a single stress response gene: MR (p = 0.03).
Neither dam nor family had a significant impact (all p-values n.s. after
Bonferroni correction to acceptance threshold). A graphical summary of
the significance values for all mass models can be found in supple-
mentary materials Fig. S2. A summary of significant results from mass
models across gene functional groups can be found in Table 2, and full
results can be found in Tables S2-S6.

4. Discussion

In this study, we examined the effects of ploidy and probiotics — as a
potential practice to improve triploid performance — on the growth of
juvenile Chinook salmon via a behavioural transcriptomics approach.
Both gene transcription and behaviour were incorporated into our body-
mass models in recognition that behavioural traits often covary with
gene transcription, indicating a transcriptomic constraint on organismal
responses to variation in the environment (Rittschof and Hughes, 2018).
When examining integrated effects on mass using a one-gene-at-a-time
approach, we found a significant behavioural-transcriptomic relation-
ship with mass independent of ploidy or probiotic diet (Shh x boldness/
aggression). We found minimal direct effects of ploidy, although dip-
loids were heavier than triploid individuals across our GLMMs, and no
direct effects of probiotics on fish performance. No direct effects of
behaviour on mass were observed either, but we did find an effect of
ploidy x boldness/aggression on mass in the p53 model. Instead, we
found an overall greater influence of transcriptional expression on mass,
either independently, with higher expression of Auts2, IGF-1, p53, and
CRF being positively associated with mass; or integrated with behaviour
(see above) or treatment (ploidy x Auts2 and feed x p53 transcription).
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Fig. 3. Significant model-predicted results of regression analysis of treatment,
gene transcription, and behaviours on mass. A significant effect of ploidy was
found on mass through the Auts2 (early neural) gene model (n = 179). Triploid
individuals had lower mass compared to diploid counterparts. Model-predicted
relationships are plotted, with data points showing the predicted -model data.

4.1. Behavioural transcriptomics effects on mass

Mass differences were associated with Shh transcription when
interacting with boldness/aggression, in that fish with a highly bold/
aggressive behavioural profile were generally more sensitive to differ-
ences in transcription of Shh than shy, non-aggressive individuals, and
exhibited increased mass when coupled with high Shh transcription
levels. Shh is important at various developmental stages (from
embryogenesis to adult) and is necessary for the maintenance, prolif-
eration, differentiation, and migration of neural stem cells (Sasai et al.,
2019). Shh also plays a role in cell growth (Aratijo et al., 2014), which
may be related to its role in cellular growth processes, although this was
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not directly tested in this study. However, the exact mechanisms linking
boldness/aggression behavioural types with Shh transcription are un-
known and further research is necessary to explore this connection.
Interestingly, Velando et al. (2017) found that the integration of tran-
scriptional profiles (i.e., metabolic genes pgcla, cox4, sod2, and gpx1)
with activity phenotypes in three-spined sticklebacks (Gasterosteus acu-
leatus) reflected differential investment in growth during development
(albeit sex-specific); a result similar to ours.

4.2. Main effects of ploidy and probiotics on mass

Contrary to our predictions, we found no overall or consistent direct
effect of ploidy or probiotic treatment on fish performance in our mass
models (which included fish behaviour and gene transcription factors).
This is surprising, given our expectations that both ploidy (Rottmann
et al.,, 1991; Benfey, 1999) and probiotics (Brizuela et al., 2001;
Nayak, 2010; Gongalves et al., 2011) can improve growth/mass of an
individual. Triploidization may not have produced the expected mass
impacts which could indicate that these individuals do not experience
the same effects of triploidy as other species (e.g., Atlantic salmon, Salmo
salar, Carter et al., 1994; rainbow trout, Oncorhynchus mykiss, Cleveland
and Weber, 2013). Other studies have also found no effect of triploidy on
growth of fish (brook trout, Salvelinus fontinalis, O'Keefe and Benfey,
1999; zebrafish, Van De Pol et al., 2020). Only in one mass model
with the Auts2 gene (essential in early neurodevelopment) did we find
diploid individuals to be significantly greater in mass (average differ-
ence of 0.33 g) than their triploid counterparts. Similarly, Withler et al.'s
(1995) research did find triploid coho salmon to be significantly smaller
at the pre-smolt stage; however, this difference between the two ploidy
groups did not persist when they were measured again as post-smolts,
and coho salmon, regardless of ploidy, maintained similar growth
rates (Withler et al., 1998). Further, Devlin et al.'s (2001) work with
transgenic (i.e., microinjected with growth hormone gene construct)
rainbow trout demonstrated that both domestic strains, regardless of
transgene presence, did not vary significantly in growth performance.
One cannot rule out that the growth advantage expected by triploids,
regardless of diet, may not be present during earlier life stages, but
rather when individuals normally reach maturity and begin to heavily
invest energy in reproduction (Tiwary et al., 2004). A longer-term study

Food
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Probiotic
-~ Regular

-2.0 -1.5 -1.0

-0.5 0.0

' p53 Gene Transcription

Fig. 4. Significant model-predicted results of regression analysis of treatment, gene transcription, and behaviours on mass models. Interaction effects of probiotics
and p53 gene expression (growth gene model, n = 170). Individuals on a probiotic diet (blue, solid line) were heavier than regular fed individuals at high p53
transcription levels. Model-predicted relationships are plotted, with data points showing the predicted-model data. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Summary diagram of findings (significant interactions), incorporating gene transcriptional profiles, behavioural profiles and mass results. Time of day and
rearing tank density not included in this summary. Significant interactions of direct effects indicated by solid (black) lines with directionality indicated, and in-
teractions between variables indicated by dashed lines (grey). Final effect of interactions is always on mass output. Where genes are directly involved, genes are
indicated in black text, while genes included in the mass model, but not directly driving the impact are indicated in grey.

would be required to test this possibility. Since we did not directly
validate triploidization, it is possible that some of the triploid fish may
be diploid. However, given the success of triploidization of YIAL in
previous studies conducted over more than twenty years (e.g.,
Shrimpton et al., 2012; Ching et al., 2010; Johnson et al., 2004), this

would be few (if any) individuals, and act in a manner that eliminated
ploidy effects found here.

Longer-term probiotic therapies may be necessary, as our probiotic
mixture did not provide a growth benefit during early-life stages that
would ultimately enhance biomass. We only observed an impact on mass
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Table 2

Summary of significant results from mass GLMMs with gene transcription as an
explanatory variable, with t-values and significance values (indicated in pa-
rentheses) for each variable included in the model indicated. Adjusted accepted
significance values indicated separately for each gene model, and data reported
here indicates significant values after Bonferroni-Holm corrections.

Gene Model Variable t-value Significance
Early Neural Development Genes
Shh (p < 0.017) Gene*Boldness/Aggression 3.53 6.04e
Auts2 (p < 0.05) Ploidy -2.10 0.037
Gene 1.99 0.038
Ploidy*Gene —2.03 0.04
Long-Term Neural Development
Dclkl (p < 0.05) Time of Day 2.44 0.027
Growth
IGF-1 (p < 0.025) Gene 2.39 0.018
p53 (p < 0.05) Gene 2.98 0.003
Time of Day 2.59 0.012
Ploidy*Boldness/Aggression —2.31 0.023
Feed*Gene -2.13 0.04
Stress Response
CRF (p < 0.017) Gene 2.87 0.004
Time of Day 2.92 0.005

through transcriptional interactions. Probiotics have been found to
benefit the host, although effects on the host organism can depend on
both the bacterial composition and the host administered (Sumon et al.,
2022). Multi-strain probiotics have been proven to be more beneficial
than single strain, but strains can be incompatible (Puvanasundrum
et al.,, 2021) and a possible mechanism for a lack of growth benefits,
however, this has not been explored in our study. The encapsulation
method used for administration of probiotics (i.e., sodium alginate) may
have deterred fish from consuming the feed, negating expected growth
effects, but this requires further examination. Our research did not
directly confirm the success of probiotic colonization within the gut for
the individuals studied here. In parallel studies at YIAL and using the
same system, probiotics were confirmed to influence the composition of
the gut microbiota in juvenile Chinook salmon compared to individuals
on a regular feed (Sadeghi, 2022; Frank et al., 2024; Soto-Davila et al.,
2024). In another parallel study, five of the twelve bacterial species (as
metabarcoding could not differentiate between strains) contained in the
probiotic mixture were found in elevated levels within the gut at the
individual level; meanwhile, all were elevated at the family level (Bai,
2026). Furthermore, these probiotics were successful for improving
long-term survival of these same families of hatchery-reared Chinook
salmon (Soto-Davila et al., 2024). Previous work (Frank et al., 2024)
found an impact of our probiotic mixture on metabolism/appetite gene
transcription; thus, it would be interesting for future research to explore
how these probiotics directly impact feeding behaviours and down-
stream mass differences. Because specific impacts of probiotics are
dependent on the strain(s) of bacteria (Ouwehand et al., 2002; Das et al.,
2008; Shi et al., 2016), dosage concentration of probiotics administered
(Nayak, 2010; Butt and Volkoff, 2019), and environmental factors (e.g.,
temperature, water pH, and oxygen concentration) (Das et al., 2008),
these elements should also be accounted for when selecting a probiotic
to use in an aquaculture setting. The selected probiotic formulation was
chosen for its practical applications in hatcheries including ease of use
and cost-effectiveness. Since these probiotics were formulated for
human consumption, there may be variability in success for different
species of fish, which should be explored in future studies. Future
research could also focus on other diet additives (e.g., antibiotics, pre-
biotics, or acidifiers) which have been useful in altering fish perfor-
mance/quality (Dawood et al., 2015; Ng and Koh, 2016; Dawood et al.,
2018).
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4.3. Gene transcription effects on mass

4.3.1. Direct effects

The few direct effects of gene transcription variation on fish per-
formance originated from the early neural development, growth, and
stress response functional groups. We had expected a greater number of
genes to be associated with growth, given that several genes (e.g., GH,
EGR-1, IGF-1, IGFBP2b, p53) have been shown to be directly linked with
growth in fish (Bhaskaran et al., 1999; Zhou et al., 2008; Rajan et al.,
2011; Duclot and Kabbaj, 2017; Bertucci et al., 2019; Khan, 2019),
including with an altered diet (Amin et al., 2019; Kari et al., 2022). Our
unexpected results may be due to our multi-variable models combined
with our conservative correction for multiple-hypothesis testing, as
previous studies examined one, or at most a few, genes independently,
using conservative false discovery rate corrections that can contribute to
Type Il error as a result of multiple-hypothesis testing. Nonetheless, after
correction, we still found four genes that were related to the mass of fish,
where an increase in the transcription of Auts2, IGF-1, p53, and CRF
genes were associated with heavier individuals.

Auts2 expression is critical for appropriate neurodevelopment, and
under-expression can result in growth/feeding problems, body/skeletal
abnormalities, and neurological disorders (Oksenberg and Ahituv,
2013). In terms of function, the Auts2 gene has not previously been
linked to size or mass of fish. However, this gene does play a role in the
activation of transcription and regulation of neural development
through participation in neuronal migration/neurite extensions (Colson
et al.,, 2019) and is highly expressed in neural areas of high cognitive
functions (Bedogni et al., 2010). The role of Auts2 in cognitive abilities
(Colson et al., 2019) may translate to the coping ability of animals,
where greater cognitive abilities may allow for better coping with their
environment (Broom, 2010). It is important to note, that the function of
this gene is not fully understood (Oksenberg and Ahituv, 2013), and
more research on the relationship between Auts2 and body size is
required.

Up-regulation of IGF-1 is expected to increase mass due to its
involvement in growth as it stimulates muscle cell proliferation, differ-
entiation, and hypertrophy (i.e., enlargement of muscle tissues), while
inhibiting muscle atrophy (Glass, 2003; Glass, 2005); and it has previ-
ously been shown to be positively related to growth rate in Atlantic
salmon (Salmo salar) (Solberg et al., 2012).

While our results did not show transcription of the GH gene to
directly impact mass (as reported in Trainor and Hofmann, 2006, 2007),
another growth gene (i.e., p53) was an important variable in explaining
the interaction between ploidy treatments, aggressive behavioural pro-
files, and mass. Increased p53 expression is associated with increases in
mass in Drosophila, possibly due to the increased maintenance of healthy
cells ensuring increased organismal growth (Mollereau and Ma, 2014).

Lastly, our CRF-gene result is challenging to explain, given CRF's
main role is in organismal stress response (Bernier, 2006), where up-
regulation of the CRF gene has been previously found to suppress feed
intake (Volkoff and Peter, 2006) and appetite during stress (Denver,
2009; Conde-Sieira et al., 2018). However, CRF gene expression also
has a role in the regulation of food intake in fish, and increased CRF
expression has been found to lead to increased metabolic rate (Rothwell,
1990), and positively related to growth rates (e.g., brown trout, Salmo
trutta, Alvarez and Nicieza, 2005; sockeye salmon, Oncorhynchus nerka,
Jobling, 1981), and can be used to stimulate foraging via cortisol
following a stressful event. Nevertheless, excess cortisol can result in
poorer growth (Bernier et al., 2004). However, the relationship between
CRF expression and growth is complex and context dependent, requiring
further investigation.

We did not find support for metabolism and appetite genes being
directly associated with mass, despite their known activation in neural
tissues (Ahi et al., 2022). However, appetite is controlled through
multiple systems (Bernier and Craig, 2005), and the candidate genes we
selected may not be reflective of these additional processes.
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4.3.2. Interactive effects with treatment

We also found, in certain instances, genes from the early-neural
development and growth functional groups to interact with treatment
to influence mass. Again, the role of increased Auts2 expression on mass
is still not fully understood (Oksenberg and Ahituv, 2013); however,
with regards to ploidy, our results may indicate that diploid individuals
have an increased sensitivity to changing Auts2 transcription levels since
there is a relatively greater increase in mass with increasing Auts2
transcription than when compared to triploids. Next, probiotics were
found to interact with growth gene p53, where individuals on a probiotic
diet had increased mass at high levels of p53 gene transcription. Alter-
natively, those on a regular diet were less responsive to changes in this
gene's transcription and subsequent mass increases. Probiotics have
previously been found to increase growth performance (Dawood and
Koshio, 2016), and in our study, this pattern suggests an association
between probiotic treatment and gene expression effects on mass,
although causality cannot be inferred. As p53 transcription was
furthermore associated with mass independent of food treatments, it is
plausible that the probiotic therapy is enhancing the existing mass
impact of increased p53 expression.

4.4. Behavioural effects on mass

Unexpectedly, we found no independent behavioural effects on
mass. Instead, although not universal, boldness/aggression was associ-
ated with mass through an interaction effect with ploidy. In the p53 mass
model, triploid individuals had greater mass when exhibiting a shy or
non-aggressive behavioural profile, compared to aggressive triploid
counterparts, possibly due to lower investment in this energetically
costly behaviour (Dehnen et al., 2022). Diploids did not experience the
same change in mass as triploids in relation to variation across a bold or
aggressive behavioural axis, suggesting that these behaviours may not
impose the same energetic constraints for diploid fish or may be a
byproduct of less variation exhibited by triploid fish. Long-term impli-
cations of a stronger relationship between mass and boldness/aggression
in triploids remains to be studied.

4.5. Additional effects on mass

Finally, time of day was correlated with mass differences (Dclk1, p53,
and CRF-gene models) where individuals sampled later in the day had a
greater mass than those sampled at earlier time points. This finding
could be reflective of the time points in which individuals were fed, as
the first feeding in a day occurred prior to trials. Fish sampled first would
have been examined immediately after a regular nighttime period of
fasting. However, one of the feed periods occurred during the behav-
ioural trials, but the results did not reflect an increase in mass around 1
pm or shortly following this feed time.

We found no significant maternal effects on body mass across the
tested models; however, these effects would predominantly be detected
in early egg/larval (Berg et al., 2001). Maternal effects would likely not
persist into the fry life stage, since maternal effects decline with devel-
opmental stage (i.e., prevalent during the egg and alevin stage in Chi-
nook salmon) (Heath et al., 1999; Venney et al., 2019). Sire effects, in
turn, have been shown to be prevalent later in life (Falica and Higgs,
2013). We found sire effects on mass (only in the stress response gene
MR), which could be indicative of the paternal genetic contribution on
offspring size at the 8-month postfertilization stage. Lastly, there was no
significant family effect indicating no presence of an interaction be-
tween dam and sire on mass. These findings may be a result of few in-
dividuals bred for this study (i.e., three females crossed with three
males, and two females crossed with three males) for a total of 15 unique
families. The goal of this study was not to explore the role of genetic
architecture on our variables, but rather to correct for any confounding
genetic effects.
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5. Conclusions

With our study, we examined mass of juvenile Chinook salmon with
respect to treatment, behavioural profiles, gene transcription, and the
interactions between these variables. Our statistical approach incorpo-
rating a single gene in each model and performing sequential Bonferroni
corrections allowed for us to examine possible interactions of interest
between behavioural profiles and gene transcription. Mass was posi-
tively associated with the interaction between Shh gene transcription
and boldness/aggression. In terms of our treatments, mass was nega-
tively associated with the interactions between triploidy and both Auts2
transcription and boldness/aggression while being positively associated
with an interaction between probiotics and p53 transcription. Finally,
mass was positively associated with gene transcription of Auts2, IGF-1,
p53, and CRF. Combining transcriptional and behavioural profiles to
determine how these variables interact in terms of fish mass or growth
with respect to ploidy and feed treatments is a relatively uncommon
approach in aquaculture. Our results were contrary to our expectations,
however, probiotic effects on mass suggest our probiotic supplement
used - that contained species of Bifidobacterium, Lactobacillus, and Lac-
tococcus may not increase mass in hatchery-reared juvenile Chinook
salmon despite their confirmed effect on gut microbiota (Nayak, 2010).

Nevertheless, our study underscores the relevance of behavioural
transcriptomics as an analytical approach with practical application in
providing mechanistic information about whole-animal phenotype (i.e.,
mass in this study). Behavioural transcriptomics, as applied here,
highlights important relationships and interactions that remain to be
described. While we did not find overall direct impacts of ploidy or
probiotics on mass, our findings suggest that growth variation may be
associated with interactions between gene transcription and behav-
ioural traits, rather than broad treatment-level influences. These results
emphasize the importance of considering the interplay between ploidy,
feed, gene expression, and behaviours, which aquaculture managers
should account for when selecting treatment options to enhance
biomass.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2026.744197.
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