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Abstract

The consumption of thiaminase can cause thiamine deficiency, which has been hypothesized to
impede reintroduction efforts of lake trout (Salvelinus namaycush). In fishes, consumption of
thiaminase is hypothesized to affect swimming performance and morphology because thiamine
deficiency manifests as cardiac and neurological impairments. However, how those effects may
differ among populations with different historical exposures to thiaminase remain understudied,
despite the importance of these traits to survival and fitness. Here, juvenile lake trout from
strains that originated from Seneca Lake and Slate Islands were reared in a common garden
environment and received either an experimental diet containing thiaminase or a control diet.
Two hundred and sixty days after the initiation of the diets, critical swim speed, morphology, and
colouration were compared between strains and diets. Results indicated that, regardless of strain,
the diet containing thiaminase negatively affected critical swim speed, decreased ventral-dorsal
depth, and increased yellow pigmentation. While most of the negative effects of the thiaminase
diet did not differ between the two strains, an increase in red pigmentation was observed in
Seneca Lake fish that had received the thiaminase diet. We discuss how strain selection could
help mitigate effects of thiaminase exposure on the success of reintroduction efforts for lake

trout.
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Introduction

Thiamine (vitamin B1) is an essential water-soluble vitamin required as a cofactor for
roughly 2% of all cofactor-mediated enzymatic reactions'. Thiamine is essential for both
catabolic and anabolic central carbon metabolism and branched-chain acid synthesis', including
glycolysis and the citric acid cycle?, as well as proper neurological®, immune*, and muscular
function®. In animals, thiamine must be acquired through the consumption of organisms that
produce or contain thiamine®. Thiamine exists as 4 vitamers, the biologically-relevant form of
which, thiamine diphosphate, mediates various enzyme complexes including pyruvate
dehydrogenase, transketolase, and 2-hydroxyacyl-CoA required for carbohydrate, amino acid,
and lipid metabolism?%®. Thiamine diphosphate also plays a central role in nerve function,
enabling pathways associated with the production of neurotransmitters, further antioxidant
mechanisms, and for the myelination of neurons®’. Low concentrations of thiamine result in a
syndrome referred to as thiamine deficiency'’. Because of its role in the cardiovascular and
neurological systems, symptoms of low thiamine often manifest as cardiorespiratory and
neurological impairments''""*. In severe cases, thiamine deficiency is lethal, but it has also been
associated with secondary, sub-lethal effects, such as decreased growth rates, lethargy, reduced
visual acuity, reduction of cardiovascular function and hemorrhaging, and reproductive failure
(reviewed in '*). Over the past few decades, thiamine deficiency has been observed in a variety
of taxa, including fishes!?, reptiles'®, and birds'’, and it has been suggested that thiamine

deficiency is a contributor and threat to worldwide loss of biodiversity!”!8,

The Salmonidae subfamily Salmoninae (henceforth referred to as salmonines), which
includes the Pacific salmons and trout (Oncorhynchus spp.), Atlantic salmon and trout (Salmo

spp.), and charrs (Salvelinus spp.), has been the focus of the research on thiamine deficiency in



fishes!'*. In the Laurentian Great Lakes, the suspected primary cause of thiamine deficiency is
from thiaminase I (henceforth referred to as thiaminase) consumption from exotic prey fishes'®.
Thiaminase catalyzes the breakdown of thiamine into its precursors in the stomach of consumers,
ultimately limiting thiamine uptake?*2*. Reproductive failures and the effects of thiamine
deficiency on larvae have been well-studied (see review in '%), whereas the effects of thiamine
deficiency on body development and swimming performance, particularly in juvenile
salmonines, remain understudied. Authors of studies on thiamine-deficient fish have reported a
range of behavioural abnormalities, including lethargy, ataxia, abnormal movement patterns, loss
of equilibrium, wriggling swimming behaviour, and a reduction in the ability to ascend cascades
to spawning areas. These abnormalities have been attributed to neurological and cardiac
impairments including altered brain thiamine metabolism and brain lesions?*2%. Results from
other studies indicate thiamine deficient fish have physical abnormalities that could further limit
survival in the wild (see review in '%). For example, fish colouration including changes to whole

29,30

body lightening and a decrease in yeliow pigmentation and less streamlined body shape™

have been noted in thiamine deficient juvenile salmonines. These traits have been associated

31733 and other pelagic fishes ***°. Most

with survival and foraging efficiency in salmonines
recently, a change in heart morphology and decrease in function has been observed in lake trout
[also referred to as lake charr; S. namaycush (Walbaum, 1972)] fed a high-thiaminase diet!!*¢. In
thiamine-deficient mammals, a similar change in heart morphology and function is related to
further secondary physical effects, including cyanosis (a blueing of the skin’s pigment!>373%) a

3940 and a decreased ability to recover post-exhaustive

reduction in the capacity for exercise
exercise *'. Swimming performance is particularly important for salmonines as it is critical for

prey capture and predator avoidance (reviewed in*?), as is body morphology and colouration,



which play roles in predator avoidance, foraging efficiency, and swimming ability>**44,

Assessing how thiamine deficiency affects these traits is thus important to understand how it

could influence survival of salmonines in the wild3>*%.

Lake trout were once abundant in Lake Ontario, but were functionally extirpated by the
late 1800s *® and are currently the focus of large-scale reintroduction programs*’. One factor
hypothesized to obstruct restoration efforts is the abundance of exotic prey fishes including
rainbow smelt [Osmerus mordax (Mitchill, 1984)] and alewife [Alosa pseudoharengus (Wilson,
1811)] because both of these prey fishes have high thiaminase activity’® and are known to induce
thiamine deficiency'*?!. Alewife and rainbow smelt are found throughout the Great Lakes Basin
and comprise a major proportion of the diets of salmonines®' . The production of thiaminase I
in these prey fishes was first believed to originate from gui microbiota®, but recent evidence
suggests that the synthesis of thiaminase I may also occur de novo>->°. Currently, two hatchery
populations (henceforth referred to as strains) of lake trout are commonly stocked into Lake
Ontario — the Seneca Lake (42.6536 N, -76.9004 W) and Slate Islands (Lake Superior; 48.6654
N, -87.0055 W) strains*®. Notably, these strains differ in their historical exposure to prey fishes
that contain thiaminase; Seneca Lake has long supported abundant populations of alewife 7,
whereas Lake Superior supports relatively few alewife>®. Consequently, it has been suggested
that the Seneca Lake strain may have a higher tolerance to thiaminase through a local adaptation
to prey fishes that are high in thiaminase compared to the Slate Islands strain. Indeed, Fitzsimons

13 showed that Seneca Lake strain embryos use less thiamine as compared to embryos from

eta
other strains, and initial analyses show that Seneca Lake strain fish have higher survival and

represent a majority of the current spawning biomass in the Great Lakes %4, Furthermore, a

previous study conducted by Baker et al.!! found that the negative effects of diet-derived



thiaminase on heart morphology and function were less pronounced in the Seneca Lake strain
compared to the Slate Islands strain. However, how this apparent tolerance translates to

swimming performance, morphology, or colouration has not yet been examined®' %4,

Given the lack of a self-sustaining lake trout population in Lake Ontario despite ongoing
restoration efforts, identification of strains that possess a tolerance to thiaminase may confer
some advantages in the Lake Ontario environment and may help improve restoration
success**!. Here, we examined the effects of diet-derived thiaminase on morphology,
colouration, swimming performance, and recovery after exhaustive exercise, and compared
results between the Seneca Lake and Slate Islands strains. Critical swirii speed is the best
ecophysiological measurement to estimate swimming performance and to predict ecological
consequences of stressors outside of measurements of free-swimming individuals*?. Lake trout
are cruising predators and swimming performance is important for capturing dispersed pelagic
prey items and avoiding predation®>¢. We predicted that diet-derived thiaminase would impair
swimming performance and recovery after exercise as well as change both the morphology and
colouration in both strains. Based on previous research (e.g., %), we also hypothesized that the
Seneca Lake strain would show lesser effects compared to the Slate Islands strain due to past
differences in exposure to high-thiaminase containing prey and potential differences resulting

from local adaptation to thiaminase exposure.



Methods

Preparation of thiaminase and control diets

The experimental protocol used in this study was developed in accordance with the
guidelines and regulations of the Canadian Council on Animal Care and approved by the Ontario
Ministry of Natural Resources and University of Western Ontario Animal Care Committees
(Protocol Number: 2018—084). The experiments carried out in this study are reported in
accordance with ARRIVE guidelines®’. Thiaminase and control diets were created based on

those used by Honeyfield et al.>°

. The specific compositions and preparations are described in
Baker et al.>* and Therrien et al.®8. Briefly, the diets were identical in composition, except that
bacterial thiaminase from Paenibacillus thiaminolyticus (Nakamura, 1990) was added to the
thiaminase diet. Full details regarding the preparation and use of P. thiaminolyticus can be found
in Houde et al.>° and Therrien et al.%®. The final bacteria count in the liquid media used in the
preparation of the thiaminase diets was 2.1 x 108+ 6.1 x 107 cfu/mL, which is a concentration
that has previously been showi to induce thiamine deficiency in Atlantic salmon and lake
trout?!368:69 Total thiamine concentrations were similar between the thiaminase (6.92 + 5.8
nmol/g) and control (7.05 £ 5.2 nmol/g) diets. A sample of each of the P. thiaminolyticus and
control broth supernatants were assayed to determine thiaminase activity using the 4-NTP assay,

1.8, Thiaminase I activity in control diets was

the methods of which are included in Therrien et a
lower (mean +SD; 0.73 £1.24 pmol/min) than in thiaminase diets (mean £SD; 10.69 £13.82
pmol/min). Finished feed was stored at -20°C until use. Maximum storage time for the diets was

2 weeks.

Study strains and experimental design



Descriptions of strains used in this study can be found in Baker et al.!! and Therrien et
al.%. Briefly, families for the Seneca Lake and Slate Islands strains were produced in late 2019
using single-pair matings of mature individuals at the Ontario Ministry of Natural Resources
(OMNR) Dorion Fish Culture Station (Dorion, ON) and transferred as eyed eggs to the
Chatsworth Fish Culture Station (Chatsworth, ON). The timeline of the experiment is presented
in Table 1. On 18 March 2021, n = 200 lake trout from each of the Seneca Lake (age 13 months)
and the Slate Islands (age 14 months) strains were transferred from the OMNR Chatsworth Fish
Culture Station to the experimental hatchery at the University of Western Ontario (London, ON).
A full description of the rearing conditions of the lake trout in the experimental hatchery can be

1.°® and a figure showing the experimental hatchery can be found in

found in Therrien et a
Supplementary Information Fig. S1. Briefly, twenty-five fish fromn each strain were placed into
one of sixteen 73 L white polypropylene tanks at a density of 9 g/ L (i.e., 25 fish weighing 22—
27gin a 73 L tank). The fish were given 27 days to acclimate to the Western University hatchery
before being anesthetized in a bath of tricaine mesylate (TMS; 300 mg L) buffered with sodium
bicarbonate (300 mg L!) and measured for body mass and fork length. After measurement, fish
were tagged with a unique sterile 1.2 mm Passive Integrated Transponder (PIT; Biomark Inc) in
the ventral cavity using a sterile PIT tag implanter (model MK 10, Biomark Inc) of which the full

1.%8. After tagging, fish were placed in a

description of administration is found in Therrien et a
recovery tank and remained there until the return of normal behaviour, at which time they were
returned to their tanks. Fish were given an additional 14 days to recover before the experiment.

During this recovery time, they were fed the commercial fish feed. Four replicate tanks for each

strain were then administered either a thiaminase or control diet (2 strains x 2 diets x 4

replicates; total number of experimental units = 16). Each experimental unit was randomly



assigned to a tank and each row of 8 tanks had equal representation of each diet and strain. The

feeding schedule and a full description of feed rations can be found in Therrien et al.®8.

Swimming performance and recovery

After 260 days (on 3 December 2021), critical swim speed was measured on 20 randomly
selected fish from each combination of diet and strain (n = 80 fish; Table 2). Following methods
described in Colborne et al.%¢ and Houde et al.*, a single fish was placed into a 40 L swim flume
(Loligo Systems, Denmark) and acclimated for 3 minutes. Water velocity was increased
incrementally at a rate of 0.15 m / s every 2 minutes until the fish displayed signs of fatigue (i.e.,
an inability to continue swimming at that speed). Critical swim speed (U.i;) was calculated as
Uerie = Ui + (Ti/Tu x Uii), where U; was the highest velocity maintained for a full 2 minute
interval, 7; was the time of fatigue at last current velocity (minutes), 73 was the interval length (2
minutes), and Uy was the velocity increment (0.15 m/s; 3°). After fish reached exhaustion, water
velocity was reduced to 0.20 m/s and fish were allowed to recover for up to 30 minutes. During
this time, once a fish had resumed swimming for 5 consecutive minutes, it was considered
recovered, and the trial was ended’!. If a fish did not resume swimming for 5 consecutive
minutes before the 30-minute mark, the trial was ended, and it was considered to have not
recovered. For the analysis of recovery post-exhaustion, the data were converted to binary data
(0 = did not recover or 1 = recovered). Every third fish did not undergo the recovery trials,
instead having tissues sampled during exhaustion for a separate study. The sample size for the
recovery trials was thus n = 54 (Table 2). Upon trial completion, all fish (recovered and not
recovered) were euthanized with an overdose of TMS. The fish were measured for total body
length and mass. Specific growth rate for each individual fish was calculated using the mass

measurements and the methods of Ricker®®. Fish were then placed on their right side and
p g



digitally photographed using a camera (18 MP Canon EOS Rebel T5) set at a fixed height

following methods described in Muir et al.®’

. Each digital photograph contained a size and colour
standard. Four fish were not photographed due to camera issues and two other photographs had
corrupted colour standards and were excluded (sample size for the colour analysis was n=74).
Morphology and colouration

Photographs of each lake trout were examined for body morphology and skin
pigmentation using methods described by Muir et al.®’, Perreault-Payette et al.”®, and Villafuerte
and Negro.”!. Briefly, for morphology, 20 landmarks and sliding landmarks (Supplementary

Information 1 Fig. S2) related to aspects of head and body depth and caudal region lengths were

digitized and analyzed with the Thin Plate Spline suite (zps: http://life.bio.sunsysb.edu/morp).

First, for each fish, a rectangular grid was overlaid to identify body curvature corresponding to
20-30-40-50% of body length using the program REVIT’®. The body was anchored at the tip of
the snout and midpoint of the hypural plate. Next, 16 homologous landmarks and four sliding
landmarks were digitized with the program tpsDig’’. Sliding landmarks were slid in the program
tpsUtil"8. These landmarks were then subjected to relative warp analysis using tpsRelw
software’ to get centroid sizes and principal relative warp scores. Data were imported into
MorphoJ®, and a principal component analysis (PCA) was performed to reduce the number of
morphometric variables or scores and extract divergent morphometric patterns. PCA scores were
exported into R (version 4.3.3.; 8!) for further analysis. For skin pigmentation, the average
intensity of each colour channel (RGB [red, green, blue] colour space) was measured for the
dorsal, lateral, ventral, caudal peduncle, and caudal fin regions using ImageJ version 1.8.0 (NIH,

Bethesda, MD, available at www.rsbweb.nih.gov/ij/). RGB colour space values were corrected

for each photograph using both a light and a dark standard that was included in each photograph



to account for any potential differences in lighting between photographs. RGB colour space
values for skin pigmentation were then converted into LAB colour spaces in R using the function
convertcolor() in package grdevices®?. A PCA was performed in base R to reduce
dimensionality.
Statistical analyses

All metrics collected of individual lake trout were analyzed in R (version 4.3.3.; ®!), using
o = 0.05 for all statistical tests. Comparisons of initial length and mass measurements were
compared using a student’s t-test. Linear mixed effects models fit with a restricted maximum
likelihood (Imm; /mer in the Ime4 package in R; %°) were used to examine effects of diet type,
strain, and their interaction on mass and length at experiment end, specific growth rate, critical
swim speed, morphology, and colouration (PC scores). For critical swim speed, an additional
fixed effect of fish body length was included in the analysis to account for differences in length
among fish. Probability of recovery was analyzed using a generalized linear mixed model with a
logit link using function glmer in package Ime4® and included the fixed factors of diet-type,
strain, and the diet X strain inferaction. In the final model, the exponentiated coefficients reflect
the odds of recovering versus not recovering, and the logit™'-transformed coefficients reflect the
probability of recovery. All models included a random effect for tank identity. To test if the
random effect explained a significant proportion of the variance, a restricted likelihood ratio test
was used (function exactRLRT() in package RLRsim; ). When the random effect of tank
explained a significant proportion of the variation, variation explained was quantified using the
intraclass correlation coefficient method and was represented as the percentage of the variance

accounted for by the random effects.



Results

Clinical signs of thiamine deficiency

After 260 days of feeding of the experimental diets, symptoms associated with thiamine
deficiency were evident in fish from the thiaminase treatment including lesions of the eye, ataxia,
and lethargy, as well as increased mortality and increased tissue liver transketolase latency, the
results of which are presented in Therrien et al.®® and Neff et al. . Reduced muscle and tissue
total thiamine concentrations were also noted and presented in Supplementary Information Fig.

S3.
Comparison of length, mass, and specific growth rate

Total body length, mass, and specific growth rate are provided in Table 3. The two lake
trout strains differed in their body length and mass before and after the experiment. At the start
of the experiment, fish from the Slate Isiands strain were both significantly heavier (¢ = -5.44, df
=407.63, p <0.001) and longer than those from the Seneca Lake strain (z =-6.26, df =413.49, p
<0.001). At the end of the experiment, fish from the Seneca Lake strain were significantly
heavier (Fi,80 = 7.83, p = 0.018) and longer (F130 = 6.48, p = 0.03) than those from the Slate
Islands strain. Independent of strain, fish fed the control diet were also significantly heavier (F1,so
=5.95, p =0.024) and longer (F1,80 = 6.75, p = 0.03) than fish fed the thiaminase diet. For both
models, the diet x strain interaction term was not significant (mass: F1 30 = 1.49, p = 0.25; length:
Fi80=0.65, p = 0.48). Furthermore, the random effect of tank did not account for any significant
variation and was excluded from the final models (mass: RLRT = 1.14 x 1073, p = 0.46; length:

RLRT=0,p=1).



Specific growth rates of fish from each strain and treatment from experiment start to end
are also presented in Table 3. Fish from the Seneca Lake strain had significantly higher growth
rates (Fi180 = 18.64, p = 0.001) than fish from the Slate Islands strain. Independent of strain, fish
fed the control diet had significantly higher growth rates (Fi,30 = 5.62, p = 0.036) than fish fed
the thiaminase diet. The diet X strain interaction term was not significant (F1 30 = 0.74, p = 0.40).
Furthermore, the random effect of tank did not account for any significant variation and was

excluded from the final models (RLRT =0, p =1).

Critical swim speed and probability of recovery

Fish fed the thiaminase diet had a significantly lower critical swim speed than those fed
the control diet (Fi,30 = 6.34, p = 0.027, Fig. 1). This decrease in swim speed also corresponded
to a lower time to reach trial end (mean + SD; control 9.6 == 1.5 min; thiaminase 8.3 £+ 1.7 min).
The fixed effect of body length was also significant in this model, showing that longer fish had
faster critical swim speeds than shorter tish (Fi g0 = 4.00, p = 0.049). Critical swim speed did not
differ significantly between strains (F1,80 = 2.34, p = 0.15, Fig. 1), despite the Seneca Lake fish
being longer than the Slate Islands fish (Table 2). The diet x strain interaction term was not
significant (F1g80 = 0.69, p = 0.42, Fig. 1), indicating that the effect of diet on critical swim speed
was consistent between the two strains. The random effect of tank did not explain any of the

variation in the model (RLRT = 0.94, p = 0.14).

Recovery time of the lake trout post-exhaustive exercise is included in Supplementary
Information Fig. S4. A total of 9 Seneca Lake fish in the control, 5 in the thiaminase treatment, 3
Slate Island fish in the control, and 2 in the thiaminase treatment did not recover. Of the fish that
did recover, the average time (= SD) across strains and treatments to recovery was 624.6 = 206.5

(Seneca Lake control), 904.5 + 621.3 (Seneca Lake thiaminase), 693.6 + 406.6 (Slate Island



control), and 623.8 + 341.9 s (Slate Island thiaminase). Contrary to our expectation, fish fed the
control diet tended to have a lower probability of recovery after the critical speed trials than
those fed the thiaminase diet, but the difference was not statistically significant (z =1.55, df =1,
54, p = 0.12; Fig. 2). The probability of recovery was significantly different between strains with
fish from the Slate Islands strain having a higher probability of recovering from exhaustion than
those from the Seneca Lake strain (Fig. 2; z=2.26, df = 1, 54, p = 0.02). The diet x strain
interaction term was not significant, indicating that the effect of diet type on critical swim speed
did not differ between strains (Fig. 2; z=-0.47, df = 1, 54, p = 0.63). The random effect of tank

did not account for any of the variance in the model.

Morphology and colouration

The morphology landmarks and skin pigmentation PCA loadings and plots are presented
in Supplementary Information Table S1 and figures S5 and S6, respectively. For morphology, we
considered only principal component 1 (PC1) and principal component 2 (PC2) in further
analyses. PC1 and PC2 explained 30.8% and 15.9% of the variation, respectively, and were easily
interpreted biologically. Positive PC1 scores were associated with a deeper dorsal-ventral depth
and more curved body shape whereas positive PC2 scores were associated with a thinner anterior
end and a longer, straighter posterior end. Fish fed the thiaminase diet had shallower dorsal-ventral
depth and were less curved laterally (PC1) than those fed the control diet (Fi,76=4.91, p = 0.04;
Fig. 3A). There was no effect of strain on the dorsal-ventral depth and body curvature (PC1) of
the juvenile lake trout (Fi,76 = 3.50, p = 0.09; Fig. 3A), nor was there a significant diet X strain
interaction (Fi,76 = 1.42, p = 0.26; Fig. 3A), indicating that differences in morphology between
diet types were consistent between the two strains. The random effect of tank did not account for

any of the variance in the model (RLRT = 0.03, p = 0.38).



While diet type affected body depth and curvature, it did not appear to affect anterior
thickness and posterior length (PC2; F176= 0.14, p = 0.71; Fig. 3B). Lake trout from the Slate
Islands strain had a significantly thinner anterior end and a longer posterior end than those from
the Seneca Lake strain (Fi1,76=31.79, p < 0.001; Fig. 3B). The diet x strain interaction term was
not significant (F176 = 1.40, p = 0.26, Fig. 3B). The random effect of tank did not explain any of

the variation in the model (RLRT = 0.81, p = 0.15).

Examples of the colouration of lake trout in this study can be found in Supplementary
Information 1 Fig. S7. For skin pigmentation, we performed further analyses and interpretation on
principal components 1 (PC1), 2 (PC2), and 3 (PC3), which explained 30.6%, 25.9%, and 16.0%
of the colour variation among individuals, respectively. PC1 was negatively related to whole-body
whiteness (L colour space). PC2 was associated with more yellow (positive b values) in the lateral,
ventral, peduncle, and caudal regions. PC3 was associated with more green and less red (negative
a values) in the caudal and peduncle body regions. We found that diet type had no influence on
inferred whole-body whiteness (PC1) of lake trout (F1,74=2.51, p =0.14; Fig. 4A). Inferred whole-
body whiteness also did not differ significantly between strains (Fi,74= 2.14, p = 0.17; Fig. 4A),
and there was no significant diet x strain interaction (F174= 0.56, p = 0.46; Fig. 4A). The random

effect of tank accounted for 32 % of the variance in the model (RLRT = 7.75, p = 0.003).

Raw B (blue pigmentation) colour space values are included in Supplementary Information
Fig. S8. Fish fed the thiaminase diet had more yellow colouration in the lateral, ventral, peduncle,
and caudal regions (inferred from PC2) than those fed the control diet (F1,74=5.01, p = 0.048; Fig.
4B). Inferred yellow colouration also differed significantly between strains (F1,74= 6.43, p = 0.03;
Fig. 4B); lake trout from the Slate Islands strain had more yellow colouration than those from the

Seneca Lake strain. The interaction term was not statistically significant, indicating that effects of



diet-type on yellow colouration were consistent between the two strains (Fi,74 = 3.57, p = 0.08,
Fig. 4B). the random effect of tank did not explain any of the variation in the model (RLRT =1.13

x 1073, p = 0.45).

Raw R (red) and a (green-red) colour space values are included in Supplementary
Information Fig. S8. There was a significant effect of diet type on the red colouration of lake trout
(inferred from PC3; F1,74=5.72, p = 0.03, Fig. 4c). Anecdotally, individuals from the Seneca Lake
strain in the control diet treatment appeared visually redder in colouration than those from the
Slate Islands strain, especially in the caudal and fin areas (Supplementary Information Fig. S7).
The diet x strain interaction term was significant, indicating that effect of diet type on red
colouration did differ significantly between the two strains (Fi74 = 6.92, p = 0.02, Fig. 4C). Lake
trout from the Slate Islands strain were greener in colour than those from the Seneca Lake strain
(F1,74=33.31, p <0.001; Fig. 4C). The random effect of tank did not explain any of the variation

in the model (RLRT =0, p =1).



Discussion

A diet containing thiaminase has been reported to cause decreases in the swimming

29,30

performance of salmonines and other fishes (e.g., eels; !7). We similarly found a decline in

critical swim speed, a measurement of swimming performance, in both strains of juvenile lake

1.18

trout fed the thiaminase diet. These results are consistent with those of Houde et al."® who found

a decrease in critical swim speed in Atlantic salmon fed a thiaminase-containing diet. Our results

are also consistent with those of Morito et al.!”

, who reported a decrease in swimming performance
in thiamine-deficient rainbow trout. A thiaminase-induced decline in swimming performance was
previously thought to reflect either a decrease in ATP production, as thiamine enables pyruvate to
enter the citric acid cycle to produce ATP?%, or an increase in plasma lactate that affects muscular
performance, which has been observed in juvenile rainbow trout?**”. Recently, Baker et al.!! found
a change in heart morphology and a decrease in cardiac function in lake trout fed the same
thiaminase diet used in our study. A decrease in cardiac performance in fish fed the high-
thiaminase diet may thus aiso contribute to the decline in swimming performance that we
observed, as cardiac output has been directly linked to swimming performance in salmonines®®.
Lake trout employ vertical and horizontal cruising to locate prey throughout the water column®
and in large lakes, will make long distance movements from spawning locations to foraging
ranges®’. Furthermore, juvenile lake trout rely on physical separation (e.g., vertical migrations)
that requires swimming performance to avoid predators®. Thus, a reduction in swimming

performance of lake trout feeding on high-thiaminase prey fishes could reduce their ability to

capture prey and avoid predation, ultimately reducing their survival in the wild.

Exhaustive exercise leads to an accumulation of lactic acid during exercise, and

concomitant increases in hydrogen ions and acidosis in muscles are considered a major cause of



fatigue (reviewed by *°). Previous studies have reported a decrease in lactic and pyruvate following
thiamine supplementation®® and deficiencies in thiamine are associated with elevated lactic acid
levels®>*. Thiamine supplementation has been associated with decreased recovery time and
decreased muscular fatigue in mammals*!. Contrary to our prediction, however, a decrease in
swimming performance was not associated with a decrease in the probability of recovery, and we
found no difference in the probability in recovery after exhaustive exercise between fish fed our
two diets. This observation could be explained by the inability of fish fed the thiaminase diet to
maintain high swim speeds and thus may be an artefact of the critical swim speed protocol.
Specifically, the thiamine-deficient fish had lower critical swim speeds and remained in the critical
swim speed trial for an average of 1.3 minutes less than their control counterparts so may not have
exerted themselves as much as their thiamine replete counterpaits. Indeed, thiamine deficiency
has been associated with a decrease in Ca- and Mg-activated ATPase, as well as a decrease in
neuromuscular transmission, with resulting decreased muscle contraction activity®®>. A similar
mechanism could have prevented the thiamine-deficient fish from reaching aerobic failure and

allowed them to have similar probabilities of recovery as fish fed the control diet.

Thiamine deficiency has previously been shown to cause changes in body appearance in
salmonines®**. We found that juvenile lake trout had a trend towards increased whole body
lightening and increased yellow body pigmentation when fed a high-thiaminase diet. We also
found a strain-specific change in red pigmentation; fish from the Seneca Lake strain had more
green pigmentation whereas those from the Slate Islands strain had more red pigmentation when
fed a diet high in thiaminase. Our results are consistent with Houde et al.** who reported a trend
of increased whole body lightening of Atlantic salmon fed a high thiaminase diet. Body

depigmentation (lightening) can occur in thiamine-deficient fish’® because thiamine plays a role



in melanogenesis®’. Specifically, it modulates the tyrosine-tyrosinase reaction’’ and also has an

indirect role by providing NADPH and ATP to melanocytes’®.

1.3%, who found a decrease in yellow

Our results contrast those of Houde et a
pigmentation. There, the authors attributed the decrease in yellow pigmentation to the amount of
the carotenoid idoxanthin®, a metabolite of astaxanthin, an antioxidant whose concentrations
may decline under thiamine deficiency due to oxidative stress!°»1°!, The increase in yellow
pigmentation found here may instead be the result of jaundice, which has been previously
observed in fish'>!%, Jaundice is a symptom of hepatic dysfunction which is associated with
thiamine deficiency mediated lactic acidosis!**!%°, Further evidence to support this mechanism
comes from the combined observation of decreased swim performance, as lactate acidosis is both
a mechanism behind the reduced capacity for activity’! and a symptom of hepatic dysfunction'®.
Additionally, an increase in yellow pigmentation may suggest a decrease in cardiac function (see
Baker et al.'!), which can decrease blood flow to the liver, ultimately reducing bilirubin
clearance and causing jaundice'". Decreased heart function may also explain the decrease in red
pigmentation in the Seneca Lake fish fed a diet high in thiaminase as decreased blood flow to the
periphery would decrease the reddening of the skin after exhaustive exercise. Indeed, the greatest
difference in red colouration in Seneca strain fish was found in the fin. Vasoconstriction and

reduced peripheral blood flow has been found in thiamine deficient mammals!'%”-1%% although

more research is needed in fish.

A diet high in bacterially derived thiaminase may alter the morphology of lake trout.
Lake trout had a shallower ventral-dorsal depth and were less curved laterally when fed the

thiaminase diet, and this was observed in both strains. These results differ from those of Houde

1.30

et al.”” who found a general trend of a less streamlined body shape (lateral compression, deeper



ventral-dorsal depth) in Atlantic salmon fed a diet high in thiaminase. A less streamlined body
shape is thought to be related to reduced swimming activity** whereas an increase in a
streamlined body shape and decreased ventral-dorsal depth may be related to a drop in condition
because of a lower growth rate. Indeed, we found that fish from both the Seneca Lake and Slate
Island strains that were fed the thiaminase diet had lower growth rates than those fed the control
diet. In brown trout (Sal/mo trutta [Linnaeus, 1758]) and cisco (Coregonus artedi [Lesueur,
1818]), decreased body depth was associated with decreased survival as a result of increase
susceptibility to large-gape predators*>»!%°. Thus, in lake trout, the decrease in ventral-dorsal

depth may also reduce survival in the wild.

Finally, our results have implications for the restoration of iake trout, particularly in Lake
Ontario. Strain-targeted stocking programs present a possible solution to reduce the incidence of
thiaminase-related health effects of lake trout in the wild. We found that fish from the Seneca
Lake strain fed the high-thiaminase dict bad more yellow and less red pigmentation, potentially
reflecting thiamine deficiency-induced cardiac impairment, compared to those from the Slate
Islands strain. Fish from the Slate Islands strain may perform better in the Lake Ontario
environment if the changes in colouration are indicative of cardiac capacity, but further research
is needed to confirm this. Furthermore, Slate Islands fish had a higher probability of recovery
post-exhaustive exercise and a trend towards faster swimming speeds (at a given size), which
could provide an advantage in Lake Ontario, where feeding ranges are known to reach up to

4000 km? ¥,

Conclusion



The consumption of thiaminase is thought to affect the swimming performance and
morphology of fishes, traits important for fitness in the wild. Here, we confirmed the negative
effects of diet-derived thiaminase on critical swim speed, morphology through decreased ventral-
dorsal depth, and colouration, and — except for colouration — these effects did not differ between
the two strains. Fish from the Seneca Lake strain had decreased red pigmentation when fed the
thiaminase diet than when fed the control; no difference was found between diets fed to the Slate
Island strain. Taken altogether, these findings refute our prediction of an adaptive response to
thiaminase through historical exposure to high thiaminase prey and suggest that the Slate Islands
strain may be better able to mitigate the effects of diet-derived thiaminase and help increase the

success of lake trout restoration into Lake Ontario.



Author statements

Acknowledgments

We would like to thank the Ontario Ministry of Natural Resources Chatsworth Fish Culture
Station for rearing and providing the lake trout. We would also like to thank laboratory assistants
Kevin Adeli, Melody Zhao, and Lilian Yeung for their contributions. We also thank Jason Intini

for his advice on animal care and Trevor Pitcher for lending us his swim flume.

Competing interests

The authors declare no competing interests.

Author contributions

C.T., B.N. and S.G. all helped conceive the original idea and methodology. C.T. collected the
data, conducted data processing, and drafted the manuscript. P.B. also helped carry out the swim
flume trials. C.T., P.B., and S.G. all helped with animal husbandry. C.T. and H.K.S. contributed
to data analysis. All authors discussed the results and contributed to the final manuscript.

Supervision was provided by H.K.S. and B.N.

Funding

Funding for this project was provided by an NSERC Discovery Grant to B.N., an NSERC Create
Grant (FishCAST) to B.N., a pilot grant from the Great Lakes Fishery Commission to B.N., and

an NSERC PGS D scholarship to C.T.

Data availability



All data generated or analysed during this study are included in this published article and its

supplementary information files.



References

1. Monteverde, D. R., Gébmez-Consarnau, L., Suffridge, C. & Safiudo-Wilhelmy, S. A. Life’s
utilization of B vitamins on early Earth. Geobiology 15, 3—-18 (2017).

2. Bettendorf, L. Thiamine. in Handbook of vitamins (eds Zempleni, J., Suttie, J. W., Gregory,
J. F. I. & Stover, P. J.) 267-324 (Boca Raton, F1, 2013).

3. Ba, A. Metabolic and structural role of thiamine in nervous tissues. Cell. Mol. Neurobiol.
28, 923-931 (2008).

4.  Ottinger, C. A., Honeyfield, D. C., Densmore, C. L. & Iwanowicz, L. R. In vitro immune
functions in thiamine-replete and -depleted lake trout (Salvelinus namaycush). Fish.
Shellfish Immun. 38, 211-220 (2014).

5. Romanenko, A. V., Gnatenko, V. M. & Vladimirova, I. A. Effect of thiamine on
neuromuscular transmission in smooth muscles. Neurophysiology 26, 370-377 (1994).

6. Manzetti, S., Zhang, J. & van der Spoel, D. Thiamin function, metabolism, uptake, and
transport. Biochemistry 53, 821-835 (2014).

7. Casteels, M., Sniekers, M., Fraccascia, P., Mannaerts, G. P. & Van Veldhoven, P. P. The
role of 2-hydroxyacyl-CoA lyase, a thiamin pyrophosphate-dependent enzyme, in the
peroxisomal metabolism of 3-methyl-branched fatty acids and 2-hydroxy straight-chain
fatty acids. Biochem. Soc. Trans. 35, 876—880 (2007).

8.  Bettendorff, L. & Wins, P. Biological functions of thiamine derivatives: focus on non-
coenzyme roles. OA Biochem. 1, (2013).

9.  Whitfield, K. C. ef al. Thiamine deficiency disorders: diagnosis, prevalence, and a roadmap

for global control programs. Ann. N. Y. Acad. Sci. 1430, 3—43 (2018).



10.

11.

12.

13.

14.

15.

16.

17.

18.

Riley, S. C. & Evans, A. N. Phylogenetic and ecological characteristics associated with
thiaminase activity in Laurentian Great Lakes fishes. Trans. Am. Fish. Soc. 137, 147-157
(2008).

Baker, P. M., Therrien, C. A., Muir, C. A., Garner, S. R. & Neff, B. D. Dietary thiaminase
impairs cardiac function and increases heart size in lake trout (Salvelinus namaycush
(Walbaum in Artedi, 1792)). Can. J. Zool. 101, 764775 (2023).

Roman-Campos, D. & Cruz, J. S. Current aspects of thiamine deficiency on heart function.
Life Sci. 98, 1-5 (2014).

Kril, J. J. Neuropathology of thiamine deficiency disorders. Metab. Brain Dis. 11, 9-17
(1996).

Harder, A. M. et al. Thiamine deficiency in fishes: causes, consequences, and potential
solutions. Rev. Fish. Biol. Fisheries 28, 865—886 (2018).

Fisher, J. P., Fitzsimons, J. D., Combs JIr., G. F. & Spitsbergen, J. M. Naturally occurring
thiamine deficiency causing reproductive failure in Finger Lakes Atlantic salmon and Great
Lakes lake trout. Trans. Am. Fish. Soc. 125, 167-178 (1996).

Sepulveda, M. S. et al. Organochlorine pesticides and thiamine in eggs of largemouth bass
and American alligators and their relationship with early life-stage mortality. J. Wild. Dis.
40, 782-786 (2004).

Balk, L. ef al. Widespread episodic thiamine deficiency in Northern Hemisphere wildlife.
Sci. Rep. 6,38821 (2016).

Gilbert, N. Deadly deficiency at the heart of an environmental mystery. Proc. Natl. Acad.

Sci. 115, 10532-10536 (2018).



19.

20.

21.

22.

23.

24.

25.

26.

Fitzsimons, J. D. & Brown, S. B. Reduced egg thiamine levels in inland and Great Lakes
lake trout and their relationship with diet. American Fisheries Society Symposium 21, 160—
171 (1998).

Wolf, L. E. Fish-diet disease of trout: a vitamin deficiency produced by diets containing
raw fish. New York State Conservation Department, Bureau of Fish Culture (1942).
Honeyfield, D. C. et al. Development of thiamine deficiencies and early mortality
syndrome in lake trout by feeding experimental and feral fish diets containing thiaminase.
J. Aquat. Anim. Health 17, 4—12 (2005).

Honeyfield, D. C., Tillitt, D. E., Fitzsimons, J. D. & Brown, S. B. Variation in Lake
Michigan alewife (Alosa pseudoharengus) thiaminase and fattv acids composition. J.
Freshw. Ecol. 25, 65-71 (2010).

Campobasso, N., Costello, C. A., Kinsland, C., Begley, T. P. & Ealick, S. E. Crystal
structure of thiaminase-1 from Bacillus thiaminolyticus at 2.0 A resolution. Biochemistry
37, 15981-15989 (1998).

Fisher, J. P., Spitsbergen, J. M., lamonte, T., Little, E. E. & Delonay, A. Pathological and
behavioral manifestations of the “Cayuga Syndrome,” a thiamine deficiency in larval
landlocked Atlantic salmon. J. Aquat. Anim. Health 7, 269-283 (1995).

Marcquenski, S. V. & Brown, S. Early mortality syndrome (EMS) in salmonid fishes from
the Great Lakes. in Chemically induced alterations in functional development and
reproduction of fishes (eds Rolland, R. M., Gilbertson, M. & Peterson, R. E.) 135-152
(SETAC Press, Pensacola, Fl, 1997).

Amcoff, P., Borjeson, H., Lindeberg, J. & Norrgren, L. Thiamine concentrations in feral

Baltic salmon exhibiting the M74 syndrome. in Early life stage mortality syndrome in fishes



27.

28.

29.

30.

31.

32.

33.

34.

of the Great Lakes and Baltic Sea (eds McDonald, D. G., Fitzsimons, J. D. & Honeyfield,
D. C.) 82—-89 (American Fisheries Society, Bethesda, Maryland, 1998).

Ketola, H. G. et al. Thiamine status of Cayuga Lake rainbow trout and its influence on
spawning migration. N. Am. J. Fish. Man. 25, 1281-1287 (2005).

Fitzsimons, J. D. et al. Influence of thiamine deficiency on lake trout larval growth,
foraging, and predator avoidance. J. Aquat. Anim. Health 21, 302-314 (2009).

Morito, C. L. H., Conrad, D. H. & Hilton, J. W. The thiamin deficiency signs and
requirement of rainbow trout (Salmo gairdneri, Richardson). Fish. Physiol. Biochem. 1, 93—
104 (1986).

Houde, A. L. S., Saez, P. J., Wilson, C. C., Bureau, D. P. & Neff, B. D. Effects of feeding
high dietary thiaminase to sub-adult Atlantic salmon trom three populations. J. Great Lakes
Res. 41, 898-906 (2015).

Donnelly, W. A. & and Whoriskey Jr., . G. Background-color acclimation of brook trout
for crypsis reduces risk of predation by hooded mergansers Lophodytes cucullatus. N. Am.
J. Fish. Man. 11, 206211 (1991).

Miyamoto, K. Effects of body color luminance and behavioral characteristics on predation
risk in salmonid fishes. Hydrobiologia 783, 249-256 (2016).

Arostegui, M. C. & Quinn, T. P. Ontogenetic and ecotypic variation in the coloration and
morphology of rainbow trout (Oncorhynchus mykiss) in a stream—lake system. Biol. J.
Linn. Soc. 128, 681-699 (2019).

Johnsen, S. & Sosik, H. M. Cryptic coloration and mirrored sides as camouflage strategies
in near-surface pelagic habitats: Implications for foraging and predator avoidance.

Limnol.Oceanogr. 48, 1277-1288 (2003).



35.

36.

37.

38.

39.

40.

41.

42.

43.

Gygax, M., Rentsch, A. K., Rudman, S. M. & Rennison, D. J. Differential predation alters
pigmentation in threespine stickleback (Gasterosteus aculeatus). J. Evol. Biol. 31, 1589—
1598 (2018).

Adeli, K. A. et al. Consumption of non-native rainbow smelt (Osmerus mordax) is
associated with changes in the heart morphology of wild lake trout (Salvelinus namaycush).
Can. J. Zool. (2024) doi:10.1139/cjz-2024-0069.

Engbers, J. G., Molhoek, G. P. & Arntzenius, A. C. Shoshin beriberi: a rare diagnostic
problem. Heart 51, 581-582 (1984).

Barennes, H., Sengkhamyong, K., René, J. P. & Phimmasane, M. Beriberi (thiamine
deficiency) and high infant mortality in Northern Laos. PLOS Neglect. Trop. D. 9,
€0003581 (2015).

Nozaki, S. ef al. Thiamine tetrahydrofurfuryl disulfide improves energy metabolism and
physical performance during physical-fatigue loading in rats. Nutr. Res. 29, 867-872
(2009).

Choi, S.-K., Baek, S.-H. & Choi, S.-W. The effects of endurance training and thiamine
supplementation on anti-fatigue during exercise. J. Exerc. Nutr. Biochem. 17, 189—198
(2013).

Suzuki, M. & Itokawa, Y. Effects of thiamine supplementation on exercise-induced fatigue.
Metab. Brain Dis. 11, 95-106 (1996).

Plaut, I. Critical swimming speed: its ecological relevance. Comp. Biochem. Physiol. A 131,
41-50 (2001).

Hyvérinen, P. & Vehanen, T. Effect of brown trout body size on post-stocking survival and

pike predation. Ecol. Freshw. Fish 13, 77-84 (2004).



44,

45.

46.

47.

48.

49.

50.

51.

52.

Taylor, E. B. & and McPhail, J. D. Burst swimming and size-related predation of newly
emerged coho salmon Oncorhynchus kisutch. Trans. Am. Fish. Soc. 114, 546551 (1985).
Day, T. & McPhalil, J. D. The effect of behavioural and morphological plasticity on
foraging efficiency in the threespine stickleback (Gasterosteus sp.). Oecologia 108, 380—
388 (1996).

Chivers, D. P., Zhao, X., Brown, G. E., Marchant, T. A. & Ferrari, M. C. O. Predator-
induced changes in morphology of a prey fish: the effects of food level and temporal
frequency of predation risk. Evol. Ecol. 22, 561-574 (2008).

Rodgers, G. M., Gladman, N. W., Corless, H. F. & Morrell, L. J. Costs of colour change in
fish: food intake and behavioural decisions. J. Exp. Biol. 216, 2760--2767 (2013).
Morrison, B. P. Chronology of Lake Ontario ecosystem and tisheries. Aquat. Ecosyst.
Health Manag. 22, 294-304 (2019).

Lantry, J. R., Schaner, T. & Copeland, 1. A Management Strategy for the Restoration of
Lake Trout in Lake Ontario, 2014 Update. Great Lakes Fishery Commission (2014).
Tillitt, D. E. et al. Thiamine and thiaminase status in forage fish of salmonines from Lake
Michigan. J. Aquat. Anim. Health 17, 13-25 (2005).

Mumby, J. A. et al. Diet and trophic niche space and overlap of Lake Ontario salmonid
species using stable isotopes and stomach contents. J. Great Lakes Res. 44, 1383—1392
(2018).

Kornis, M. S., Bunnell, D. B., Swanson, H. K. & Bronte, C. R. Spatiotemporal patterns in
trophic niche overlap among five salmonines in Lake Michigan, USA. Can. J. Fish. Aquat.

Sci. 77, 1059-1075 (2020).



53.

54.

55.

56.

57.

38.

59.

60.

61.

Nawrocki, B. M., Metcalfe, B. W., Holden, J. P., Lantry, B. F. & Johnson, T. B. Spatial and
temporal variability in lake trout diets in Lake Ontario as revealed by stomach contents and
stable isotopes. J. Great Lakes Res. 48, 392403 (2022).

Honeyfield, D. C., Hinterkopf, J. P. & Brown, S. B. Isolation of thiaminase-positive
bacteria from alewife. Trans. Am. Fish. Soc. 131, 171-175 (2002).

Richter, C. A., Evans, A. N., Heppell, S. A., Zajicek, J. L. & Tillitt, D. E. Genetic basis of
thiaminase I activity in a vertebrate, zebrafish Danio rerio. Sci. Rep. 13, 698 (2023).
Rowland, F. E., Richter, C. A., Tillitt, D. E. & Walters, D. M. Evolutionary and ecological
correlates of thiaminase in fishes. Sci. Rep. 13, 18147 (2023).

Odell, T. T. The life history and ecological relationships of the alewife (Pomolobus
Pseudoharengus - Wilson) in Seneca Lake, New York. Trans. Am. Fish. Soc. 64, 118—126
(1934).

Bronte, C. R. & Hoff, M. H. Population Status and Trends for Lake Superior Forage
Fishes, 1978-95. Great Lakes Fishery Commission, Ann Arbor, Mich. (1996).

Fitzsimons, J. D., Brown, S. B. & El-Shaarawi, A. H. Reduced thiamine utilization by
Seneca Lake lake trout embryos and potential implications to restoration of lake trout in the
Great Lakes. Environ. Biol. Fish. 104, 751-766 (2021).

Bronte, C. R. et al. Fish community change in Lake Superior, 1970-2000. Can. J. Fish.
Aquat. Sci. 60, 15521574 (2003).

Lantry, B. F. et al. Lake Trout Rehabilitation in Lake Ontario, 2019. NYSDEC Lake

Ontario Annual Report no. 2019 (2019).



62.

63.

64.

65.

66.

67.

68.

69.

Rogers, M. W., Markham, J. L., MacDougall, T., Murray, C. & Vandergoot, C. S. Life
history and ecological characteristics of humper and lean ecotypes of lake trout stocked in
Lake Erie. Hydrobiologia 840, 363-377 (2019).

Larson, W. A. et al. The genetic composition of wild recruits in a recovering lake trout
population in Lake Michigan. Can. J. Fish. Aquat. Sci. 78, 286—300 (2021).

Ebener, M. P., Bence, J. R., Clark, R. D. & Scribner, K. T. Using strain-specific genetic
information to estimate the reproductive potential of lake trout spawning biomass in
southern Lake Michigan. J. Great Lakes Res. 51, 102461 (2025).

Vogel, J. L. & Beauchamp, D. A. Effects of light, prey size, and turbidity on reaction
distances of lake trout (Salvelinus namaycush) to salmonid prey. Can. J. Fish. Aquat. Sci.
56, 1293-1297 (1999).

Holbrook, B. V., Hrabik, T. R., Branstrator, D). K. & Mensinger, A. F. Foraging
mechanisms of age-0 lake trout (Salvelinus namaycush). J. Great Lakes Res. 39, 128—137
(2013).

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M. & Altman, D. G. Animal research:
Reporting in vivo experiments: The ARRIVE guidelines. Br. J. Pharmacol. 160, 1577—
1579 (2010).

Therrien, C. A. et al. The effect of diet-derived thiaminase on survival, growth, and liver
transketolase activity in two strains of lake trout (Salvelinus namaycush). J. Great Lakes
Res. 102689: doi:10.1016/].jglr.2025.102689. (2025).

Mitchell, K. T. et al. Effects of a low-thiamine diet on reproductive traits in three
populations of Atlantic salmon targeted for reintroduction into Lake Ontario. Can. J. Fish.

Aquat. Sci. 78, 135-143 (2021).



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Colborne, S. F., Bellemare, M. C., Peres-Neto, P. R. & Neff, B. D. Morphological and
swim performance variation among reproductive tactics of bluegill sunfish (Lepomis
macrochirus). Can. J. Fish. Aquat. Sci. 68, 1802—1810 (2011).

Lee-Jenkins, S. S. Y., Binder, T. R., Karch, A. P. & McDonald, D. G. The recovery of
locomotory activity following exhaustive exercise in juvenile rainbow trout (Oncorhynchus
mykiss). Physiol. Biochem. Zool. 80, 88-98 (2007).

Ricker, W. E. Computation and interpretation of biological statistics of fish populations.
Bull. Fish. Res. Board Can. 191, 1-382 (1975).

Muir, A. M., Vecsei, P. & Krueger, C. C. A perspective on perspectives: methods to reduce
variation in shape analysis of digital images. Trans. Am. Fish. Soc. 141, 1161-1170 (2012).
Perreault-Payette, A. et al. Investigating the extent of paraliclism in morphological and
genomic divergence among lake trout ecotypes 10 Lake Superior. Mol. Ecol. 26, 1477-1497
(2017).

Villafuerte, R. & Negro, J. J. Digital imaging for colour measurement in ecological
research. Ecol. Lett. 1, 151—154 (1998).

Autodesk. Revit. version 21.0 https://www.autodesk.com/ca-en/products/revit (2017).
Rohlf, F. J. TpsDig. version 1.31. Department of Ecology and Evolution, State University
of New York at Stony Brook. https://www.sbmorphometrics.org/soft-tps.html (2008).
Rohlf, F. The tps series of software. Hystrix 26, (2015).

Rohlf, F. J. TpsRelw. version 2.32. Department of Ecology and Evolution, State University
of New York at Stony Brook (2009).

Klingenber, C. P. Morphol: an integrated software package for geometric morphometrics.

Mol. Ecol. Res. 11, 353-357 (2011).



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

R core team. R: A language and environment for statistical computing. R foundation for
statistical computing (2024).

R Core Team. The R graphics devices and support for colours and fonts. (2024).

Bates, D., Maechler, M., Bolker, B. & Walker, S. Ime4: linear mixed-effects models using
‘Eigen’ and S4. (2023).

Scheipl, F. & Bolker, B. Exact (restricted) likelihood ratio tests for mixed and additive
models. version 3.1-8 https://github.com/fabian-s/RLRsim (2025).

Neff, B. D., Wilson, C. C. & Edwards, K. Effects of Dietary Thiaminase on Two Strains of
Lake Trout. Great Lakes Fishery Commission completion report no. 2020 NEF 441003
(2023).

Koski, P., Backman, C. & Pelkonen, O. Pharmacokinetics of thiamine in female Baltic
salmon (Salmo salar L.) broodfish. Environ. Toxicol. Pharmacol. 19, 139—152 (2005).
Fitzsimons, J. D. et al. The effect of thiamine injection on upstream migration, survival, and
thiamine status of putative thiamine-deficient coho salmon. J. Aquat. Anim. Health 17, 48—
58 (2005).

Claireaux, G. et al. Linking swimming performance, cardiac pumping ability and cardiac
anatomy in rainbow trout. J. Exp. Biol. 208, 1775—-1784 (2005).

Ivanova, S. V., Johnson, T. B., Metcalfe, B. & Fisk, A. T. Spatial distribution of lake trout
(Salvelinus namaycush) across seasonal thermal cycles in a large lake. Freshw. Biol. 66,
615-627 (2021).

Gallagher, C. P., Guzzo, M. M. & Dick, T. A. Seasonal depth and temperature use, and diel
movements of lake trout (Salvelinus namaycush) in a subarctic lake. Arct. Sci. 5, 71-89

(2019).



91.

92.

93.

94.

95.

96.

97.

98.

Wood, C. M. Acid-base and ion balance, metabolism, and their interactions, after
exhaustive exercise in fish. J. Exp. Biol. 160, 285-308 (1991).

Lee, M.-C., Hsu, Y.-J., Shen, S.-Y., Ho, C.-S. & Huang, C.-C. A functional evaluation of
anti-fatigue and exercise performance improvement following vitamin B complex
supplementation in healthy humans, a randomized double-blind trial. Int. J. Med. Sci. 20,
1272-1281 (2023).

van der Beek, E. et al. Thiamin, riboflavin, and vitamins B-6 and C: impact of combined
restricted intake on functional performance in man. Am. J. Clin. Nutr. 48, 1451-1462
(1988).

Agedal, K. J., Steidl, K. E. & Burgess, J. L. An overview of type B lactic acidosis due to
thiamine (B1) deficiency. J. Pediatr. Pharmacol. Ther. 28, 397-408 (2023).

Xu, C. et al. Interactions between dietary carbohydrate and thiamine: implications on the
growth performance and intestinal mitochondrial biogenesis and function of Megalobrama
amblycephala. Br. J. Nutr. 127, 321-334 (2022).

Trzeciak, P. Effects of vitamin B1 (thiamine) deficiency in lake trout (Salvelinus
namaycush) alevins at hatching stage. Comp. Biochem. Physiol. Part A: Mol. Integr.
https://doi.org/10.1016/J.CBPA.2009.06.020 (2009)

Takenouchi, K., Aso, K. & Utsumi, K. Participation of thiamine and riboflavin in the
formation of tyrosine melanin. J. Vitaminol. 6, 308-320 (1960).

Snyman, M., Walsdorf, R. E., Wix, S. N. & Gill, J. G. The metabolism of melanin
synthesis—from melanocytes to melanoma. Pigment Cell Melanoma Res. 37, 438—452

(2024).



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Hatlen, B., Jobling, M. & Bjerkeng, B. Relationships between carotenoid concentration and
colour of fillets of Arctic charr, Salvelinus alpinus (L.), fed astaxanthin. Aquac. Res. 29,
191-202 (1998).

Pettersson, A. & Lignell, A. Astaxanthin deficiency in eggs and fry of Baltic salmon (Salmo
salar) with the M74 syndrome. Ambio. 28, 43—47 (1999).

Lukienko, P. I., Mel’nichenko, N. G., Zverinskii, I. V. & Zabrodskaya, S. V. Antioxidant
properties of thiamine. Bull. Exp. Biol. Med. 130, 874—876 (2000).

Endo, M., Sakai, T., Yamaguchi, T. & Nakajima, H. Pathology of jaundice in the cultured
eel Anguilla japonica. Aquaculture 103, 1-7 (1992).

Sakai, T. et al. Severe oxidative stress is thought to be a principal cause of jaundice of
yellowtail Seriola quinqueradiata. Aquaculture 160, 205214 (1998).

Abbas, M., Shamshad, T., Ashraf, M. & Javaid, R. Jaundice: a basic review. Int. J. Res.
Med. Sci. 4, 1313-1319 (2016) doi:10.18203/2320-6012.ijrms20161196.

De Backer, D. Lactic acidosis. Intensive Care Med. 29, 699-702 (2003).

Shah, S. C. & Sass, D. A. “Cardiac Hepatopathy”: a review of liver dysfunction in heart
failure. Liver Res. Open J. 1, 1-10 (2015).

Gioda, C. R., Capettini, L. S. A., Cruz, J. S. & Lemos, V. S. Thiamine deficiency leads to
reduced nitric oxide production and vascular dysfunction in rats. Nutr. Metab. Cardiovasc.
Dis. 24, 183-188 (2014).

Zhao, Q., Li, M., Chen, L. & Qiu, F. An easily overlooked cause of pulmonary arterial
hypertension—thiamine deficiency. Front. Nutr. 12, (2025).

Jacobson, P. C., Zimmer, K. D., Grow, R. & Eshenroder, R. L. Morphological variation of

cisco across gradients of lake productivity. Trans. Am. Fish. Soc. 149, 462—473 (2020).



Tables

Table 1. Timeline of experiment using lake trout from the Seneca Lake and Slate Islands strains

fed either a control or thiaminase diet.

Date Method Time since
experiment start
18 March 2021 Juvenile (age 1+) transferred from Chatsworth FCS 0
to Western University’s experimental hatchery. Fish
fed commercial fish feed at 2% rations.
14 April 2021 Length and mass measurements, PIT tagging of fish 27
28 April 2021 Feeding of experimental dicts begins at 2% rations 41
with 50% experimental diet and 50% commercial
fish feed
12 May 2021 Feeding of 100% experimental diets at 2% rations 55
begins
20 May 2021 Weighing of fish. Feeding at 2% rations continues 63
18 June 2021 Weighing of fish. Feeding at 2% rations continues 92
23 July 2021 Weighing of fish. Culls to reduce density. Feeding at 127
1.5% rations begins.
27 August 2021 Weighing of fish. Feeding at 1.5% rations continues 162
24 September 2021  Weighing of fish. Feeding at 1.5% rations continues 190




16 October 2021

5 November 2021

3 December 2021

21 December 2021

Fish culled to maintain optimal densities. Feeding at
1% rations begins

Weighing of fish. Feeding at 1% rations continues
Swimming trials begin. Recovery trials and
photographs occur post

Experiment ends

212

232

260

278




Table 2. Sample sizes for each metric measured on lake trout from the Seneca Lake and Slate

Islands strain of lake trout fed either the control or thiaminase experimental diet.

Strain (diet) Critical swim Probability of Morphology  Colouration
speed recovery

Seneca (control) 20 13 18 19

Seneca (thiaminase) 20 13 19 20

Slate (control) 20 13 19 19

Slate (thiaminase) 20 15 20 16

Total 80 54 76 74




Table 3. Initial and final body lengths and masses and specific growth rates (mean + SD) of lake
trout from the Seneca Lake and Slate Islands strains of lake trout fed either the control or

thiaminase experimental diet.

Strain Treatment Experiment start Experiment end Specific
growth rate
Length Mass Length Mass

Seneca Control 13.9+1.5* 251+£8.8" 244+33 164.6=+ 0.71+£0.13
73.5

Thiaminase 13.4+1.0* 22.1+4.8* 222+24 1158+ 0.62+£0.11
44.6

Slate Control 142+£1.9° 273+ 22.1+£3.6 1183+ 0.55+0.10
11.6° 62.8

Thiaminase 14.3+1.7° 26.4+88° 20.9+23 97.9+36.8 0.50+0.13

Note. Length is expressed in cm, mass is expressed in g, and specific growth rate is expressed in
% - day’!. Superscript letters denote homogenous subsets from a t-test analysis (see text).
Differences in length, mass, and specific growth rate at experiment end were examined with
linear mixed models that do not permit post hoc tests. Descriptions of differences are found in

text. The diets were administered for 260 days.



Figure captions

Fig. 1. Critical swim speed (Ucrif) of lake trout from the Seneca Lake and Slate Islands strains fed
either a control (dark grey) or high-thiaminase (light grey) diet for 6 months. Boxplots show the
median and first and third quartiles. Whiskers show minimum and maximum values. Dots
represent outliers according to 1.5 x interquartile range greater than Q3 or smaller than Q1.

Asterisks denote a significant difference (p < 0.05).

Fig. 2. Probability of recovery after failure in the critical swim speed trials of lake trout from the
(A) Seneca Lake and (B) Slate Islands strains fed either a control or thiaminase diet for 6 months.
Dots denote the mean and error bars denote the 95% confidence intervais for each estimate. While
there were no differences between diet groups within each strain, tliere was a significant difference

in the probability of recovery between the Slate Islands and the Seneca Lake strains (p < 0.05).

Fig. 3. Principal components of a PCA performed on 20 morphological landmarks from lake
trout from the Seneca Lake or Slate Islands strains fed either a control or thiaminase diet for 6
months. Positive principal coraponent 1 (PC1; A) scores were associated with a deeper dorsal-
ventral depth and more curved body shape. Positive principal component 2 (PC2; B) scores were
associated with a thinner anterior end and a longer posterior end. Boxplots show the median and
first and third quartiles. Whiskers show minimum and maximum values. Dots represent outliers
according to 1.5 x interquartile range greater than Q3 or smaller than Q1. Asterisks denote a

significant difference (p < 0.05).

Fig. 4. Principal components of the principal component analysis of LAB colour values from 5
body regions on lake trout from the Seneca Lake or Slate Islands strains fed either a control or

thiaminase diet for 6 months. Positive principal component 1 (PC1; A) scores were associated



with darker whole body colour space values, positive principal component 2 (PC2; B) scores
were associated with more yellow whole body colour spaces values, and positive principal
component (PC3; C) scores were associated with a greener peduncle and fin colouration.
Whiskers show minimum and maximum values. Dots represent outliers according to 1.5 x
interquartile range greater than Q3 or smaller than Q1. Asterisks denote a significant difference

(» <0.05).



