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RESEARCH ARTICLE

Gut microbial composition varies with host metabolic phenotype in
juvenile Atlantic salmon
Elle C. Lindsay1,*,‡, Alexandru S. Barcan1,2,*,‡, Neil B. Metcalfe1, Abby L. E. Bryce1, Philip McGinnity3,
Martin S. Llewellyn1,‡ and Bachar A. Cheaib1,4,‡

ABSTRACT
Standard metabolic rate (SMR) influences growth, behaviour and
energy use in fish, yet its relationship with gut microbiota remains
unclear. Here, we combined physiological measurements with 16S
rRNA sequencing of foregut and hindgut tissue to test whether gut
microbial communities differ with metabolic phenotype in juvenile
Atlantic salmon. High-SMR fish showed greater growth efficiency
and lower body water content than low-SMR fish, indicating higher
fat levels. In contrast, microbial differences were most evident in
the foregut, where low-SMR fish exhibited significantly higher alpha
diversity. Microbial beta-diversity analyses revealed clear segregation
among metabolic groups, and distance-based redundancy analysis
showed that both SMR and body mass strongly explained variation
in foregut microbial composition. Correlation analysis identified
a negative association between SMR and members of the
Rhodobacteraceae family, which were consistently more abundant in
the foregut of low-SMR fish. Together, these findings indicate that the
metabolic phenotype is associated with distinct patterns of energy
utilisation and gut microbiota composition, suggesting that foregut
microbial communities may contribute to individual differences in
metabolic strategy.

KEYWORDS: Salmo salar, Gut microbiota, Standard metabolic rate,
Growth efficiency, Rhodobacteraceae

INTRODUCTION
Metabolic rate underpins key biological traits such as growth,
reproduction and survival (Chabot et al., 2016; White and Kearney,
2013; White and Seymour, 2004; Artacho and Nespolo, 2009).
Variations occur between and within species, influenced by factors
such as activity level, temperature and body size (Auer et al., 2016).
Standardised measurements such as basal metabolic rate (BMR)

in endotherms and standard metabolic rate (SMR) in ectotherms
facilitate comparisons (White and Kearney, 2013), yet significant
interspecific and intraspecific variation persists (Pettersen et al.,
2018). While metabolism has a genetic component (White and
Kearney, 2013), phenotypic variation persists as a result of
environmental effects (Robertson et al., 2014). In salmonids,
body composition (fat and water content) fluctuates markedly with
seasonal changes in food availability and temperature. These shifts
determine overwinter survival, growth potential and major life-
history transitions such as maturation and migration (Berg and
Bremset, 1998; Elliott, 1976a; Swift, 1955; Iosilevskii et al., 2022).
Because metabolic rate influences both energetic demand and the
accumulation of fat reserves, variation in SMR may contribute to
individual differences in energy allocation. This salmonid-specific
energetic context provides biological motivation for examining links
between SMR, growth efficiency, fat storage and gut microbiota.
Metabolic rate also influences food processing (Millidine et al., 2009)
and behaviour. For example, higher aerobic scope in Atlantic cod
(Gadus morhua) allows longer foraging in hypoxic environments
(Behrens et al., 2018).

Metabolic rate correlates with angling vulnerability in largemouth
bass (Micropterus salmoides) (Redpath et al., 2010), dominance
and aggression in Atlantic salmon (Salmo salar) (Metcalfe et al.,
1995; Cutts et al., 1998), and risk taking in common carp (Cyprinus
carpio) (Huntingford et al., 2010). While a high SMR may enhance
competitive ability (Metcalfe et al., 1995), it can be disadvantageous
during food scarcity because of increased energy demands (Cutts
et al., 2002). Elevated SMR may necessitate dominance to secure
necessary resources (Cutts et al., 2002). Juvenile Atlantic salmon
with higher SMR process food more rapidly, allowing faster nutrient
utilisation, but incur higher metabolic costs during digestion,
affecting assimilation efficiency and suggesting higher growth
potential (Millidine et al., 2009). An additional factor that may
contribute to unexplained metabolic variation is the gut microbiota,
which plays key roles in nutrient absorption, energy recovery and
overall metabolic regulation (Ayayee et al., 2020; Cani and Delzenne,
2009). Given these behavioural and physiological consequences
of metabolic variation, understanding how such traits connect with
gut microbiota provides an important next step. Emerging research
highlights complex interactions between gut microbiota and host
physiology that influence metabolic rate (Ayayee et al., 2020;
Cani and Delzenne, 2009). Gut microbiota adapt to changes in
host diet (Bergmann et al., 2015; Li et al., 2024; Corbin et al.,
2023), altering microbial metabolites that, in turn, influence host
metabolism (Kovatcheva-Datchary et al., 2015; Ruiz et al., 2024;
Kokou et al., 2022). These metabolites can signal to peripheral
organs, thereby regulating host metabolism (Schroeder and Bäckhed,
2016). The composition of the gut microbiota is highly context
dependent, responding to ontogeny and host developmental
stage (Burns et al., 2016), environmental factors (Rudi et al., 2018;Received 1 September 2025; Accepted 25 March 2026
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Candela et al., 2012), and metabolic states including hibernation
(Carey et al., 2013).
The benefits of specific metabolic traits are context dependent

(Archer et al., 2021), explaining the persistence of phenotypic
diversity (Burton et al., 2011). For instance, juvenile Atlantic
salmon with high routine metabolic rates perform well in stable
habitats but lose this advantage in harsher conditions (Reid et al.,
2012). Although controlled laboratory studies indicate that higher
SMR is linked to faster growth, investigations of wild brown trout
(Salmo trutta) populations show either an absence of this pattern or a
reversed, negative association (Álvarez and Nicieza, 2005). In
Atlantic salmon, the correlation between metabolic rate and survival
varies across environments, suggesting environmental heterogeneity
maintains variation in metabolic phenotypes (Robertson et al., 2014).
Environmental factors, including food availability (Auer et al.,
2015a), temperature (Khaliq and Hof, 2018) and hypoxia (Jordan and
Steffensen, 2007), influence the intraspecific metabolic rate variation.
Salmonids experience pronounced fluctuations in energy

demand driven by changes in food availability, temperature and
environmental conditions (Birnie-Gauvin et al., 2021). Flexibility in
metabolic rate and gut microbiota composition allows fish to adapt to
diverse environments (Zhang et al., 2025). Examining both aspects
could reveal relationships between metabolism, gut microbiota and
performance. Fish can reduce metabolic costs during periods of low
food availability, although this capacity varies among individuals
(O’Connor et al., 2000). Changes in food input alter metabolic rate
(Auer et al., 2015a) and gut microbiota composition (Green et al.,
2013; Heikkinen et al., 2006), with consequences for overall fitness.
Because gut microbiota contribute to digestion (Nayak, 2010), and
may influence growth, a relationship between metabolic phenotype,
the gut microbiome and growth efficiency in teleosts exists. In this
study, we define ‘growth efficiency’ as the proportion of ingested
energy converted into somatic growth, ‘calorie recovery’ as the
fraction of dietary energy retained after accounting for faecal losses,
and ‘energy allocation’ as the partitioning of energy between
maintenance and growth. To our knowledge, no previous study has
directly explored whether SMR is associated with gut microbiota
composition in a teleost fish.
Research acrossmultiple fish species shows that gut microbiota can

influence digestion, nutrient absorption and energy use, suggesting a
potential link between microbial community composition and
metabolic phenotype (Butt and Volkoff, 2019; Lindsay et al., 2020;
Sullam et al., 2012). The gut microbiota respond dynamically to
variation in diet, feeding frequency, temperature and environmental
conditions (Wu et al., 2025) and these shifts can alter the production
of microbial metabolites that affect host physiology and energy
balance (Yukgehnaish et al., 2020).
Because salmonids experience substantial fluctuations in food

availability and energetic demand, changes in gut microbial
composition may contribute to individual differences in growth, fat
storage and energy recovery (Fraser et al., 1995; Finstad et al., 2011).
This potential interaction between metabolic rate and gut microbiota
highlights an important gap in our understanding of metabolic
variation in fish. Because the foregut (pyloric caecum) is the primary
site of nutrient uptake in salmonids, microbial differences in this
region may be especially relevant to metabolic variation (Zarkasi
et al., 2016; Ringø et al., 1995).
The objective of this studywas twofold: to assesswhether variation

in SMR influences physiological performance and to test whether gut
microbiota contribute to differences in energy consumption. We first
quantified energy allocation in juvenile Atlantic salmon with
contrasting SMR by assessing growth efficiency and fat storage

under a controlled environment.We then characterised gutmicrobiota
composition to determine whether microbial diversity or structure is
associated with metabolic phenotype. Based on previous work
linking microbial diversity with digestive efficiency (Kovatcheva-
Datchary et al., 2015; Nayak, 2010), we hypothesised that juvenile
Atlantic salmon with lower SMR would exhibit higher gut microbial
diversity and greater energy recovery efficiency than fish with higher
SMR.

MATERIALS AND METHODS
Fish husbandry and acclimation
The Atlantic salmon, Salmo salar Linnaeus 1758, used in this
experiment were of wild origin, derived from parents caught during
their spawning migration in the River Conon, Northern Scotland,
as part of hydropower mitigation measures. The fish, part of a larger
experiment described by Auer et al. (2018), were reared under
hatchery conditions from the egg stage at the aquarium facilities of
the School of Biodiversity, One Health and Veterinary Medicine,
University of Glasgow. At the start of the experiment in July 2017,
all fish were immature juveniles in their second summer of the
parr stage. Atlantic salmon typically spend 1–3 years in freshwater
before transitioning to the smolt stage and migrating to the ocean
(Rinaldo et al., 2024). Sixty fish were randomly selected from a
400 l circular stock tank containing several hundred offspring
from 30 full-sibling families (see Auer et al., 2018, for details).
These fish were transferred into individual compartments
(190×130×200 mm) within a recirculating stream system in the
same aquarium room. All shared a common water source sterilised
by a UV filter. The room was maintained on a 12 h:12 h light:dark
photoperiod, and the water temperature was kept at 11.9±1.0°C,
similar to the stock tank.

The fish acclimated in these compartments for 2 weeks, during
which each was hand-fed a daily ration of EWOS MICRO 5P LR
pellets (EWOS Ltd, Bathgate, UK). The ration was determined by
weighing five randomly selected stock fish to estimate the mean
(±s.d.) mass (15.8±4.5 g) of the experimental fish. This mean mass
was used to calculate the daily ration for all experimental fish during
acclimation, based on an equation from Auer et al. (2015b), itself
derived from Elliott (1976b), which describes the energetics and
growth of brown trout; the ration (in MJ day−1) was midway
between maintenance and maximum intake:

Ration ¼ ð2:91M 0:737e0:154T Þ � 0:000004184; ð1Þ

where M is body mass (g) and T is water temperature (°C).
Using the feed’s energetic content (19.53 MJ kg−1), the daily

ration (mg pellets) for the 60 fish was calculated based on the
average body mass and water temperature during acclimation. The
energetic value of the pellets was provided by the manufacturer
(EWOS Ltd). Two individuals died during the acclimation period of
unknown causes, leaving a sample size of 58 fish.

This study was approved by the School of Veterinary Medicine
Research Ethics Committee, University of Glasgow.

Establishment of experimental groups
To accurately measure SMR in fish, individuals must be thermally
acclimated, in a post-absorptive state and as inactive as possible
(Chabot et al., 2016). Although respirometry is often used,
opercular ventilation rate (VR) correlates closely with metabolic
rate (oxygen consumption) in juvenile salmon (Millidine et al.,
2008) This non-invasive method minimises disturbance and was
used to distinguish between fish with ‘low’ or ‘high’ SMR.
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After 2 weeks of acclimation, experimental groups were
established. First, each fish’s SMR was estimated by recording its
VR while undisturbed in individual tanks after a 48 h fasting period.
VR was recorded for 20 s (expressed as beats min−1) and repeated
three times for each fish, with measurements taken an hour apart.
The mean VR was calculated from these measurements. All
observations occurred during the light period on the same day, with
minimal disturbance to the aquarium.
Fish have to be inactive and undisturbed in order to guarantee

accurate SMR measurement. Dissolved oxygen was monitored
throughout recordings and remained above 90% saturation in all
tanks. Therefore, the fish rested on the substrate because the water
flow was sufficient for turnover but slow enough to prevent the need
for active swimming. After acclimation and the feeding regime, VR
was measured only when fish were resting calmly and showed no
overt behavioural response to disturbance. VR measurements below
30 beats min−1 were excluded from the mean calculation, as such
low rates (analogous to bradycardia) indicate a brief stress response
and do not represent true SMR (Wendelaar Bonga, 1997; Barton,
2002). Accepted mean VR measurements ranged from 34 to
101 beats min−1. In order to correct SMR for body mass, fish were
measured immediately after the final VR recording. Each was
anaesthetised using benzocaine solution, weighed to the nearest
0.1 g, and measured (fork length) to the nearest 0.1 mm. Three
individuals with visible fungal infections, all from the same shared
aquarium system, were removed from the experiment to avoid
potential confounding of microbiota, resulting in a final sample of
55 fish (mean±s.d. mass 13.9±3.9 g, length 107.1±10.5 mm).
Regression equations from Millidine et al. (2008) were then

used to relate VR to SMR for the remaining 55 individuals,
with knowledge of fish mass (M, in g) and water temperature (T,
in °C):

SMR ¼ mðVRÞ þ c; ð2Þ
where m is the slope of the VR–SMR relationship, calculated as:

m ¼ ½0:2773� ð0:2350� log10MÞ � 0:01838 T þ ð0:05813 T � log10MÞ�=9 ;
ð3Þ

c is the intercept of the VR–SMR relationship, calculated as:

c ¼� 3:4078þ 0:2958T þ ð2:1956� log10MÞ
� ð0:82057T � log10MÞ þ 0:5335M ;

ð4Þ

and VR is expressed as beats min−1. Note that the value for m
includes a correction for an error in the published equation. All
equations employed in this study, together with definitions of
variables and their specific roles, are summarised in Table S1.
Fish that had not been feeding or producing faeces during

acclimation were excluded from further analysis. The estimated
SMR values (mg O2 h−1) were corrected for body mass, as it
influences metabolic and growth rates (Auer et al., 2015b). SMR
was plotted against mass (M, g), and the resulting regression
(SMR=0.3544×M−2.4856, R2=0.70) generated the expected SMR
for each fish based on its mass. The expected SMR was subtracted
from the actual SMR to obtain the relative SMR (rSMR). Positive
residuals indicate a higher SMR than expected for their mass, while
negative residuals indicate a lower SMR. Fish were ranked based on
their rSMR, and the 15 individuals with the highest and lowest
rSMR values were selected for further research. This resulted in two
groups (n=15 per group) with distinct metabolic phenotypes: high
SMR and low SMR.

Feeding regime and growth measurements
Growth efficiency, defined as the ratio of mass gain to the amount
of food consumed, reflects how effectively fish convert feed into
body mass (Seyedalmoosavi et al., 2022). Each fish was fed an
‘intermediate’ ration, which was smaller than an ad libitum amount
but expected to be fully consumed. Unique rations were calculated
for each fish using Eqn 1 above, except that the value for an
individual fish’s wet mass used in Eqn 1 was in this instance
estimated from the equation linking fish fork length L (mm) to mass
M (g) for the experimental population of fish:

M ¼ 2:956� 10�5L2:789: ð5Þ

This gave a predicted mass for each fish, based on its length.
The reason for using the predicted mass rather than the measured

mass was that one aim of Eqn 1 is to correct ration size for fish size,
and using length gave a more accurate representation of the fish’s
size, uninfluenced by its current body condition. The energy value
(MJ day−1) of the daily ration from Eqn 1, along with the energy
content (19.53 MJ kg−1) of the feed, determined the mass of feed
(mg) to be fed daily to each fish. Each individual received its ration
in one meal. Before feeding, any uneaten food from the previous day
was noted and removed by siphoning. Knowledge of food
consumption, fish body mass, body length and energy content
was necessary for subsequent growth efficiency calculations. To
calculate the changes in energy content of the fish during the
experiment, the initial energy density (kJ) of each individual was
estimated using equations derived from Elliott (1976a):

Ei ¼ 0:004184ð4608L�0:962M0:391
i Þ; ð6Þ

where Ei is the initial energy density (kJ g−1, wet mass), L is fork
length (cm) and Mi is the initial wet mass (g); the multiplier
0.004184 converts the calories in the original equation to kJ. The
value given by Eqn 5 was multiplied by the wet mass of the fish to
give an estimate of its total energy content at the beginning of the
experiment (Gi, kJ). At the end of the experimental period, the final
energy density (Ef, kJ g

−1) of each fish was estimated using a further
equation from Elliott (1976a):

Ei ¼ 0:004184ð7303� 77:9W Þ; ð7Þ
where W is the percentage water content.

In order to determine W, fish were euthanised via benzocaine
overdose followed by spinal severing. Wet mass (to the nearest
0.01 g) and fork length (to the nearest 0.1 mm) were recorded (mean
±s.d. mass 15.43±4.82 g, length 113.9±11.3 mm). In total, 55 fish
were included in the final dataset after removing individuals that
died or showed signs of fungal infection. Each fish contributed two
gut samples, one from the foregut and one from the hindgut,
resulting in 110 gut samples, which were stored at −20°C for
subsequent microbiome analysis. All dissections were performed
using sterile instruments under aseptic conditions. The external
surface of the fish was rinsed with 70% ethanol, and the body cavity
was opened using ethanol-flamed tools. The pyloric caeca (foregut)
and distal intestine (hindgut) were removed with sterile forceps and
placed into sterile microcentrifuge tubes. Instruments were re-
sterilised with ethanol and flame after each fish to prevent cross-
contamination.

To calculate water content, we recorded the wet mass of each
fish after gut removal (hereafter referred to as Mf; mean±s.d.
14.38±4.34 g, range 7.93–24.47 g). This value was used in water
content and energy density calculations and reflects the carcass
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mass excluding gastrointestinal tissue. Each carcass was partitioned
into three pieces and dried at 60°C for approximately 70 h. Dry mass
was then recorded (mean±s.d. 3.73±1.20 g, range 1.93–6.19 g),
allowing calculation of percentage water content (mean±s.d.
73.65±2.26%, range 67.09–75.61%). One fish from the high
metabolic rate group was excluded because of data entry error. The
percentage water content was also used as proxy for fat content, as
there is a strong negative correlation between water and fat content
(r=−0.98); fat contains less water than muscle because protein binds
water whereas fat does not (Elliott, 1976a).
The wet mass energy density (kJ g−1) was calculated using Eqn 6

above. This value was then multiplied by each fish’s final wet
mass after gut removal (Mf ) to determine total carcass energy
content (Gf, in kJ). Energy gained by the fish during the experiment
(Egain, kJ) was calculated by subtracting Gi from Gf. This value was
scaled using equations by Elliott and Hurley (2000) to give the
energy gained by a fish of a standardised size of 10 g (Ecorr, kJ) in
order to make the data comparable for fish of different size:

Ecorr ¼ Egain � 100:766=ððMi þMf Þ=2Þ0:766: ð8Þ
Finally, growth efficiency was calculated by dividing Ecorr by the
energy consumed by each fish (also standardised to a 10 g fish using
a variant of Eqn 8 with energy consumed replacing Egain). Growth
efficiency ranged from 0 to 1.0, where 1.0 indicates complete
conversion of ingested energy into new body energy content.
For growth efficiency analysis, only data from fish that consumed

their full ration each day for over 90% of the experimental period
were used, ensuring accurate total energy consumption values. This
resulted in growth efficiency data for 18 fish (10 from the high SMR
group and 8 from the low SMR group).

Environmental and Atlantic salmon parr samples:
collection and processing
Atlantic salmon faeces for bomb calorimetry
Faecal samples were collected over 10 days and aggregated for each
individual in order to assess the energy content of each fish’s faeces
using bomb calorimetry and so compute the energy obtained from
the diet. Each day, all faecal material produced in the preceding 24 h
was siphoned from the tank, provided the fish had consumed its full
ration the previous day to ensure quantifiable energy intake.
Samples were stored at −20°C in 1 l containers and added to daily.
After 10 days, faecal samples and residual water were defrosted

and centrifuged at 168 g for 5 min in 50 ml tubes to remove excess
water. This process was repeated until all samples were centrifuged,
producing a single pellet per individual, representing up to 10 days
of collection. Pellets were stored at −20°C for subsequent analysis.
The energy content of each individual’s faeces was determined

by bomb calorimetry, yielding the energy content (kJ g−1) of the
collected faecal material. The energy content of the food pellets was
19.53 kJ g−1 (as provided by the manufacturer). By accounting for
the mass of food consumed and the energy remaining in faeces, the
nutritional energy each fish gained from its feed was calculated.
Data were collected for 23 of the 30 fish; the remaining seven had
insufficient faecal mass for bomb calorimetry.
The daily relative energy retained (DRER) (kJ) of each individual

was defined as:

DRER ¼ daily energy in� daily energy out; ð9Þ
where daily energy in and daily energy out (kJ) were calculated as:

Daily energy in ¼ caloric content of ration�mass of ration

ð10Þ

and

Daily energy out ¼ðenergy in faeces � faecal pellet massÞ=
� no: of sampling days;

ð11Þ
where caloric content and energy are in kJ g−1, and mass is in g. The
term ‘relative’ is used because the absolute energy retained cannot
be precisely calculated; the ‘daily energy out’ value was derived
using wet faecal mass, which included some water content. As the
dry mass of the faeces was unknown, it was assumed all faecal
samples had equivalent water content.

Atlantic salmon faeces for microbial load analysis
Additional faecal samples were collected for DNA extraction and
quantitative PCR (qPCR) analysis on days separate from those used
for DRER measurements. Faeces from each tank were collected
using a pipette on two separate days, providing duplicate samples
for each fish. Samples were stored in 15 ml centrifuge tubes,
centrifuged at 4500 rpm for 5 min to remove excess water, and the
resulting pellets were stored at −80°C for later analysis.

DNA extraction was performed using the QIAamp DNA Stool
Mini Kit (Qiagen) with modifications to the manufacturer’s protocol.
Only dissected gut tissue was used for 16S rRNA sequencing,
whereas faecal samples were used exclusively for qPCR-based
microbial load estimation and bomb calorimetry. Buffer ASL
(Qiagen) was added directly to the frozen faecal samples in the
centrifuge tubes, with the volume adjusted relative to the sample
mass. Tubes were thoroughly vortexed before incubation. Lysis
temperature was increased to 90°C for 30 min to enhance the
breakdown of hard-to-lyse bacteria. Following the protocol, DNA
was quantified using NanoDrop spectrometry.

qPCR was employed to assess bacterial load by measuring
fluorescence relative to the presence of target DNA, using
general bacterial primers amplifying the 16S rRNA gene. The
primers used in the qPCR reactions were U16SRT-F, 5′-
ACTCCTACGGGAGGCAGCAGT-3′ and U16SRT-R, 5′-
TATTACCGCGGCTGCTGGC-3′. This primer set, taken from
Clifford et al. (2012), was designed to amplify products from
bacterial 16S rRNA genes without the need for a probe, by aligning
>960,000 bacterial 16S rRNA sequences. Amplification and
detection of DNA by qPCR were performed with the MX3000P
qPCR System (Agilent Technologies). The output, the CT value,
represents the cycle at which fluorescence surpasses a threshold and
is proportional to the logarithm of bacterial quantity (Nadkarni
et al., 2002). Furthermore, to create a standard curve for qPCR,
competent E. coli from a StrataClone PCR Cloning Kit (Agilent
Technologies) were grown overnight in Luria–Bertani (LB) broth at
37°C. Two cultures were prepared: LBB1 (30 ml LB broth+1 ml
inoculum) and LBB5 (30 ml LB broth+5 ml inoculum). Optical
density measurements were taken at various time points over 5 h to
gauge growth rates from different starting concentrations. Viable
cell counts were determined by plating serial dilutions (10° to 10−11,
made with PBS) of each culture on LB agar plates. Each dilution
was plated in duplicate, with 6–8 drops (20 μl each) per plate. Plates
were incubated at 37°C for 12 h, and colonies (colony-forming
units, CFU) were counted from the 10−5 dilution plate.

DNA was isolated from the E. coli culture using the QIAamp
DNA Stool Mini Kit (Qiagen), omitting the InhibitEX tablet step.
Extracted DNA was quantified with a Qubit fluorometer.
Combining CFU data with DNA concentration determined that
the inoculum contained 117,897.7 CFU ng−1 DNA. Serial dilutions
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of the extracted E. coli DNA (1, 1/2, 1/4, 1/8 and 1/16, in triplicate)
were quantified using qPCR to create a standard curve for bacterial
quantification. This curve was used to quantify faecal samples from
the experimental fish. Thirty faecal samples were quantified from
the first sampling session and 27 from the second, as three fish did
not produce faeces on the second occasion. CFU data were log-
transformed to normalise distributions, and average values were
calculated from duplicate measurements for each individual.
All samples were run in duplicate for the determination of DNA

by qPCR. The reaction was performed using a total volume of 20 μl:
10 μl SensiMix™ SYBR No-ROX Master Mix (Bioline), 1 μl of
each the forward and reverse primers, 3 μl water and 5 μl of template
DNA per well. The reaction conditions were as follows: 95°C for
10 min; 40 cycles of 95°C for 15 s, 58°C for 15 s and 72°C for 15 s;
followed by a single cycle of 95°C for 1 min, 58°C for 30 s and
95°C for 30 s. For subsequent data analysis, the MxPro qPCR
software was used.

Environmental samples
Throughout the experimental period, environmental samples were
collected every 4 days to assess and control for the background
microbial diversity in the tank environment. Biofilm samples were
taken by swabbing the inside of two randomly selected stream tank
compartments. Water samples were collected by passing 1 l of water
from the stream tank through a Minisart single-use filter (16534-K,
CE 0120) using a peristaltic pump. Biofilm and water microbiota
were analysed to characterise the environmental microbial
background but were not included as predictors in the statistical
models. Instead, they served as contextual controls to confirm that gut
communities were distinct from the surrounding environment. Each
filter paper was manually removed from the filter and immediately
placed into a cryotube (Cryo-Vial Int Thd FS, Ref: LW3534) before
being stored in liquid nitrogen for subsequent analysis. These
environmental samples were taken in triplicate and processed for
DNA extraction, PCR and sequencing alongside tissue samples.

Environmental and Atlantic salmon gastrointestinal tissue samples
for microbial analysis
For DNA extraction from tissue (foregut and hindgut) and
environmental samples, the QIAamp DNA Stool Mini Kit (Qiagen)
was used with modifications to the manufacturer’s protocol. Buffer
ASL (Qiagen) was added directly to the frozen tissue samples, which
were then transferred to 2.0 ml microcentrifuge tubes (Thermo
Scientific #3469-11) containing a 1/4-inch (6.35 mm) ceramic bead
and lysing matrix A garnet (MP Biomedicals). The tubes were
homogenised using a FastPrep machine at speed 4 for four rounds of
25 s prior to the lysis step. DNA concentration of environmental and
tissue samples was quantified using NanoDrop spectrometry
following the manufacturer’s protocol. For primary PCR reactions
targeting variable regions V1–V2 of the 16S rRNA gene, the primer
pair CS1_27F and CS2_338R was used, adapted from previous
studies on Atlantic salmon gut microbiota (Gajardo et al., 2016). The
forward primer sequence was 5′-AGAGTTTGATCMTGGCTCAG-
3′ and the reverse primer was 5′-GCTGCCTCCCGTAGGAGT-3′,
targeting the V1–V2 region of the 16S rRNA gene. CS1 and CS2 tags
were added to the 5′ ends of these primers for subsequent barcoding
(see Fig. 1). To minimise amplification bias, PCR reactions were
performed in triplicate and pooled after amplification. The V1–V2
region was selected because previous work on salmonids
demonstrated that it minimises cross-amplification of salmon
mitochondrial 16S sequences, which commonly occurs when using
V3–V4 or V4–V5 primer sets (Heys et al., 2020;Werner et al., 2012).

Each 30 μl PCR reaction contained 1.5 μl of each primer
(10 μmol l−1), 15 μl of Q5 Hot Start High-Fidelity 2× Master Mix
(New England BioLabs Inc.) and 2 μl of DNA template. The PCR
conditions were: initial denaturation at 95°C for 10 min; 30 cycles
of 30 s at 95°C, 30 s at 55°C and 30 s at 72°C; followed by a final
extension at 72°C for 10 min. PCR products were verified on a 1.7%
agarose gel using TBE buffer.

These PCR products served as templates for a second-round PCR
to attach DNA barcodes for sequencing and sample demultiplexing.
A universal forward primer PE1_CS1_Fwr (5′-AATGATACGGC-
GACCACCGAGATCTACAC TGACGACATGGTTCTA-3′) and a
barcoded reverse primer specific to each sample (5′-CAAG-
CAGAAGACGGCATACGAGATXXXXXXXTACGGTAGCAG-
AGACTTGGTCT-3′) were used, where ‘XXXXXXX’ represents the
unique barcode sequence (Fig. 1). Each 25 μl reaction contained
12.5 μl Q5 Hot Start High-Fidelity 2× Master Mix, 1 μl forward
primer, 1 μl barcode primer and 8 μl of DNA template. PCR
conditions were: initial denaturation at 95°C for 10 min; 8 cycles of
10 s at 95°C, 30 s at 60°C and 1 min at 72°C; followed by a final
extension at 72°C for 3 min. Barcoded PCR products were verified on
a 1.7% agarose gel.

If multiple bands were observed upon gel visualisation, the desired
band was excised and purified using the PureLink Quick Gel
Extraction Kit (Invitrogen). Single-band products were purified
using Agencourt AMPure XP beads (Beckman Coulter) with a
modified 0.8:1 bead-to-product volume ratio. DNA concentrations
were determined using a Qubit fluorometer. Amplicons were pooled in
equal concentrations, and the final library was sequenced using the
IlluminaMiSeq system at Glasgow Polyomics, University of Glasgow.

Data analysis
Statistical analysis
All statistical analyses were performed in R.3.5.1 using moments
(https://CRAN.R-project.org/package=moments), rms (https://
CRAN.R-project.org/package=rms) and e1071 (https://CRAN.R-
project.org/package=e1071) packages for model diagnostics. Prior
to analysis with models, all continuous variables were mean-centred
and scaled to reduce the risk of multicollinearity, tested for using
the rms package in R (https://CRAN.R-project.org/package=rms).
Generalised linear models (GLMs) and linear models (LMs) were
used to investigate potential relationships among microbial load,
metabolism, growth efficiency and nutritional energy harvest.
Because growth efficiency was calculated for only 18 out of the 30
Atlantic salmon, parallel models were run including and excluding
growth efficiency as an explanatory variable. This approach

i5 Barcode CS2 16S CS1 i7

Binding of sequencing primers

Unique identifier V1–2 of 16S rRNA gene

Fig. 1. The 16S rRNA gene construct generated after primary and
second-round PCR. Amplification of variable region (V)1–2 of the 16S
rRNA gene was achieved, alongside addition of CS1 and CS2 tags, in
primary PCR. A DNA barcode for identification and Illumina index
sequences i5 and i7 were added during second-round PCR. This product
was then sequenced.
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assessed the effects of growth efficiency while retaining statistical
power when it was not significant. Non-significant terms were
removed, and final models were selected based on Akaike’s
information criterion corrected (AICc) and visual inspection of
residual plots (scale-location, Cook’s distance, Q–Q plots).
Significance testing indicated the strength of observed relationships.
Graphs representing significant relationships from models with

multiple explanatory variables were created by plotting the residuals
of the response variable rather than the raw data. Plotting residuals
enables visualisation of the effect of a focal predictor while
statistically accounting for other variables in the model, offering a
clearer interpretation than raw data when multiple covariates are
present (Zuur et al., 2007).

Bioinformatic analysis
Quality assessment indicated that reverse reads were of higher quality
than forward reads in MiSeq Illumina paired-end sequencing.
Therefore, reverse reads were trimmed and filtered using Sickle
(https://github.com/najoshi/sickle) with an average quality threshold
above a Phred score of 30. Filtered sequences were decontaminated
against the S. salar genome using DeconSeq (Schmieder and
Edwards, 2011), chimeras were removed, and sequences were
clustered at 97% similarity using VSEARCH (Rognes et al., 2016).
First, de novo sequence clustering was performed with VSEARCH
and then operational taxonomic units (OTUs) were taxonomically
classified against the SILVA database (Quast et al., 2013) and
annotated using the QIIME2 classifiers (Bolyen et al., 2019). OTUs
were processed for multiple sequence alignment using MAFFT
(Katoh and Standley, 2013) and an OTU tree was built using the
software FASTTREE (Price et al., 2009) to assist with the calculation
of beta diversity metrics (e.g. generalised UNIFRAC).
For downstream analysis, samples were separated by gut section

[foregut (pyloric caecum) or hindgut] and analysed separately. A
total of 27 foregut samples (13 from low SMR fish and 14 from high
SMR fish) and 27 hindgut samples (14 low SMR and 13 high SMR)
provided sufficient sequencing depth for analysis; some samples
were excluded because of low sequencing quality.
Alpha diversity was assessed using the Shannon–Wiener index (H′).

For improved interpretability, Shannon effective diversity [exp(H′)]
was used in downstream analyses and reporting (Jost, 2006). The
effective number of species expresses diversity as the equivalent
number of equally abundant species, facilitating clearer biological
interpretation. LMs were employed to explore relationships between
microbial alpha diversity traits and variables such as metabolic rate
(rSMR), percentage water content, fish mass, fish length, log average
microbial load and experimental group (low or high SMR). In these
models, microbial species richness or Shannon effective number was
the response variable, and explanatory variables included experimental
group, fish mass, percentage water content, DRER, rSMR and average
microbial load. LMs also examined the effect of alpha diversitymetrics
on growth efficiency, with growth efficiency as the response variable
and the aforementioned variables as explanatory factors. Non-
significant terms were removed, and final models were selected
based on AICc (using the MuMin package in R; https://CRAN.R-
project.org/package=MuMIn) and visual inspection of residual plots
(scale-location, Cook’s distance, Q–Q plots). Significance testing was
used to indicate the strength of observed relationships. As in previous
analysis, when visualising alpha diversity data, residuals of the
response variable were plotted instead of raw data to accurately
represent relationships while controlling for other covariates in the
model. Residual plotting isolates the relationship between the diversity
metric and the predictor of interest while accounting for covariates.

Beta diversity was assessed using generalised UniFrac distance,
generalised (Gunifrac) weighted and unweighted UniFrac methods
(Chen et al., 2012). Visualisation of beta diversity was performed via
unconstrained non-metric multi-dimensional scaling (NMDS), in
which the phylogenetical distances of the microbial communities
were assessed via PERMANOVA. Both alpha and beta diversity
analysis were performed in R using the Rhea package (Lagkouvardos
et al., 2017).

Taxonomic binning was performed using the SILVA database
(Quast et al., 2013) to overview the genera present in each sample.
Stacked bar plots displayed taxonomic composition and relative
abundance in foregut and hindgut samples, with OTU abundance
thresholds set at 0.25 or 0.5 for clarity. To identify microbial genera
significantly differing in relative abundance between metabolic
rate groups, the DESeqDataSetFromMatrix function from the
DESeq2 package (Love et al., 2014) was used, with an adjusted
P-value cut-off of 0.005 and log2 fold-change cut-off of 2. Negative
binomial GLMs estimated OTU log-fold change between groups,
Bayesian shrinkage provided shrunken log-fold changes, and
the Wald test determined significance. Log2 fold-change was
chosen for better data visualisation (Ijaz et al., 2018) and the Cox–
Reid adjusted profile likelihood correction was used (Cox and
Reid, 1987). Furthermore, to determine how explanatory variables
contributed to variation in microbial communities, distance-
based redundancy analysis (dbRDA) was used to examine the
variation explained by environmental variables, incorporating
the GuniFrac distance matrix (Shankar et al., 2017). Redundancy
analysis with forward selection was performed to specifically
select the environmental variables that explained variation
within the microbial communities (Vass et al., 2020). Following
forward selection with the ordistep function in the vegan package of
R (https://CRAN.R-project.org/package=vegan), significant
environmental variables were identified and a dbRDA was
performed using the capscale command. Analysis was conducted
separately for foregut and hindgut data. Statistical analysis
of dbRDA results were performed using the adonis2 function,
which employs PERMANOVA to test sample similarity based on
GUniFrac distance.

Spearman correlation coefficients were calculated among
metavariables (final wet mass, fish length, percentage water content,
rSMR and averagemicrobial load) andOTUs to assess correlations. A
false discovery rate (FDR) correction was applied to adjust for type I
errors. Correlation analysis was performed in R using the Rhea
package (Lagkouvardos et al., 2017), with aP-value significance level
of 0.05. To avoid underpowered analysis, OTUs present in less than
30% of samples were removed, and the minimum number of pairs
required to support a correlation was set to four. Correlation results
were visualised to determine whether the metabolic rate correlated
with the presence of any OTUs.

RESULTS
Experimental group formation based on metabolic rate and
morphology
To evaluate the impact of metabolic phenotype on energy allocation
and growth efficiency in juvenile Atlantic salmon, fish were divided
as described inMaterials andMethods into two experimental groups
based on their rSMR (Table 1). An unpaired two-sample t-test
confirmed that there was no significant difference in mass between
the high and low SMR fish groups (t28=1.05, P=0.30). This was
expected because rSMR corrects SMR for body size; therefore,
group differences reflect metabolic phenotype rather than
differences in mass.
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Larger juvenile Atlantic salmon retain more energy and
produce lower-energy faeces
Faecal energy content (kJ g−1) was analysed using a LM, with fish
mass, DRER, percentage water content, log-transformed average

microbial load and rSMR as explanatory variables. The results
indicated that faecal energy content was significantly related to fish
mass (Fig. 2A; LM, F5,16=3.66, P=0.0105). Larger fish produced
faeces with lower energy content per unit mass. Additionally,
DRER increased with both fish mass (Fig. 2B; LM, F2,20=364.7,
P<0.001) and the energy consumed (P<0.001). The method for
calculating residual energy content and residual DRER can be found
in the Supplementary Materials and Methods (see ‘Section 1:
residual calculations for energy and DRER’).

Growth efficiency correlates with increased rSMR and
reduced water content
For growth efficiency analysis, only data from fish that consistently
consumed their full ration for over 90% of the experimental period
were considered, providing accurate measures of total energy intake.
Growth efficiency (standardised to that of a 10 g fish) was found to
increase with rSMR (Fig. 3A; LM, F2,15=10.26, P=0.0011) and fish
mass (P=0.017), indicating that salmon with higher rSMR and
larger mass were more efficient in converting food energy into
growth. Details of the calculation for expected growth efficiency are

Table 1. Metabolic and body mass data for fish with high and low
residual standard metabolic rate (SMR)

High SMR group Low SMR group

SMR (mg O2 h−1) 3.43±0.45 1.57±0.36
Mean rSMR 0.54 −0.70
rSMR range −0.15 to 2.65 –1.35 to −0.38
Mass (g) 15.16±4.97 13.43±3.66
Mass range (g) 8.4 to 27.8 8.2 to 19.2

Metabolic and mass data for the 30 fish divided into two experimental groups
based on residual SMR, corrected for fish mass. The groups consisted of 15
individuals with high SMR for their mass and 15 with low SMR, as determined
by ventilation rate (VR) and subsequent prediction of SMR (mg O2 h−1). SMR
values are presented as means±s.e.m. rSMR (relative SMR) data are means
and range. Body mass is presented as mean±s.d. and range. No significant
difference in body mass was observed between groups (t28=1.05, P=0.30), as
expected when using rSMR, which accounts for body size.
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Fig. 2. Energy retention in juvenile Atlantic salmon. (A) The relationship between residual faecal energy content and body mass as quantified by bomb
calorimetry (n=22). Although statistical analysis was performed on absolute energy content, the data points plotted here are residual values after controlling
for daily relative energy retained (DRER), log-transformed microbial load, percentage water content and relative standard metabolic rate (rSMR) so as to
illustrate the relationship with body mass. (B) The relationship between residual daily DRER and body mass in juvenile Atlantic salmon (n=23). Data points
are residual values after controlling for energy consumed. In A and B, blue and red points represent low and high SMR groups, respectively.

7

RESEARCH ARTICLE Journal of Experimental Biology (2026) 229, jeb251523. doi:10.1242/jeb.251523

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.251523


provided in the SupplementaryMaterials andMethods (see ‘Section
2: growth efficiency and water content residuals’).
Notably, there was no significant relationship between total

energy consumed and growth efficiency (LM, F1,16=0.57, P=0.46),
nor between rSMR and total energy consumed (LM, F1,28=0.63,
P=0.44), indicating that fish with higher rSMR were not consuming
more food but were more efficient at utilising the energy they

consumed. The percentage water content of the fish was used as an
indicator of body composition. Water content (%) was negatively
related to growth efficiency (Fig. 3B; LM, F2,15=44.94, P<0.001),
suggesting that individuals that converted more energy into growth
had lower water content, which is indicative of higher fat levels.
For the subset of fish with growth efficiency data (n=18), there
was no significant relationship between water content and rSMR
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Fig. 3. Relationships between metabolic rate, growth efficiency and water content in juvenile Atlantic salmon. (A) The relationship between residual
growth efficiency and residual rSMR, with residual growth efficiency scaled to a 10 g fish (n=18). (B) The relationship between residual percentage water
content and growth efficiency (standardised to a 10 g fish, n=18), after controlling for rSMR. (C) The relationship between percentage water content and
rSMR (n=29). In all panels, blue and red points indicate individuals with low and high relative rSMR, respectively.
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(P=0.859). However, when data for all fish were included (n=29),
a significant relationship emerged (Fig. 3C; LM, F1,27=9.94,
P=0.0039), with higher SMR fish exhibiting lower water content,
suggesting greater fat levels. Faecal samples were used only for
physiological measurements (faecal energy content, DRER and
microbial load). All microbiome sequencing was performed
exclusively on foregut and hindgut tissue. Faecal material was not
used for microbial community analysis.

Foregut microbial diversity correlates with metabolic rate
and growth efficiency in juvenile Atlantic salmon
Analysis of the foregut microbiota revealed significant differences
in alpha diversity between juvenile Atlantic salmon with low
and high SMR. Fish with lower SMR exhibited higher microbial
richness and Shannon effective diversity (Fig. 4A,B). Microbial
richness differed significantly between the low and high SMR
groups (LM, F2,24=5.05, P=0.023), and showed a positive trend
with microbial load (colony-forming units per gram, CFU g−1;
P=0.056). Shannon effective diversity also differed significantly
between groups (LM, F3,22=7.17, P=0.019) and increased with
microbial load (P=0.024) (Table 2).
Growth efficiency (standardised to a 10 g fish mass) was positively

associated with microbial richness (LM, F4,11=32.22, P=0.014) but
negatively associated with Shannon effective diversity (P=0.043) and
fish water content (P<0.001) (Fig. 4C, Table 2). These findings
suggest that a higher number of OTUs in the foregut microbiota
contributes to increased growth efficiency, whereas a more even
distribution of OTU abundance (higher Shannon effective diversity)
may be linked to decreased growth efficiency. Detailed statistical
models, calculations of expected values and methodologies are
provided in the Supplementary Materials and Methods [‘Section 3:
microbial diversity metrics (foregut)’].

Distinct foregut and hindgutmicrobiota profiles linked to low
and high SMR
Microbial analyses were conducted on 18 fish that yielded complete
sequencing data. This reduced sample size provides lower statistical
power and may not detect smaller differences. To examine the
difference in microbial beta diversity between the juvenile Atlantic
salmon from the low and high SMR groups, multivariate analysis
was used, which utilises generalised UniFrac metrics to account for
the phylogenetic distance between OTUs.
The analysis of microbial beta diversity between low and high

SMR groups showed significant differences in both the foregut and
hindgut (Fig. 5).
Further investigation into differentially abundant genera revealed

63 genera in the foregut and 55 in the hindgut that differed between
low and high SMR groups (Fig. 6). In the foregut, 47 of the 63
differentially abundant genera were significantly more abundant
in fish from the low SMR group (Fig. 6A). The most common
differentially abundant genera belonged to Proteobacteria (e.g.
Methylotenera and Stenotrophomonas), accounting for 54% of these
microbes. Genera from Proteobacteria represented 55% (n=26) and
50% (n=8) of the overabundant microbes in the foregut of fish
with low and high metabolic rates, respectively. Other commonly
overabundant taxa were from Actinobacteria (e.g. Microbacterium
and Friedmanniella), Bacteroidetes (e.g. Polaribacter and
Chryseobacterium) and Firmicutes (e.g. Trichococcus and Bacillus).
Actinobacteria and Bacteroidetes each accounted for 14% (n=9) of the
differentially abundant genera, with most genera more abundant in
fish with low SMR (6 of 9 Actinobacteria and 7 of 9 Bacteroidetes
genera). Firmicutes represented 8% (n=5) of the differentially

abundant genera, with 4 of the 5 genera overabundant in fish with
low SMR.

In the hindgut, 32 of the 55 differentially abundant genera were
overabundant in fish from the low SMR group (Fig. 6B). As before,
the most common differentially abundant genera belonged to
Proteobacteria (e.g. Loktanella and Brevundimonas), accounting for
56% of these microbes. Proteobacteria represented 59% (n=19) and
52% (n=12) of the overabundant genera in the hindgut of fish with low
and high metabolic rates, respectively. Similar to the foregut, other
overabundant genera belonged to Actinobacteria (e.g. HGCL clade
and Streptomyces), Bacteroidetes (e.g. Ulvibacter) and Firmicutes
(e.g. Lactococcus and Weisella). Actinobacteria accounted for 16%
(n=9) of the differentially abundant genera; however, unlike in the
foregut, these genera were more abundant in fish with higher SMR (8
of 9 genera). Bacteroidetes and Firmicutes represented 13% (n=7) and
7% (n=4) of the differentially abundant genera, respectively, and were
more commonly overabundant in fish with lower SMR (all 7
Bacteroidetes and 3 of 4 Firmicutes genera).Most other genera did not
differ significantly between SMR groups, indicating that the observed
compositional differences were driven by a subset of the community
rather than a community-wide shift. These patterns suggest that
variation in SMR is linked to changes in particular functional groups
of bacteria rather than broad restructuring of the hindgut microbiota.

Metabolic rate-linked variations in foregut microbiota
correlate with Rhodobacteraceae abundance
The potential drivers of microbial community composition (as
shown in Fig. 5) were also assessed using dbRDA to explore
whether the variation seen within microbial communities between
the low and high SMR groups was attributable to environmental
variables. The dbRDA analysis revealed significant differences
in the microbial community composition of the foregut, with the
overall model explaining 22.27% of the observed variance
(P=0.0012). Notably, fish mass and SMR contributed 6.26% and
6.90% of the variance, respectively, indicating their importance in
shaping microbial communities (Fig. 7A). In contrast, the dbRDA
model for the hindgut revealed no significant associations,
suggesting that the examined variables had no influence on the
microbial community structure (Fig. 7B).

In these dbRDA plots, samples positioned closer together
represent communities with more similar microbial compositions,
and the direction and length of each arrow indicate how strongly the
corresponding variable influences the variation along each canonical
axis.

Finally, Spearmen correlation coefficients were calculated to
assess whether any metavariable (fish mass, fish length, DRER,
growth efficiency, log-transformed average microbial load, fish water
content and rSMR) correlated with any of the OTUs identified within
the gastrointestinal samples. Samples from the foregut and hindgut of
juvenile Atlantic salmon were assessed separately, but all fish from
both the low and high SMR groups were analysed together, treating
rSMR as a continuous variable to understand the relationships
between the metavariables and OTUs. In both analyses, a FDR
correction was applied before assessing significance.

Within the foregut of the juvenile Atlantic salmon, there was a
significant negative correlation between rSMR and OTU 21
(r14=−0.81, P=0.017), which is a member of the Rhodobacteraceae
family, belonging to the Proteobacteria phylum (Fig. 8A).
Furthermore, an increased abundance of Rhodobacteraceae was
found in the foregut of fish with a lower metabolic rate. This is
illustrated in the stacked bar plots showing taxonomic composition at
the family level (Fig. 8C). In contrast, within the hindgut, no
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Fig. 4. Foregut microbial diversity in juvenile Atlantic salmon with low and high SMR. (A) Difference in microbial richness between low and high SMR
groups (n=27), with residual values plotted after controlling for microbial load. (B) Relationship between residual Shannon effective diversity and log-
transformed microbial load (colony-forming units per gram, CFU g−1) in the foregut (n=26), controlling for water content. (C) Relationship between growth
efficiency (standardised to 10 g fish mass) and Shannon effective diversity (n=16), controlling for microbial richness, microbial load and water content
(P=0.043). Blue and red points represent low and high SMR groups, respectively. See Results for statistical analysis.
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significant correlations were found between any OTU and any
metavariable after applying a FDR correction (Fig. 8B).

DISCUSSION
In this study, we aimed to establish whether there is any link between
gut microbial communities, digestive efficiency and metabolism in
juvenile salmon. By analysing size-corrected metabolic rate and
microbial composition, relationships were established between
metabolic rate, growth efficiency, body water content (a proxy for
fat content) and gut microbiota.We found that fish with a higher SMR
appeared to be more efficient at extracting calories from their diet and
had lower water content than thosewith lower SMR, indicating higher
fat content and suggesting distinct energy allocation strategies. Larger
fish were also apparently more efficient at recovering energy from
their feed. Additionally, significant differences in gut microbial
community composition were observed between fish of differing
metabolic rate, and fish with higher SMR exhibited reducedmicrobial
alpha diversity in the foregut. Beta diversity and differential
abundance analysis highlighted variations in gut microbial taxa,
with certain members of the Rhodobacteraceae family being more

abundant in fish with low SMR. dbRDA further suggested that fish
body mass and relative SMR influence gut microbial composition.
Because our analyses focused on fish from the upper and lower ends
of the SMR distribution, the results represent the extremes of
metabolic phenotypes. This approach enhances contrast between
groups but may limit generalisability to intermediate individuals. We
note that VR is a proxy for SMR and, although widely used in
salmonids, it lacks the precision of modern respirometry approaches.

Impact of metabolic rate on growth efficiency and energy
allocation
Juvenile brown trout can adjust their metabolic rates, lowering them
during food scarcity and raising them when resources are plentiful
(Auer et al., 2015a). This metabolic flexibility shows intraspecific
variation (O’Connor et al., 2000), leading to different responses to
environmental challenges. Regardless of this flexibility, some fish
tend to have higher metabolic rates than others of the same size.
Those with relatively higher metabolic rates often grow faster and
secure better territories when food is abundant, but this advantage
diminishes under adverse conditions (Reid et al., 2012).

Table 2. Linear model (LM) summary of microbial diversity and salmon physiology

Response Explanatory t-value P-value

Richness Experimental group – low SMR 2.43 0.023
log-transformed average microbial load (CFU g−1) 2.01 0.056

Shannon effective Experimental group – low SMR 2.54 0.019
log-transformed average microbial load (CFU g−1) 2.42 0.024
Fish water content (%) 1.46 0.16

Growth efficiency Richness 2.93 0.014
Shannon effective −2.29 0.043
log-transformed average microbial load (CFU g−1) 1.39 0.19
Fish water content (%) −8.22 <0.001

Summary of linear models testing the relationship betweenmicrobial alpha diversity (species richness or Shannon effective number) in the Atlantic salmon foregut
and host physiological variables. The model formula was: Diversity∼Group+Mass+Water Content+DRER+rSMR+Microbial Load.
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Understanding the links between fat levels, growth efficiency and
metabolic rate is therefore essential for understanding the ecology of
wild Atlantic salmon. While many studies have investigated the

relationship between metabolic rate and body mass (Scheuffele
et al., 2021; Segura-Hernández et al., 2024; Li et al., 2020),
accounting for individual size enables a more focused examination
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of how size-correctedmetabolic rate influences factors such as growth
efficiency, energy harvest from nutrition and the composition of the
gut microbial community. By controlling for body size, we were able
to analyse the impact of size-corrected metabolic rate on growth
efficiency and nutritional energy harvest. Our findings showed that
fish with higher SMR grew more efficiently, incorporating a greater
proportion of ingested energy into body growth (Fig. 3A). However,
there was no correlation between metabolic rate and DRER (Fig. 2).
Although higher SMR fish grew more efficiently, incorporating a

greater proportion of energy into growth, they did not retain more
total energy overall, probably because of differences in body size or
energy allocation strategy. This aligns with some studies in juvenile
brown trout showing weak or negative correlations between
metabolic rate and growth rate (Álvarez and Nicieza, 2005).
However, other studies have reported positive associations under
certain conditions, such as when food availability is high or
predictable (Archer et al., 2021; Auer et al., 2015b), highlighting
that the growth benefits of a high SMR are context dependent. The
relationship between body mass and growth efficiency persisted
even after accounting for metabolic rate.
Typically, SMR reflects the cost of maintaining energetically

expensive tissues such as muscle (Auer et al., 2017; McKenzie
et al., 2021). Contrary to this assumption, we found that individuals
with higher SMR had higher fat levels, possibly because they
could invest more energy in growth and fat storage under
stable conditions with ample food. Fat levels in salmonids play a
decisive role in life-history decisions such as sexual maturation,
spawning and migration (Jonsson and Jonsson, 2005), directly
affecting growth and metabolic rate. This suggests that under
favourable feeding conditions, higher SMR fish may allocate
energy towards fat storage, a strategy consistent with known

salmonid energy accumulation patterns (Swift, 1955;Wootton et al.,
2022).

Our results highlight that while the metabolic rate affects growth
efficiency, understanding the role of gut microbiota in energy
recovery is essential. Differences in gut microbial composition were
evident between fish with low and high SMR. The increased
microbial richness in the foregut of lower SMR fish is associated
with differences in energy utilisation. Specifically, we observed a
negative correlation between SMR and the abundance of members
of the Rhodobacteraceae family, which were more common in the
foregut of fish with low SMR. This is consistent with previous
studies showing that certain gut bacteria are associated with
enhanced digestion and nutrient absorption (Kokou et al., 2022;
Bledsoe and Small, 2023). However, direct evidence of microbial
influence on calorie recovery remains limited, indicating the need
for further research to elucidate these relationships. Several
microbial traits may help explain why higher foregut diversity is
associated with more efficient energy use.

Communities with higher microbial richness may host a broader
repertoire of carbohydrate-degrading enzymes that enable the
breakdown of otherwise inaccessible dietary components (Wang
et al., 2024; Barcan et al., 2024). Diverse taxa can also engage in
cross-feeding interactions, where metabolites produced by one
microbe serve as substrates for another, increasing overall nutrient
extraction (Nandy et al., 2021). These microbial processes could help
explain variation in caloric recovery even when total food intake is
unchanged, offering a mechanism that complements the metabolic
differences observed among individuals. Our research also suggest
that, even under stable conditions, inherent differences in metabolic
rate can lead to variation in growth among fish, reflecting the
important of individual metabolic phenotypes (Huntingford and
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Adams, 2005). It is also notable that many taxa and functions
did not differ significantly between metabolic groups. This is not
unexpected, as the hindgut tends to host more stable core microbial
members that vary less in response to host metabolic phenotype. In
addition, differences in SMRmay influence only particular functional
groups rather than driving community-wide restructuring, which
is consistent with the patterns observed in Fig. 6. The reduced
sequencing sample size also limits power to detect subtle differences.
Considering both significant and non-significant outcomes helps
clarify that only a subset of the microbiota appears to be linked to
variation in metabolic phenotype.

Body composition and water content in relation to growth
efficiency
Growth efficiency was negatively related to percentage water
content (Fig. 3B). Fish with lower water content have proportionally
fatter and less muscle (Berg and Bremset, 1998; Elliott, 1976a; Pyz-
Łukasik et al., 2020). This indicates that fish assimilating more
ingested energy were able to lay down more fat. Across all samples,
a negative relationship between SMR and water content indicated
that fish with higher SMR had more fat (Fig. 3C). This allocation of
energy towards fat storage in higher SMR fish may be advantageous
under stable conditions with ample resources. Some wild fish
reduce feeding during winter to minimise energy expenditure (Bull
et al., 1996), while others continue to feed despite insufficient intake
to maintain energy reserves (Grade and Letcher, 2006). Seasonal
changes significantly impact fat and water proportions in salmonids
(Berg and Bremset, 1998; Finstad et al., 2009), with fat acting
as a critical energy reserve. The link between fat content, growth
efficiency and metabolic rate is particularly interesting because
salmonids in the wild exhibit significant variation in body
composition throughout their lifespan (Berg and Bremset, 1998;
Elliott, 1976a; Swift, 1955; Iosilevskii et al., 2022).
These shifts in body composition reflect adaptations to

environmental changes, which influence metabolic rate (O’Connor
et al., 2000). Factors such as reduced food availability and lower
temperatures often result in decreased somatic energy content over
winter, followed by an increase during spring and summer months
(Berg and Bremset, 1998). Maintaining energy stores is vital for
survival, as energy deficiency is a major factor in winter mortality for
juvenile Atlantic salmon (Finstad et al., 2011; Foddai et al., 2022).
Thus, higher fat levels in high SMR fish may provide an energy
buffer during periods of resource scarcity.

Gut microbial diversity linked to energy utilisation and
growth
This study explored the relationship between metabolic phenotype
and gut microbiota in juvenile Atlantic salmon. Environmental
water and biofilm samples were analysed only to provide
environmental context and were not interpreted as part of the
host–microbiome associations. While microbial load in faeces did
not differ significantly between low and high SMR groups (Fig. S1),
analysis showed that fish with lower SMR had higher microbial
richness and Shannon diversity in the foregut (Table 2). This
suggests that higher microbial diversity may contribute to energy
utilisation. These differences represent correlations rather than a
mechanistic effect of OTU richness on metabolic rate. In the
hindgut, no significant relationships between metabolic rate and
alpha diversity were found. However, growth efficiency increased
with log-transformed average microbial load in the hindgut
(Fig. S2), indicating that microbial load, even without significant
diversity changes, may influence growth (Table S2).

Significant differences in microbial beta diversity were observed
between low and high SMR groups in both the foregut and
hindgut. This supported the hypothesis that variation in metabolic
rate is associated with distinct microbial communities. Differential
abundance analysis showed that Proteobacteria, Actinobacteria,
Bacteroidetes and Firmicutes were present in varying proportions
across metabolic groups. Previous research indicates that Tenericutes,
Firmicutes, Bacteroidetes and Proteobacteria dominate the
gastrointestinal tract of Atlantic salmon (Fogarty et al., 2019).

Microbial composition is known to vary across gut regions of
fish, with Proteobacteria predominantly colonising the mucosa and
both Proteobacteria and Firmicutes dominating the digesta (Gajardo
et al., 2016; Jiao et al., 2023). Environmental changes, such as
freshwater to saltwater transitions, can shift microbial prevalence
(Rudi et al., 2018; Llewellyn et al., 2016), as can starvation (Xia
et al., 2014). Our analysis found that Actinobacteria, Bacteroidetes
and Firmicutes were more common in the foregut of low SMR fish,
extending into the hindgut, except for Actinobacteria, which were
higher in high SMR fish (Fig. 6). Such spatial variation within the
gut highlights the nuanced interplay between microbial ecology and
host physiology, shedding light on mechanisms that guide energy
allocation and adaptation in salmonids.

Different microbial communities are known to have distinct
functional profiles that impact the host in various ways. For
example, anaerobic microbes in the gut produce short-chain fatty
acids, which influence lipid, glucose and cholesterol metabolism in
the host (Ray et al., 2012; den Besten et al., 2013). Specific taxa,
such as Pseudomonas (a member of Proteobacteria), have been
identified as recurrent members of fish gut microbiota, regulating
host nutrient metabolism through gene expression (Nayak, 2010;
Cheaib et al., 2021; Navarrete et al., 2009).

The dbRDA analysis demonstrated that foregut microbial
composition is strongly shaped by host physiological traits, with
body mass and metabolic rate profoundly influencing community
structure (Fig. 7A). Correlation analysis highlighted a negative
relationship between SMR and the Rhodobacteraceae family, with
greater abundance in low SMR fish. In particular, Ascidiaceihabitans
and Octadecabacter were prominent in low SMR fish (Fig. 6A,B),
indicating that these taxa, and by extension, Rhodobactereacea more
broadly, may be linked to the differential metabolic strategies observed
in juvenile salmon Rhodobacteraceae (Fig. 8C). Rhodobacteraceae
are known to play pivotal roles in nutrient cycling, including
nitrogen assimilation and sulfur oxidation, processes that enhance
environmental stability and host health (Rajeev andCho, 2024). These
processes can have substantial metabolic benefits, potentially lowering
the energetic cost of homeostasis by improving nutrient utilisation and
detoxification pathways.

Implications and future directions
The correlation found between the Rhodobacteraceae family and
metabolic rate is intriguing, but cannot reveal causality of any such
relationship. Experimental methods, including microbial metabolite
analysis and dietary interventions, could elucidate the functional roles
of specific taxa (Lindsay et al., 2020). Diet influences gut microbiota
composition (Green et al., 2013; Xia et al., 2014; Liu et al., 2022; Jin
et al., 2022), and targeted use of probiotics or prebiotics may enhance
energy recovery in aquaculture (Nayak, 2010; Llewellyn et al., 2014;
Kazlauskaite et al., 2022; Abid et al., 2013).

Furthermore, understanding the impact of environmental and
seasonal factors on gut microbiota is critical for assessing energy
allocation and recovery. As our experiment highlighted these
relationships in a stable laboratory environment, future work should
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examine these links across different environments, seasons and life
stages, incorporating varied diets, body compositions and
physiological states.

Conclusions
Unveiling how metabolic phenotypes converge with gut microbial
communities offers valuable insights into fish biology and energy
management. Marked differences in gut microbial assemblies between
high and low SMR groups suggests that fish metabolism and resident
microbes may have co-evolved, enabling efficient energy utilisation
and enhanced growth under diverse environmental conditions. Such
cooperation potentially confers an evolutionary advantage by allowing
fish to adapt to stressors through coordinated adjustments of both their
internal metabolic processes and microbial partners.

Acknowledgements
The Introduction, Materials and Methods, Results, Discussion and figures in this
paper are reproduced from the PhD thesis of E.C.L. (Lindsay, 2021). The authors
would like to thank the core facilities at the University of Glasgow for their support.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: E.C.L., M.S.L., B.A.C.; Data curation: B.A.C.; Formal analysis:
B.A.C.; Funding acquisition: M.S.L.; Investigation: N.B.M., P.M., M.S.L., B.A.C.;
Methodology: B.A.C.; Resources: P.M.; Supervision: N.B.M., M.S.L., B.A.C.;
Visualization: A.S.B., B.A.C.; Writing – original draft: E.C.L., A.S.B., M.S.L., B.A.C.;
Writing – review & editing: A.S.B., N.B.M., A.L.E.B., P.M., M.S.L., B.A.C.

Funding
This research was supported in part by research grants from the Biotechnology and
Biological Science Research Council (grant nos BB/T016280/1, BB/P001203/1, BB/
N024028/1, BB/Y012437/1) and by the Science Foundation Ireland, the Marine
Institute Ireland and the Department for the Economy, Northern Ireland, under the
Investigators Program grant number SFI/15/IA/3028. N.B.M. was founded by
European Research Council Advanced Grant 834653, and P.M. was also supported
by a Science Foundation Ireland grant award (grant no. 16/BBSRC/3316). The
funding bodies did not influence data interpretation or writing of the manuscript.
Open Access funding provided by University of Glasgow. Deposited in PMC for
immediate release.

Data and resource availability
The raw 16S rRNA amplicon sequencing data have been deposited in the NCBI
Sequence Read Archive (SRA) under BioProject accession number
PRJNA1284032. All other relevant data and details of resources can be found within
the article and its supplementary information.

References
Abid, A., Davies, S. J., Waines, P., Emery, M., Castex, M., Gioacchini, G.,
Carnevali, O., Bickerdike, R., Romero, J. and Merrifield, D. L. (2013). Dietary
synbiotic application modulates Atlantic salmon (Salmo salar) intestinal microbial
communities and intestinal immunity. Fish Shellfish Immunol. 35, 1948-1956.
doi:10.1016/j.fsi.2013.09.039

Álvarez, D. andNicieza, A. G. (2005). Is metabolic rate a reliable predictor of growth
and survival of brown trout (Salmo trutta) in the wild? Can. J. Fish. Aquat. Sci. 62,
643-649. doi:10.1139/f04-223

Archer, L. C., Hutton, S. A., Harman, L., Russell Poole, W., Gargan, P.,
McGinnity, P. and Reed, T. E. (2021). Associations between metabolic traits and
growth rate in brown trout (Salmo trutta) depend on thermal regime. Proc. R. Soc.
B 288, 20211509. doi:10.1098/rspb.2021.1509

Artacho, P. and Nespolo, R. F. (2009). Intrapopulation variation in the standard
metabolism of a terrestrial mollusc: repeatability of the CO2 production in the
land snail Helix aspersa. Physiol. Biochem. Zool. 82, 181-189. doi:10.1086/590222

Auer, S. K., Salin, K., Rudolf, A. M., Anderson, G. J. and Metcalfe, N. B. (2015a).
Flexibility in metabolic rate confers a growth advantage under changing food
availability. J. Anim. Ecol. 84, 1405-1411. doi:10.1111/1365-2656.12384

Auer, S. K., Salin, K., Rudolf, A. M., Anderson, G. J. and Metcalfe, N. B. (2015b).
The optimal combination of standardmetabolic rate and aerobic scope for somatic
growth depends on food availability. Funct. Ecol. 29, 479-486. doi:10.1111/1365-
2435.12396

Auer, S. K., Bassar, R. D., Salin, K. and Metcalfe, N. B. (2016). Repeatability of
metabolic rate is lower for animals living under field versus laboratory conditions.
J. Exp. Biol. 219, 631-634. doi:10.1242/jeb.133678

Auer, S. K., Killen, S. S. and Rezende, E. L. (2017). Resting vs. active: a meta-
analysis of the intra- and inter-specific associations between minimum, sustained,
and maximum metabolic rates in vertebrates. Funct. Ecol. 31, 1728-1738. doi:10.
1111/1365-2435.12879

Auer, S. K., Anderson, G. J., McKelvey, S., Bassar, R. D., McLennan, D.,
Armstrong, J. D., Nislow, K. H., Downie, H. K., McKelvey, L., Morgan, T. A. J.
et al. (2018). Nutrients from salmon parents alter selection pressures on their
offspring. Ecol. Lett. 21, 287-295. doi:10.1111/ele.12894

Ayayee, P. A., Kinney, G., Yarnes, C., Larsen, T., Custer, G. F., van Diepen,
L. T. A. and Mun ̃oz-Garcia, A. (2020). Role of the gut microbiome in mediating
standard metabolic rate after dietary shifts in the viviparous cockroach, Diploptera
punctata. J. Exp. Biol. 223, jeb218271. doi:10.1242/jeb.218271

Barcan, A. S., Barcan, R. A. and Vamanu, E. (2024). Therapeutic potential of
fungal polysaccharides in gut microbiota regulation: implications for diabetes,
neurodegeneration, and oncology. J. Fungi 10, 394. doi:10.3390/jof10060394

Barton, B. A. (2002). Stress in fishes: a diversity of responses with particular
reference to changes in circulating corticosteroids. Integr. Comp. Biol. 42,
517-525. doi:10.1093/icb/42.3.517

Behrens, J.W., Svendsen, J. C., Neuenfeldt, S., Andersen, N. G. and van Deurs,
M. (2018). Individual variation in aerobic scope affects modeled vertical foraging
migration in Atlantic cod Gadus morhua, but only in moderate hypoxia.Mar. Ecol.
Prog. Ser. 599, 201-208. doi:10.3354/meps12629

Berg, O. K. and Bremset, G. (1998). Seasonal changes in the body composition of
young riverine Atlantic salmon and brown trout. J. Fish Biol. 52, 1272-1288.
doi:10.1111/j.1095-8649.1998.tb00971.x

Bergmann, G. T., Craine, J. M., Robeson, M. S., , II. and Fierer, N. (2015).
Seasonal shifts in diet and gut microbiota of the American bison (Bison bison).
PLoS ONE 10, e0142409. doi:10.1371/journal.pone.0142409

Birnie-Gauvin, K., Bordeleau, X., Cooke, S. J., Davidsen, J. G., Eldøy, S. H.,
Eliason, E. J., Moore, A. and Aarestrup, K. (2021). Life-history strategies in
salmonids: the role of physiology and its consequences.Biol. Rev. 96, 2304-2320.
doi:10.1111/brv.12753

Bledsoe, J. W. and Small, B. C. (2023). Finfish microbiota and direct-fed microbial
applications in aquaculture. In Direct-Fed Microbials and Prebiotics for Animals:
Science and Mechanisms of Action (ed. T. R. Callaway and S. C. Ricke),
pp. 249-300. Springer.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith,
G. A., Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F. et al. (2019).
Reproducible, interactive, scalable and extensible microbiome data science using
QIIME 2. Nat. Biotechnol. 37, 852-857. doi:10.1038/s41587-019-0209-9

Bull, C. D., Metcalfe, N. B. and Mangel, M., Wong, S., Rawls, J. F., Guillemin, K.
and Bohannan, B. J. M. (1996). Seasonal matching of foraging to anticipated
energy requirements in anorexic juvenile salmon. Pro. R. Soc. B 263, 13-18.
doi:10.1098/rspb.1996.0003

Burns, A. R., Stephens, W. Z., Stagaman, K., Wong, S., Rawls, J. F., Guillemin,
K. and Bohannan, B. J. (2016). Contribution of neutral processes to the
assembly of gut microbial communities in the zebrafish over host development.
ISME J. 10, 655-664. doi:10.1038/ismej.2015.142

Burton, T., Killen, S. S., Armstrong, J. D. andMetcalfe, N. B. (2011). What causes
intraspecific variation in resting metabolic rate and what are its ecological
consequences? Proc. R. Soc. B 278, 3465-3473. doi:10.1098/rspb.2011.1778

Butt, R. L. and Volkoff, H. (2019). Gut microbiota and energy homeostasis in fish.
Front. Endocrinol. 10, 9. doi:10.3389/fendo.2019.00009

Candela, M., Biagi, E., Maccaferri, S., Turroni, S. and Brigidi, P. (2012). Intestinal
microbiota is a plastic factor responding to environmental changes. Trends
Microbiol. 20, 385-391. doi:10.1016/j.tim.2012.05.003

Cani, P. D. and Delzenne, N. M. (2009). The role of the gut microbiota in energy
metabolism and metabolic disease. Curr. Pharm. Des. 15, 1546-1558. doi:10.
2174/138161209788168164

Carey, H. V., Walters, W. A. and Knight, R. (2013). Seasonal restructuring of the
ground squirrel gut microbiota over the annual hibernation cycle. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 304, R33-R42. doi:10.1152/ajpregu.00387.2012

Chabot, D., Steffensen, J. F. and Farrell, A. P. (2016). The determination of
standard metabolic rate in fishes. J. Fish Biol. 88, 81-121. doi:10.1111/jfb.12845

Cheaib, B., Seghouani, H., Llewellyn, M., Vandal-Lenghan, K., Mercier, P.-L.
and Derome, N. (2021). The yellow perch (Perca flavescens) microbiome
revealed resistance to colonisation mostly associated with neutralism driven by
rare taxa under cadmium disturbance. Anim. Microbiome 3, 1-19. doi:10.1186/
s42523-020-00063-3

Chen, J., Bittinger, K., Charlson, E. S., Hoffmann, C., Lewis, J., Wu, G. D.,
Collman, R. G., Bushman, F. D. and Li, H. (2012). Associating microbiome
composition with environmental covariates using generalized UniFrac distances.
Bioinformatics 28, 2106-2113. doi:10.1093/bioinformatics/bts342

Clifford, R. J., Milillo, M., Prestwood, J., Quintero, R., Zurawski, D. V., Kwak,
Y. I., Waterman, P. E., Lesho, E. P. and McGann, P. (2012). Detection of
bacterial 16S rRNA and identification of four clinically important bacteria by real-
time PCR. PLoS ONE 7, e48558. doi:10.1371/journal.pone.0048558

15

RESEARCH ARTICLE Journal of Experimental Biology (2026) 229, jeb251523. doi:10.1242/jeb.251523

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1284032/
https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.251523#supplementary-data
https://doi.org/10.1016/j.fsi.2013.09.039
https://doi.org/10.1016/j.fsi.2013.09.039
https://doi.org/10.1016/j.fsi.2013.09.039
https://doi.org/10.1016/j.fsi.2013.09.039
https://doi.org/10.1016/j.fsi.2013.09.039
https://doi.org/10.1139/f04-223
https://doi.org/10.1139/f04-223
https://doi.org/10.1139/f04-223
https://doi.org/10.1098/rspb.2021.1509
https://doi.org/10.1098/rspb.2021.1509
https://doi.org/10.1098/rspb.2021.1509
https://doi.org/10.1098/rspb.2021.1509
https://doi.org/10.1086/590222
https://doi.org/10.1086/590222
https://doi.org/10.1086/590222
https://doi.org/10.1111/1365-2656.12384
https://doi.org/10.1111/1365-2656.12384
https://doi.org/10.1111/1365-2656.12384
https://doi.org/10.1111/1365-2435.12396
https://doi.org/10.1111/1365-2435.12396
https://doi.org/10.1111/1365-2435.12396
https://doi.org/10.1111/1365-2435.12396
https://doi.org/10.1242/jeb.133678
https://doi.org/10.1242/jeb.133678
https://doi.org/10.1242/jeb.133678
https://doi.org/10.1111/1365-2435.12879
https://doi.org/10.1111/1365-2435.12879
https://doi.org/10.1111/1365-2435.12879
https://doi.org/10.1111/1365-2435.12879
https://doi.org/10.1111/ele.12894
https://doi.org/10.1111/ele.12894
https://doi.org/10.1111/ele.12894
https://doi.org/10.1111/ele.12894
https://doi.org/10.1242/jeb.218271
https://doi.org/10.1242/jeb.218271
https://doi.org/10.1242/jeb.218271
https://doi.org/10.1242/jeb.218271
https://doi.org/10.3390/jof10060394
https://doi.org/10.3390/jof10060394
https://doi.org/10.3390/jof10060394
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.3354/meps12629
https://doi.org/10.3354/meps12629
https://doi.org/10.3354/meps12629
https://doi.org/10.3354/meps12629
https://doi.org/10.1111/j.1095-8649.1998.tb00971.x
https://doi.org/10.1111/j.1095-8649.1998.tb00971.x
https://doi.org/10.1111/j.1095-8649.1998.tb00971.x
https://doi.org/10.1371/journal.pone.0142409
https://doi.org/10.1371/journal.pone.0142409
https://doi.org/10.1371/journal.pone.0142409
https://doi.org/10.1111/brv.12753
https://doi.org/10.1111/brv.12753
https://doi.org/10.1111/brv.12753
https://doi.org/10.1111/brv.12753
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1098/rspb.1996.0003
https://doi.org/10.1098/rspb.1996.0003
https://doi.org/10.1098/rspb.1996.0003
https://doi.org/10.1098/rspb.1996.0003
https://doi.org/10.1038/ismej.2015.142
https://doi.org/10.1038/ismej.2015.142
https://doi.org/10.1038/ismej.2015.142
https://doi.org/10.1038/ismej.2015.142
https://doi.org/10.1098/rspb.2011.1778
https://doi.org/10.1098/rspb.2011.1778
https://doi.org/10.1098/rspb.2011.1778
https://doi.org/10.3389/fendo.2019.00009
https://doi.org/10.3389/fendo.2019.00009
https://doi.org/10.1016/j.tim.2012.05.003
https://doi.org/10.1016/j.tim.2012.05.003
https://doi.org/10.1016/j.tim.2012.05.003
https://doi.org/10.2174/138161209788168164
https://doi.org/10.2174/138161209788168164
https://doi.org/10.2174/138161209788168164
https://doi.org/10.1152/ajpregu.00387.2012
https://doi.org/10.1152/ajpregu.00387.2012
https://doi.org/10.1152/ajpregu.00387.2012
https://doi.org/10.1111/jfb.12845
https://doi.org/10.1111/jfb.12845
https://doi.org/10.1186/s42523-020-00063-3
https://doi.org/10.1186/s42523-020-00063-3
https://doi.org/10.1186/s42523-020-00063-3
https://doi.org/10.1186/s42523-020-00063-3
https://doi.org/10.1186/s42523-020-00063-3
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.1371/journal.pone.0048558
https://doi.org/10.1371/journal.pone.0048558
https://doi.org/10.1371/journal.pone.0048558
https://doi.org/10.1371/journal.pone.0048558


Corbin, K. D., Carnero, E. A., Dirks, B., Igudesman, D., Yi, F., Marcus, A., Davis,
T. L., Pratley, R. E., Rittmann, B. E., Krajmalnik-Brown, R. et al. (2023). Host-
diet-gut microbiome interactions influence human energy balance: a randomized
clinical trial. Nat. Commun. 14, 3161. doi:10.1038/s41467-023-38778-x

Cox, D. R. and Reid, N. (1987). Parameter orthogonality and approximate
conditional inference. J. R. Statist. Soc. B 49, 1-39. doi:10.1111/j.2517-6161.
1987.tb01422.x

Cutts, C. J., Metcalfe, N. B. and Taylor, A. C. (1998). Aggression and growth
depression in juvenile Atlantic salmon: the consequences of individual variation in
standard metabolic rate. J. Fish Biol. 52, 1026-1037. doi:10.1111/j.1095-8649.
1998.tb00601.x

Cutts, C. J., Metcalfe, N. B. and Taylor, A. C. (2002). Juvenile Atlantic salmon
(Salmo salar) with relatively high standard metabolic rates have small metabolic
scopes. Funct. Ecol. 16, 73-78. doi:10.1046/j.0269-8463.2001.00603.x

den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D. J. and
Bakker, B. M. (2013). The role of short-chain fatty acids in the interplay between
diet, gut microbiota, and host energy metabolism. J. Lipid Res. 54, 2325-2340.
doi:10.1194/jlr.R036012

Elliott, J. M. (1976a). Body Composition of Brown Trout (Salmo trutta L.) in Relation
to Temperature and Ration Size. J. Anim. Ecol. 45, 273-289. doi:10.2307/3779

Elliott, J. M. (1976b). The energetics of feeding, metabolism and growth of brown
trout (Salmo trutta L.) in relation to body weight, water temperature and ration size.
J. Anim. Ecol. 45, 923-948. doi:10.2307/3590

Elliott, J. and Hurley, M. A. (2000). Daily energy intake and growth of piscivorous
brown trout, Salmo trutta. Freshw. Biol. 44, 237-245. doi:10.1046/j.1365-2427.
2000.00560.x

Finstad, A. G., Berg, O. K., Forseth, T., Ugedal, O. and Næsje, T. F. (2009).
Adaptive winter survival strategies: defended energy levels in juvenile Atlantic
salmon along a latitudinal gradient. Proc. R. Soc. B 277, 1113-1120. doi:10.1098/
rspb.2009.1874

Finstad, A. G., Ugedal, O., Forseth, T. and Næsje, T. F. (2011). Energy-related
juvenile winter mortality in a northern population of Atlantic salmon (Salmo salar).
Can. J. Fish. Aquat. Sci. 61, 2358-2368. doi:10.1139/f04-213

Foddai, M., Carter, C. G., Hilder, P. E., Gurr, H. and Ruff, N. (2022). Combined
effects of elevated rearing temperature and dietary energy level on heart
morphology and growth performance of Tasmanian Atlantic salmon (Salmo
salar L.). J. Fish Dis. 45, 301-313. doi:10.1111/jfd.13555

Fogarty, C., Burgess, C. M., Cotter, P. D., Cabrera-Rubio, R., Whyte, P., Smyth,
C. and Bolton, D. (2019). Diversity and composition of the gut microbiota of
Atlantic salmon (Salmo salar) farmed in Irish waters. J. Appl. Microbiol. 127,
648-657. doi:10.1111/jam.14291

Fraser, N. H. C., Metcalfe, N. B., Heggenes, J. and Thorpe, J. E. (1995). Low
summer temperatures cause juvenile Atlantic salmon to become nocturnal.
Can. J. Zool. 73, 446-451. doi:10.1139/z95-051

Gajardo, K., Rodiles, A., Kortner, T. M., Krogdahl, Å., Bakke, A. M., Merrifield,
D. L. and Sørum, H. (2016). A high-resolutionmap of the gut microbiota in Atlantic
salmon (Salmo salar): a basis for comparative gut microbial research. Sci. Rep. 6,
30893. doi:10.1038/srep30893

Grade, M. and Letcher, B. H. (2006). Diel and seasonal variation in food habits of
Atlantic Salmon Parr in a small stream. J. Freshw. Ecol. 21, 503-517. doi:10.1080/
02705060.2006.9665028

Green, T. J., Smullen, R. and Barnes, A. C. (2013). Dietary soybean protein
concentrate-induced intestinal disorder in marine farmed Atlantic salmon, Salmo
salar is associated with alterations in gut microbiota. Vet. Microbiol. 166, 286-292.
doi:10.1016/j.vetmic.2013.05.009

Heikkinen, J., Vielma JK, O., Tiirola, M., Eskelinen, P., Kiuru, T., Navia-
Paldanius, D. and vonWright, A. (2006). Effects of soybean meal based diet on
growth performance, gut histopathology and intestinal microbiota of juvenile
rainbow trout (Oncorhynchus mykiss). Aquaculture 261, 259-268. doi:10.1016/j.
aquaculture.2006.07.012

Heys, C., Cheaib, B., Busetti, A., Kazlauskaite, R., Maier, L., Sloan, W. T., Ijaz,
U. Z., Kaufmann, J., McGinnity, P. and Llewellyn, M. (2020). Neutral processes
dominate microbial community assembly in Atlantic salmon, Salmo salar. Appl.
Environ. Microbiol. 86, e02283-19. doi:10.1128/AEM.02283-19

Huntingford, F. and Adams, C. (2005). Behavioural syndromes in farmed fish:
implications for production and welfare. Behaviour 142, 1207-1221. doi:10.1163/
156853905774539382

Huntingford, F. A., Andrew, G., Mackenzie, S., Morera, D., Coyle, S. M.,
Pilarczyk, M. and Kadri, S. (2010). Coping strategies in a strongly schooling fish,
the common carp Cyprinus carpio. J. Fish Biol. 76, 1576-1591. doi:10.1111/j.
1095-8649.2010.02582.x

Ijaz, U. Z., Sivaloganathan, L., McKenna, A., Richmond, A., Kelly, C., Linton, M.,
Stratakos, A. C., Lavery, U., Elmi, A., Wren, B. W. et al. (2018). Comprehensive
longitudinal microbiome analysis of the chicken cecum reveals a shift from
competitive to environmental drivers and a window of opportunity for
campylobacter. Front. Microbiol. 9, 2452. doi:10.3389/fmicb.2018.02452

Iosilevskii, G., Kong, J., Meyer, C., Watanabe, Y., Papastamatiou, Y., Royer, M.,
Nakamura, I., Sato, K., Doyle, T., Harman, L. et al. (2022). A general swimming
response in exhausted obligate swimming fish. R. Soc. Open Sci. 9, 211869.
doi:10.1098/rsos.211869

Jiao, F., Zhang, L., Limbu, S. M., Yin, H., Xie, Y., Yang, Z., Shang, Z., Kong, L.
and Rong, H. (2023). A comparison of digestive strategies for fishes with different
feeding habits: digestive enzyme activities, intestinal morphology, and gut
microbiota. Ecol. Evol. 13, e10499. doi:10.1002/ece3.10499

Jin, X., Chen, Z., Shi, Y., Gui, J. F. and Zhao, Z. (2022). Response of gut microbiota
to feed-borne bacteria depends on fish growth rate: a snapshot survey of farmed
juvenile Takifugu obscurus. Microb. Biotechnol. 15, 683-702. doi:10.1111/1751-
7915.13741

Jonsson, B. and Jonsson, N. (2005). Lipid energy reserves influence life-history
decision of Atlantic salmon (Salmo salar) and brown trout (S. trutta) in fresh water.
Ecol. Freshw. Fish. 14, 296-301. doi:10.1111/j.1600-0633.2005.00098.x

Jordan, A. D. and Steffensen, J. F. (2007). Effects of ration size and hypoxia on
specific dynamic action in the cod. Physiol. Biochem. Zool. 80, 178-185. doi:10.
1086/510565

Jost, L. (2006). Entropy and diversity. Oikos 113, 363-375. doi:10.1111/j.2006.
0030-1299.14714.x

Katoh, K. and Standley, D. M. (2013). MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol. Biol. Evol.
30, 772-780. doi:10.1093/molbev/mst010

Kazlauskaite, R., Cheaib, B., Humble, J., Heys, C., Ijaz, U. Z., Connelly, S.,
Sloan, W. T., Russell, J., Martinez-Rubio, L., Sweetman, J. et al. (2022).
Deploying an in vitro gut model to assay the impact of the mannan-
oligosaccharide prebiotic Bio-Mos on the Atlantic salmon (Salmo salar) gut
microbiome. Microbiol. Spectr. 10, e01953-21. doi:10.1128/spectrum.01953-21

Khaliq, I. and Hof, C. (2018). Testing the heat dissipation limitation hypothesis:
basal metabolic rates of endotherms decrease with increasing upper and lower
critical temperatures. PeerJ 6, e5725. doi:10.7717/peerj.5725

Kokou, F., Gupta, S. and Kumar, V. (2022). Understanding the interplay between
diet, feed ingredients and gut microbiota for sustainable aquaculture. Front. Mar.
Sci. 9, 853548. doi:10.3389/fmars.2022.853548

Kovatcheva-Datchary, P., Nilsson, A., Akrami, R., Lee, Y. S., De Vadder, F.,
Arora, T., Hallen, A., Martens, E., Björck, I. and Bäckhed, F. (2015).
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