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Abstract Thiamine deficiency complex (TDC) is a
disorder resulting from the inability to acquire or
retain thiamine (vitamin B ) and has been documented
in organisms in aquatic ecosystems ranging from the
Baltic Sea to the Laurentian Great Lakes. The
biological mechanisms leading to TDC emergence
may vary among systems, but in fishes, one common
outcome is high mortality among early life stages.
Here, we review the causes and consequences of
thiamine deficiency in fishes and identify potential
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solutions. First, we examine the biochemical and
physiological roles of thiamine in vertebrates and find
that thiamine deficiency consistently results in
impaired neurological function across diverse taxa.
Next, we review natural producers of thiamine, which
include bacteria, fungi, and plants, and suggest that
thiamine is not currently limiting for most animal
species inhabiting natural aquatic environments. A
survey of historic occurrences of thiamine deficiency
identifies consumption of a thiamine-degrading
enzyme, thiaminase, as the primary explanation for
low levels of thiamine in individuals and subsequent
onset of TDC. Lastly, we review conservation and
management strategies for TDC mitigation ranging
from evolutionary rescue to managing for a diverse
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forage base. As recent evidence suggests occurrences
of thiamine deficiency may be increasing in frequency,
increased awareness and a better mechanistic under-
standing of the underlying causes associated with
thiamine deficiency may help prevent further popula-
tion declines.

Keywords Early mortality syndrome - M74 -
Thiaminase - Thiamine deficiency complex

Introduction

Recent studies have revealed an increasing number of
wild fish populations that are deficient in thiamine
(vitamin B), an essential vitamin that is required for a
range of metabolic functions (Bettendorff 2013). Low
levels of thiamine result in a syndrome referred to as
thiamine deficiency complex (TDC; Riley and Evans
2008) that can result in high early life stage mortality
and lead to population declines (Brown et al. 2005b;
Balk et al. 2009, 2016). Thiamine deficiency complex
encompasses all symptoms resulting from thiamine
deficiency at all life stages, including sublethal effects
and direct mortality, and has emerged as a possible
contributor to decreased survival and reduced repro-
ductive success in a variety of fish taxa (Ketola et al.
2000; Brown et al. 2005b; Balk et al. 2016). This
disorder was first documented in salmonine fishes in
the Laurentian Great Lakes in 1968 (Marcquenski and
Brown 1997) and the Baltic Sea in 1974 (Bylund and
Lerche 1995), but the cause of the observed signs was
not recognized as thiamine deficiency until decades
later (Bylund and Lerche 1995; Fitzsimons 1995;
Fisher et al. 1995). Here, we examine the causes and
consequences of TDC by reviewing (1) the molecular
and physiological functions of thiamine, (2) the
natural and artificial sources of thiamine for fishes,
(3) the possible causes and consequences of TDC, and
(4) research needs and questions relevant to thiamine
deficiency.

The geographic and taxonomic distribution of TDC
occurrences has recently broadened, with low
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thiamine concentrations in tissues or eggs now being
documented in previously unaffected populations.
Thiamine deficiency has been most widely studied in
salmonine fishes and has been identified in populations
of lake trout (Salvelinus namaycush), Atlantic salmon
(Salmo salar), Chinook salmon (Oncorhynchus tsha-
wytscha), coho salmon (Oncorhynchus kisutch), steel-
head trout (anadromous Oncorhynchus mykiss), and
brown trout (Salmo trutta) from the Great Lakes and
New York Finger Lakes (Fisher et al. 1995, 1996;
Marcquenski and Brown 1997). Thiamine deficiency
has also been widely reported in Baltic Sea popula-
tions of Atlantic salmon and brown trout (Bengtsson
et al. 1999; Karlsson et al. 1999). Assessments of egg
and tissue thiamine concentrations have been con-
ducted in Alaskan Chinook salmon (Honeyfield et al.
2016) and American eels (Anguilla rostrata) from
Lake Ontario (Fitzsimons et al. 2013), and the results
suggest continued monitoring may be important in
these populations. The broadening geographic distri-
bution of TDC cases may indicate that thiamine
availability is decreasing through decreases in thi-
amine production or increases in thiamine-degrading
pathways in multiple aquatic systems. Alternatively,
increased spatial distribution may reflect increased
awareness of this issue, expanded research on thi-
amine, improved analytical methods for measurement
of thiamine, and, consequently, increased sampling
and detection.

Organisms susceptible to thiamine deficiency are
thiamine auxotrophs (i.e., those that cannot synthesize
thiamine on their own). In aquatic communities,
thiamine is produced by prokaryotes, algae, and
plants, and fishes are presumed to obtain most of their
thiamine via grazing and predation on lower trophic
level sources. Fishes may also obtain thiamine from
symbiotic gut microbes (Ji et al. 1998), as has been
documented in ruminant mammals (Breves et al.
1980, 1981) and insects (Sannino et al. 2018a, b), but
the extent to which fishes exploit thiamine produced
by resident microbiota has not been investigated.

Disruptions of the thiamine-producing community
within an ecosystem could lead to decreased thiamine
availability for consumers such as zooplankton,
macroinvertebrates, and fishes. Changes in abiotic
environmental factors including light availability,
temperature, and salinity have been shown to affect
the thiamine content of several phytoplankton species
capable of synthesizing thiamine (Sylvander et al.
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2013). Although diminished thiamine production at
lower trophic levels could lead to thiamine deficiency
in fishes, decreased production has not been impli-
cated in documented cases of thiamine deficiency, and
most research to date has focused on other causes.

In the Great Lakes, the most widely studied
potential cause of TDC is an enzyme—thiaminase
(specifically, thiaminase I, which is distinct from
another thiamine-degrading enzyme referred to as
thiaminase II or tenA; Jenkins et al. 2007)—that is
present in some prey fishes. Thiaminase I can degrade
thiamine in the gastrointestinal (GI) tract of fishes, and
can ultimately decrease the amount of thiamine
available to individuals consuming thiaminase I-con-
taining prey (Honeyfield et al. 2005; Houde et al.
2015). Recent work demonstrates that thiaminase I in
bacteria salvages precursors from environmental thi-
amine and thiamine analogs to synthesize thiamine
(Sannino et al. 2018a). The surprising involvement of
bacterial thiaminase I in thiamine synthesis, as well as
degradation, is similar to the previously discovered
role of tenA in thiamine salvage and synthesis (Jenkins
et al. 2007). Thiaminase I activity is high in alewife
(Alosa pseudoharengus; Tillitt et al. 2005), a ubiqui-
tous clupeid that invaded the Great Lakes and forms
the primary forage base for a number of vertebrates
(including fishes and birds) (Stewart et al. 1981; Fox
etal. 1990; Weseloh et al. 1995; Madenjian et al. 2002;
Happel et al. 2017). Awareness of the consequences of
thiaminase I consumption has led to detection and
analysis of this enzyme in a wide variety of other taxa
within aquatic food webs, including round goby
(Neogobius melanostomus; Honeyfield et al. 2012)
and dreissenid mussels (Dreissena spp.; Tillitt et al.
2009). Thiaminase I has also been a focus of TDC
research in the Baltic Sea (Karlsson et al. 1999;
Wistbacka et al. 2002), with some correlational data
suggesting that other dietary factors (e.g., fat content,
antioxidant availability) may exacerbate thiaminase
I-induced TDC (Lundstrom et al. 1999b; Pettersson
and Lignell 1999; Keinénen et al. 2012). Regardless of
the proximate cause of TDC, the physiological effects
of thiamine deficiency are consistent among fishes
across systems and are related to the crucial role
thiamine plays in bioenergetic pathways.

Functions of thiamine and its derivatives

Thiamine synthesis by living organisms produces
thiamine monophosphate (TMP) (Bettendorff 2013).
In animals, TMP must first be dephosphorylated to
free thiamine before it can then modified by the
addition of phosphate groups to serve a variety of
physiological functions. Free thiamine and TMP have
no known physiological function (Bettendorff et al.
2014), although free thiamine may act as an antiox-
idant (Lukienko et al. 2000). The addition of two
phosphate groups to TMP yields thiamine triphosphate
(TTP), which is constantly produced at a low rate in
animal cells (Bettendorff et al. 2014). TTP has been
suggested to be important for proper neuron function
(Cooper and Pincus 1979; Bettendorff et al. 1993), but
its precise role(s) in cellular pathways remain unclear
(Bettendorff et al. 2014). By far, the most well-
characterized thiamine derivative is thiamine diphos-
phate (TDP), which serves as a cofactor for 20
enzymes in humans (Widmann et al. 2010).
Enzymes requiring TDP as a cofactor are essential
for metabolism and energy production, catalyzing
reactions in the pentose phosphate pathway and
tricarboxylic acid (TCA) cycle (Fig. 1). With addi-
tional roles in the production of neurotransmitters,
antioxidants, and myelin, TDP-dependent enzymes
are crucial to proper neurological function (Betten-
dorff 2013). In humans, diseases resulting from
thiamine deficiency comprise a spectrum of clinical
presentations, including a syndrome known as ber-
iberi. Cases of beriberi are generally divided into two
categories: “wet” beriberi primarily affects the car-
diovascular system and is accompanied by edema
whereas “dry” beriberi is characterized by peripheral
nervous system impairment (Whitfield et al. 2018).
Severe and prolonged thiamine deficiency can also
lead to the development of Wernicke’s encephalopa-
thy, which is a neurological disorder characterized by
weakness and involuntary movement of eye muscles,
ataxia, and abnormal stance and gait (Sechi and Serra
2007). Wernicke’s encephalopathy is often observed
concurrently with Korsakoff’s psychosis, as indicated
by amnesia, disorientation, and disturbances and
distortions of memory (Harper et al. 1986). These
two disorders are often collectively referred to as
Wernicke—Korsakoff syndrome and are definitively
diagnosed postmortem based on characteristic brain
lesions (Sechi and Serra 2007). Similar lesions have
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Fig. 1 Pathways requiring thiamine diphosphate (TDP) with
TDP-dependent enzymes highlighted in yellow boxes. Arrows
in pathways may represent multiple reactions and intermediates
for the purpose of simplification. The central roles that thiamine
plays in carbohydrate, branched-chain amino acid, and lipid
metabolism are mediated by five thiamine-dependent enzyme
complexes: pyruvate dehydrogenase (PDH), oxoglutarate dehy-
drogenase (OGDH), branched-chain a-ketoacid dehydrogenase
(BCKDH), transketolase (TK), and 2-hydroxyacyl-CoA lyases 1
and 2 (HACL1 and HACL2) (Depeint et al. 2006; Casteels et al.
2007). These five complexes require the active form of thiamine,
thiamine diphosphate (TDP; also referred to as thiamine
pyrophosphate), as a coenzyme. Three of these complexes—
PDH, OGDH, and BCKDH—catalyze oxidative decarboxyla-
tion of a-ketoacids to produce CO, during the tricarboxylic acid
(TCA) cycle, and are therefore central to mitochondrial energy
production (Depeint et al. 2006). Specifically, PDH is also

been described in thiamine-deficient Atlantic salmon
and lake trout, with severity of brain tissue necrosis
increasing with disease progression (Lundstrom et al.
1999a; Lee et al. 2009). Furthermore, the neurological
signs of Wernicke—Korsakoff syndrome in humans
(e.g., abnormal stance and gait) are analogous to

@ Springer

necessary for the production of the neurotransmitter aceto-
choline and of myelin, the insulating substance that coats
neurons. OGDH is required for production of two other
neurotransmitters, glutamate and y-aminobutryic acid (GABA).
TK catalyzes the first and last steps of the pentose phosphate
pathway, linking the pathway to glycolysis (Bettendorff 2013).
Among other products, the pentose phosphate pathway gener-
ates fatty acids, ribose for nucleic acid synthesis, and
glutathione, which is a major endogenous antioxidant (Depeint
et al. 2006). HACL1 and 2 catalyze a-oxidation of fatty acids in
the peroxisome and endoplasmic reticulum, respectively (Cas-
teels et al. 2007; Kitamura et al. 2017). By facilitating o-
oxidation, HACLs are suspected to aid in maintaining home-
ostasis of a specific group of fatty acids important in the
formation and maintenance of the myelin sheath (Kitamura et al.
2017)

behavioral signs of TDC in juvenile and adult
salmonine fishes (e.g., inability to remain upright,
ataxia, corkscrew swimming patterns, lethargy; Fisher
et al. 1995; Brown et al. 2005c; Fitzsimons et al.
2005a), suggesting that the pathology of thiamine
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deficiency may reflect conserved TDP-dependent
enzyme functions across diverse vertebrate taxa.

Natural and artificial thiamine sources
Production and availability of thiamine

All fishes acquire thiamine through intestinal absorp-
tion. This thiamine is synthesized by bacteria and
algae in the aquatic environment, consumed by
planktivorous fishes, and later transferred via pis-
civory. Thiamine content in Great Lakes forage fishes
varies seasonally and annually among species and
locations, but does not seem to be limiting in any
forage species under any particular environmental
condition or set of conditions (Fitzsimons et al. 2005b;
Tillitt et al. 2005). Thiamine may also be produced by
resident microbiota in the GI tracts of fish. An
experimental feeding study conducted in lake trout
suggests that as much as 81% of thiamine present in
the posterior portion of the intestine may be of non-
dietary origin (i.e., synthesized by gut microbiota) (Ji
et al. 1998). Gut microbes may therefore provide
thiamine to their hosts, but the degree to which non-
dietary (synthesized) sources of thiamine are absorbed
by posterior intestinal tissues is unknown. If fishes do
receive substantial amounts of thiamine from resident
microbes, perturbations of gut microbial communities
could influence thiamine availability for the host fish,
but little is known on this subject.

Environmental (i.e., non-dietary) sources of thi-
amine may also be available to fishes. Degradation of
any cellular material likely releases intact cellular
thiamine, but longevity of free thiamine in natural
waters is unknown. Assessment of thiamine concen-
trations in a marine system suggest that concentrations
are generally low in the water column (30-280 pM)
but can be much higher in sediment pore water
(30-770 pM) (Monteverde et al. 2015). In shallow
aquatic environments where mixing is prevalent,
thiamine may readily diffuse out of the sediment.
High benthic concentrations of thiamine may be
particularly important for salmonines and many other
fish species that incubate their eggs in and on
freshwater sediments. Thiamine absorption across
the chorion once the egg is water-hardened has not
been observed or reported, but free embryos are
capable of absorbing thiamine from water (see
Thiamine therapies: hatchery treatments below). If

benthic concentrations of aqueous thiamine are suffi-
cient, 4-6 weeks residence of free embryos in spawn-
ing substrate after hatching may allow embryos to
absorb enough thiamine to mitigate deficiency.

Thiamine therapies: hatchery treatments

Several effective methods of thiamine supplementa-
tion have been developed for multiple salmonine life
stages. The method most commonly employed in
hatcheries is the immersion of fertilized eggs in
thiamine solution during water hardening (Wooster
et al. 2000), the developmental stage where eggs
absorb water and the egg membrane becomes rigid.
Immersing Atlantic salmon eggs in a 1% thiamine
hydrochloride (HCI) solution can yield a 14-fold
increase in sac fry total thiamine concentration over
untreated control fry (untreated: 0.625 nmol/g; trea-
ted: 8.706 nmol/g) (Wooster et al. 2000). The magni-
tude of increase in egg thiamine concentration is
dosage-dependent; treating with higher concentrations
of thiamine in an immersion bath results in a greater
magnitude of increase in egg thiamine concentration
(e.g., treatment with a 0.1% thiamine HCI solution
results in a threefold increase in sac fry total thiamine;
untreated: 0.625 nmol/g; treated: 1.845 nmol/g)
(Wooster et al. 2000).

Treating individuals at the egg stage is more
logistically tractable than at later developmental
stages. In hatcheries that rear salmonines, fertilized
eggs are often treated with an iodophor solution to
prevent the spread of viral hemorrhagic septicemia
(VHS) (Amend and Pietsch 1972). Hatchery biosafety
protocols typically require that eggs be treated with
iodophor solution first, followed by thiamine HCI (K.
Kelsey, personal communication), and this series
could lead to the degradation of thiamine by residual
iodophor solution if the solution adheres to the eggs or
if disinfected eggs are not thoroughly rinsed. lodophor
treatment also delays thiamine treatment and may
limit the amount of thiamine that can be absorbed by
eggs prior to chorion hardening. The possibility for
iodophor—thiamine interactions has led to increased
interest in thiamine treatments designed for fry and
adult stages.

Thiamine-deficient fry may be treated with yolk sac
thiamine injections or immersion in a 1% thiamine
HCl bath for 1 h; both approaches have been shown to
effectively eliminate TDC-related mortalities (Fisher
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etal. 1996; Wooster et al. 2000; Lee et al. 2009). These
studies show that fry absorb aqueous thiamine, and gill
tissues are plausible sites of thiamine absorption from
the environment. However, whether gill epithelial
cells transport thiamine from the environment across
the cell membrane is unknown, and this route of
uptake has yet to be experimentally demonstrated. One
risk of treatment at the sac fry stage is the potential for
sublethal effects resulting from short-term thiamine
deficiency, but this mechanism has not been investi-
gated in fishes (Mimouni-Bloch et al. 2014) (see
Lethal and sublethal effects in fry below).

Although egg or fry immersion is an easy method of
treating large numbers of individuals simultaneously,
injection of prespawn females can achieve far greater
increases in offspring thiamine concentrations (Ketola
et al. 2000). Injection of prespawn coho salmon
females with 50 mg thiamine HCl/kg body mass
(hereafter, mg/kg) ~ 1 month prior to spawning can
result in a 28-fold increase in egg total thiamine
concentration relative to eggs from untreated females
(untreated: 0.767 nmol/g; treated: 21.925 nmol/g)
(Fitzsimons et al. 2005a). In systems with small
numbers of returning females, or where females will
be released to spawn in the natural environment,
injection of prespawn females is a viable alternative to
egg immersion.

As with egg and fry immersion, the magnitude of
increase in egg thiamine concentration resulting from
prespawn female injection is dosage-dependent
(Wooster et al. 2000). Across separate studies, injec-
tion concentrations of 50 and 100 mg/kg have resulted
in significant increases in egg thiamine concentrations
for Atlantic salmon, coho salmon, and steelhead trout
(Koski et al. 1999; Fitzsimons et al. 2005a; Futia et al.
2017). Injection of a much lower thiamine concentra-
tion (7 mg/kg) did not produce a significant effect on
egg thiamine concentrations for Atlantic salmon
females but did significantly decrease fry mortality
from 98.6% in control females to 2.1% in thiamine-
injected females (Ketola et al. 2000). This result
demonstrates that large changes in egg thiamine
concentration may not be required for increased fry
survival in the short term, especially when egg
thiamine concentrations are in the range of the dose—
response curve where small increases in thiamine are
expected to produce relatively large changes in
survival. However, no study has continued to track
offspring from treated and untreated females to detect
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potential sublethal effects of low egg thiamine at later
life stages.

The amount of time between treatment and spawn-
ing may also impact the efficacy of treating prespawn
females, although this effect has never been measured
in a controlled manner. In two separate studies (both
using a thiamine injection concentration of 50 mg/kg),
treating steelhead trout females ~ 4 months prior to
spawning resulted in a sixfold increase in egg total
thiamine concentration (untreated: 3.4 nmol/g; trea-
ted: 20.4 nmol/g) (Futia et al. 2017), whereas treating
coho salmon females ~ 1.3 months prior to spawn-
ing yielded a 28-fold increase in egg total thiamine
concentration (untreated: 0.767 nmol/g; treated:
21.925 nmol/g) (Fitzsimons et al. 2005a). The 28-fold
increase in egg thiamine concentration observed in the
coho salmon study may be due to females allocating
thiamine to eggs in greater proportions when spawning
is imminent as opposed to when spawning is 4 months
in the future, though some of these differences may
also reflect interspecific differences in how excess
thiamine is allocated.

Causes of TDC in natural populations
M74 in the Baltic Sea

Diverse causes of TDC, which may not be mutually
exclusive, have been proposed. In 1974, anadromous
Atlantic salmon sac fry in Baltic Sea hatcheries began
exhibiting behavioral signs typical of thiamine defi-
ciency, including ataxia and lethargy (Amcoff et al.
1998), and affected families experienced 100% mor-
tality (Lundstrom et al. 1999b). Since the early 1990s,
returning adult salmon have also displayed signs of
thiamine deficiency, including lack of coordination
and sideways swimming (Amcoff et al. 1998). This
disorder—originally termed M74, for miljobetingad
(literally translated as “environmental”) and the year
of its discovery (Bylund and Lerche 1995)—was
eventually linked to low levels of thiamine at the egg
and fry stages of affected individuals (Amcoff et al.
1998). Using data spanning 25 years, Karlsson et al.
(1999) identified correlations suggesting that over-
consumption of native sprat (Sprattus sprattus) had led
to thiamine deficiency in Atlantic salmon. For the
salmon whose diet consisted primarily of sprat,
frequency of TDC was positively correlated with sprat
biomass (Karlsson et al. 1999).
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Sprat, along with Atlantic herring (Clupea haren-
gus), comprise a large proportion of Atlantic salmon
diets in the Baltic Sea (Hansson 2001) and tissues of
both forage species exhibit comparable degrees of
thiaminase I activity (Wistbacka et al. 2002; Wist-
backa and Bylund 2008). Thiaminase I consumption is
hypothesized to be the cause of M74, but other dietary
factors may exacerbate thiamine deficiency. For
example, young, small sprat have higher fat and lower
thiamine contents than older, larger sprat. Thiamine:-
fat content increases as fish age, and young sprat
contain roughly half as much thiamine per gram of fat
as older sprat (range for sprat aged 1-5 years:
16-122 nmol thiamine/g fat; aged 6-13 years:
48-248 nmol/g) (Keindnen et al. 2012). The combi-
nation of high fat and low thiamine concentrations is
hypothesized to be particularly detrimental for thi-
amine-deficient fishes for two main reasons. First,
consumption of high amounts of easily oxidized fatty
acids can lead to oxidative stress in Atlantic salmon,
and this stress can be exacerbated when thiamine—
which can function as an antioxidant (Lukienko et al.
2000)—occurs in low concentrations relative to lipids
(Keindnen et al. 2012). Development of thiamine
deficiency has also been associated with low concen-
trations of other antioxidants in salmonine tissues,
including astaxanthin (Pettersson and Lignell 1999)
and vitamin E (Palace et al. 1998), but a correlation
between TDC and low levels of other antioxidants is
not always present (Brown et al. 2005a). Low
availability of other antioxidant vitamins may also
increase overall demand for thiamine. If an individual
is already thiamine deficient, diverting thiamine from
its role as a cofactor for thiamine-dependent enzymes
to the role of an antioxidant may intensify the
symptoms of thiamine deficiency. Second, oxidative
stress may decrease the activity of thiamine-dependent
enzymes (Park et al. 1999) as well as levels of
available thiamine (Gibson and Zhang 2002).

As early as 1942, herring fat content was consid-
ered as a possible cause of a fatal disorder in herring-
fed trout (later recognized as thiamine deficiency), but
dietary fat content alone did not induce presentation of
the disorder (Wolf 1942). Similarly, decreased antiox-
idant vitamin concentrations in salmonines (astaxan-
thin and vitamin E) and in forage species (low vitamin
E in alewife; Honeyfield et al. 2012) have been
associated with thiamine deficiency in salmonines, but
these correlations have all been detected in the

presence of dietary thiaminase I. Furthermore, treat-
ment of thiamine-deficient eggs with astaxanthin does
not affect fry mortality rate in steelhead trout (Hor-
nung et al. 1998). Occurrences of TDC in the Baltic
Sea may therefore be due to thiaminase I consumption
and compounded by consumption of low-thiamine
prey or oxidative stress, but no evidence to date
supports oxidative stress or low dietary antioxidants as
direct, causative agents of TDC.

Thiamine deficiency complex in the Great Lakes

The first documentation of a thiamine deficiency in
Great Lakes fishes was an investigation of a “dietary
disease” observed in hatcheries and associated with
the usage of particular forage fish species (Wolf 1942).
Brown trout, brook trout (Salvelinus fontinalis) and
rainbow trout (Oncorhynchus mykiss) fed diets con-
taining varying proportions of herring (Clupea sp.)
developed symptoms of thiamine deficiency (Wolf
1942), similar to feeding trials with farm-raised foxes
that were fed raw fish diets and developed Chastek
paralysis, a known thiamine deficiency disorder
(Green and Evans 1940). Wolf (1942) concluded that
certain forage fish contained a “vitamin B; destroy-
ing” capability (later identified as thiaminase I) that
was able to induce thiamine deficiency in hatchery
reared trout fed raw forage fish.

In 1968, a few years prior to the first description of
M74, emergence of TDC in populations of salmon and
trout from the Great Lakes was documented for the
first time in fishery agency reports. The condition
manifested primarily as increased rates of mortality in
hatchery culture prior to swim-up (the developmental
stage where yolk sac absorption is complete and the
fry become completely dependent on exogenous
feeding) in coho and Chinook salmon, brown trout,
and steelhead trout, and was originally named “early
mortality syndrome” (EMS, now known as TDC).
From 1968 through 1992, rates of TDC-induced
mortality varied among species, but did not exceed
30% for families in hatchery culture. In 1993,
mortality reached up to 90% for juvenile coho salmon
in Lake Michigan hatcheries, and mortality also began
to occur earlier at the sac fry stage in addition to
mortality at the swim-up stage (Marcquenski and
Brown 1997).

Initially, research in the Great Lakes aimed to
determine whether environmental contaminants—
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Fig. 2 Degradation of thiamine by thiaminase into its con-
stituent thiazole-nucleophile and pyrimidine moieties. The
initiation of this reaction in food consumed by a thiamine

such as polychlorinated biphenyls (PCBs), pesticides,
dioxins, furans, and polynuclear aromatic hydrocar-
bons (PAHs)-were associated with the observed
mortality patterns for affected species, which included
lake trout, Chinook salmon, coho salmon, steelhead
trout, and brown trout (Skea et al. 1985; Mac et al.
1985, 1993; Fitzsimons et al. 1995; Marcquenski and
Brown 1997). Maternal exposure of salmonine eggs to
dioxins and other contaminants that activate the aryl
hydrocarbon receptor causes a similar syndrome that
results in mortality of sac fry (King-Heiden et al.
2012). However, egg contaminant levels in the Great
Lakes decreased below levels expected to cause
mortality by the early 1990s and could not explain
the observed rates of juvenile mortality (see Tillitt
et al. 2008 for a review). In 1995, attention turned to a
nutritional basis for TDC in wild salmonine popula-
tions when thiamine treatments for sac fry (immersion
and injection) were shown to significantly decrease
mortality, whereas treatment with four other B-vita-
mins proved ineffective (Fitzsimons 1995). The iden-
tification of thiamine deficiency in sac fry effectively
refocused the search for the cause of TDC (Fitzsimons
1995; Fisher et al. 1995).

Thiamine loss due to dietary thiaminase I

By the 1960s, two nonnative species—alewife and
rainbow smelt (Osmerus mordax)—were well estab-
lished throughout the Great Lakes (Miller 1957;
MacCallum and Regier 1970) and comprised a large
portion of Great Lakes salmonine diets (Stewart et al.
1981; Jude et al. 1987), a trend which continues to the
present (Ray et al. 2007; Jacobs et al. 2013; Roseman
et al. 2014; Happel et al. 2018). Because alewife,
rainbow smelt, and other thiaminase I-containing prey
species supply an otherwise sufficient amount of
dietary thiamine to consumers (Tillitt et al. 2005;
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auxotroph irreversibly decreases the amount of thiamine
available to the consumer, as auxotrophs cannot recycle the
products of the reaction for thiamine synthesis

Honeyfield et al. 2012), TDC in the Great Lakes is
likely caused by thiaminase I consumption, rather than
insufficient tissue thiamine concentrations in the
salmonine forage base. Lake trout diets dominated
by alewife and smelt have been correlated with an
89-94% decrease in lake trout egg thiamine concen-
trations (Fitzsimons and Brown 1998), indicating
consumption of these two species—and thiaminase
I—as a potential cause of TDC in the Great Lakes.

Experimental studies have confirmed that con-
sumption of thiaminase I (Honeyfield et al. 2005;
Houde et al. 2015) and diets comprised entirely of
alewife (Honeyfield et al. 2005) can decrease tissue
and egg thiamine concentrations and induce TDC.
Salmonine egg thiamine concentrations have also
been inversely correlated with alewife abundance
(Riley et al. 2011), providing further evidence that the
consumption of alewife (and thereby thiaminase I)
may be driving salmonine TDC occurrences in the
Great Lakes.

Sources and activity of thiaminase 1

In the presence of an appropriate electron donor
(nucleophile), thiaminase I degrades thiamine into a
thiazole-nucleophile moiety and a pyrimidine moiety
(Fig. 2). The first bacterium to be isolated and
identified as a thiaminase I producer, Bacillus thi-
aminolyticus, was named to reflect this property (Kuno
1951). Now reclassified as Paenibacillus thiaminolyti-
cus, this bacterium has been successfully cultured
from entire homogenized viscera (intestines, liver,
heart, and spleen) of alewife (Honeyfield et al. 2002),
indicating intestinal tissues of forage fishes as poten-
tial sources of thiaminase I. This hypothesis is
consistent with later studies that demonstrated that
thiaminase I activity is highest in alewife splenic and
bacteria-rich intestinal tissues compared to muscle and
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gill tissues (Zajicek et al. 2005; Kraft et al. 2014).
Interestingly, a similar observation has been made for
a plant species: bracken fern rhizome tissue, which
contains much greater diversity and abundance of
symbiotic bacteria than other plant tissues (Berendsen
et al. 2012), exhibits higher thiaminase I activity than
stipe or leaf tissues, consistent with a potential
microbial source of thiaminase I (Kraft et al. 2014).
Six other microbes are known to produce a thiaminase
I-type enzyme (Kraft and Angert 2017). One of these
(Clostridium sporogenes) is commonly found in the
GI tracts of ruminant mammals that commonly die
from thiamine deficiency associated with changes in
their GI tracts (Hatheway 1990), but these microbes
have not been described in fish intestinal tracts. Gene
sequences of additional bacterial species indicate that
they are capable of producing thiaminase I enzymes
(C. E. Kraft, personal observation).

Thiaminase I may also be produced by fishes
endogenously. Identifications of putative thiaminase I
enzymes with distinct N-terminal protein sequences in
carp (Cyprinus sp.; Bo§ and Kozik 2000) and red
cornetfish (Fistularia petimba; Nishimune et al. 2000)
liver homogenates prompted further investigation into
possible production of thiaminases by fishes. Richter
et al. (2012) found that thiaminase I activity in the
tissues of multiple fish, zooplankton, and mussel
species was not related to P. thiaminolyticus cell
abundance or to the concentration of P. thiaminolyti-
cus thiaminase I. This result suggests that P. thi-
aminolyticus may not be the primary thiaminase I
producer in salmonine prey species. It is possible that
other bacterial species contribute to thiaminase I
production or that alewife and other fishes produce
their own thiaminase I enzymes de novo. The
hypothesis that fishes produce thiaminase I is also
interesting from an evolutionary perspective. Animals
cannot produce their own thiamine and therefore
cannot recycle the products of thiamine degradation
for the purpose of thiamine synthesis. That any animal
would produce an enzyme capable of destroying an
essential nutrient seems counterintuitive. Highly spec-
ulative hypotheses include that thiaminase I may play
a role in innate immunity by restricting the thiamine
available to bacteria in the gut or that thiaminase I
protects fishes from toxic thiamine analogs in the diet.
Production of extracellular thiamine analogs is
hypothesized to be important in ecological competi-
tion for thiamine (Kraft and Angert 2017).

Even though thiaminase I activity has been detected
in a variety of Great Lakes species, highly variable
thiaminase I activities among and within species
complicate efforts to describe the origin(s) of thiami-
nase . In alewife tissues, thiaminase I activity has
been shown to vary by year, season, sampling location,
and individual size (Ji and Adelman 1998; Tillitt et al.
2005; Honeyfield et al. 2012). In rainbow smelt,
thiaminase 1 activity varies significantly between
years in some studied populations (Ji and Adelman
1998; Honeyfield et al. 2012), but not others (Tillitt
et al. 2005). Activity has also been shown to vary by
season and collection depth in invasive dreissenid
mussels (Tillitt et al. 2009) and relative to reproduc-
tive status in native unionid mussels (Unionidae;
Blakeslee et al. 2015). Atlantic herring and alewife
have exhibited substantial increases in thiaminase I
activity levels when transferred to captivity from the
wild, but these increases were not associated with any
other explanatory variable (Lepak et al. 2008; Wist-
backa and Bylund 2008). Despite descriptions of these
patterns, no single environmental variable has been
found to predict variation in thiaminase I activity
across multiple systems or time points for any species.

Although environmental predictors of thiaminase I
activity are not well established, trophic patterns have
emerged across studies examining thiaminase I activ-
ity in fishes. Fishes feeding at lower trophic levels are
more likely to exhibit thiaminase I activity than fishes
feeding at higher trophic levels (Riley and Evans
2008). Taxonomic patterns have also been described,
with Dbasal teleosts (i.e., Anguilliformes, Clu-
peiformes, Cypriniformes, and Siluriformes) more
likely to exhibit thiaminase I activity than basal
euteleosts (i.e., Esociformes, Osmeriformes, and Sal-
moniformes) or neoteleosts (i.e., Gadiformes, Gas-
terosteiformes, Perciformes, and Scorpaeniformes;
Riley and Evans 2008). Specifically, clupeids includ-
ing Atlantic herring, alewife, and sprat have been
implicated in emergence of increased TDC, and these
species often exhibit high thiaminase I activity in their
tissues (Wistbacka and Bylund 2008; Kraft et al.
2014). Thiaminase I activity has also been detected in
other clupeids, including hickory shad (Alosa medio-
cris), threadfin shad (Dorosoma petenense), and
gizzard shad (Dorosoma cepedianum; Tillitt et al.
2005; Honeyfield et al. 2007; Kraft et al. 2014),
suggesting that either endogenous thiaminase I pro-
duction or symbiosis with thiaminase I-producing
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bacteria is common to members of Clupeidae (Fitzsi-
mons et al. 2012). Several members of Cyprinidae
including the carps (Cyprinus spp.), blacknose dace
(Rhinichthys atratulus), longnose dace (Rhinichthys
cataractae), central stoneroller (Campostoma anoma-
lum), common shiner (Luxilus cornutus), spottail
shiner (Notropis hudsonius), creek chub (Semotilus
atromaculatus), cutlips minnow (Exoglossum max-
ilingua), and fallfish (Semotilus corporalis) also
exhibit thiaminase I activity (Bo$ and Kozik 2000;
Tillitt et al. 2005; Kraft et al. 2014). Thiaminase I
activity has also been observed in species belonging to
Catostomidae (white sucker, Catostomus commer-
sonii, Kraft et al. 2014) and Osmeridae (rainbow
smelt, Tillitt et al. 2005), but the families Clupeidae
and Cyprinidae are regularly recognized as exhibiting
high thiaminase I activities that are associated with
thiamine deficiency in consumers.

Effects of thiamine deficiency

The majority of research examining TDC in fishes has
relied on data collected from the offspring of spawning
adults caught in the wild and reared in hatcheries or
laboratories. Observing the development of thiamine-
deficient eggs and fry in culture or in the laboratory has
allowed for detailed descriptions of the physical and
behavioral signs of thiamine deficiency, but these data
may not accurately describe developmental outcomes
for deficient offspring in the wild. In hatcheries or
laboratory environments, fry in culture are usually first
given powdered feed near the time of yolk sac
absorption (approximately 5 weeks after hatch,
depending on water temperature). However, wild lake
trout fry begin feeding within 2 weeks of hatching,
with nearly all individuals (98%) successfully feeding
on live prey by the completion of yolk sac absorption
(Swedberg and Peck 1984; Ladago et al. 2016). This
behavior indicates that some offspring of thiamine-
deficient parents may be able to mitigate deficiency by
feeding early. In Lake Champlain, invasion of alewife
led to significant declines in egg thiamine in lake trout
and Atlantic salmon but was followed by the onset of
substantial and sustained recruitment of wild juvenile
lake trout (Marsden et al. 2018). However, in cases of
severe thiamine deficiency, fry may be unable to
forage regardless of food availability, as lake trout egg
thiamine concentrations of 6.9 and 2.9 nmol thiamine/
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g egg are associated with 20% and 50% reductions in
foraging rate, respectively (Fitzsimons et al. 2009).

Lethal and sublethal effects in fry

The physical and behavioral signs of thiamine defi-
ciency are similar among salmonines. Thiamine-
deficient fry exhibit a suite of physical signs, including
hydrocephalus, vascular congestion, diminished yolk
sac conversion efficiency, and large yolk sacs with
opacities, edema, and hemorrhaging (Fisher et al.
1995; Lundstrom et al. 1999a; Fitzsimons et al.
2001a, b). Perhaps even more striking than the
physical consequences of thiamine deficiency are the
resulting behavioral abnormalities. These behaviors
include lethargy, ataxia, and unusual swimming
patterns such as bouts of uncoordinated swimming
followed by variable intervals of passive drifting and
swimming in a “corkscrew” or “wiggling” manner
(Fisher et al. 1995; Marcquenski and Brown 1997;
Fitzsimons et al. 2005a). Experimental induction of
thiamine deficiency leads to similar physiological and
behavioral shifts in juveniles of other species, includ-
ing sterlet (Acipenser ruthenus) (Ghiasi et al. 2017),
Nile tilapia (Oreochromis niloticus) (Lim et al. 2011),
and Japanese eel (Anguilla japonica) (Hashimoto et al.
1970). In salmonine fry, death usually occurs after the
onset of behavioral signs and prior to swim-up.

In addition to TDC-induced mortality, sublethal
effects of TDC have been described in lake trout. For
some of these effects, egg thiamine thresholds
required to produce effects of specific magnitudes
have been determined. For example, an egg thiamine
concentration of 5.1 nmol/g was associated with a
50% reduction in growth rate of lake trout fry relative
to thiamine-replete fry (Fitzsimons et al. 2009).
Reduced growth due to thiamine deficiency can
profoundly impact fry survival, as larger body size
allows larvae to achieve and sustain faster swimming
speeds, which may in turn decrease predation vulner-
ability and increase prey capture efficiency (Miller
et al. 1988). The threshold concentration for 50%
reduced growth is more than three times higher than
the egg thiamine concentration associated with 50%
TDC-induced mortality in lake trout (EDs.
= 1.6 nmol/g, 95% CI [1.1, 2.1]) (Fitzsimons et al.
2007), suggesting that thiamine deficiency can impact
long-term survival at egg thiamine concentrations far
above those required to induce direct mortality.
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Additional sublethal effects of diminished egg thi-
amine concentrations on fry include reduced foraging
rate (Carvalho et al. 2009; Fitzsimons et al. 2009),
decreased visual acuity (Carvalho et al. 2009), and
altered immune responses (Ottinger et al. 2012). Many
of these sublethal effects likely translate into reduced
survival and fitness later in life.

Thresholds for thiamine deficiency

Many studies have focused on determining how much
thiamine must be allocated to an egg to prevent TDC-
induced mortality of the hatched fry. Although egg
threshold determination methods differ across studies,
concentrations of free (unphosphorylated) egg thi-
amine required to avoid mortality from TDC during
development range from 0.3 nmol/g (in Lake Michi-
gan steelhead trout, Hornung et al. 1998) to
0.8-1.0 nmol/g (in Lake Michigan lake trout, Czesny
et al. 2009). In many cases, variability has been
observed among sampling locations, sampling years,
and species for the relationship between egg thiamine
concentrations and subsequent rates of mortality
(Hornung et al. 1998; Honeyfield et al. 2005; Fitzsi-
mons et al. 2007; Futia et al. 2017). This variation may
result from differences in environmental characteris-
tics during egg development and maturation (i.e.,
maternal effects), such as maternal diet, or may relate
to uncharacterized patterns of adaptive genetic or
epigenetic variation among families or populations.

Even when thiamine levels are not sufficiently low
to result in TDC-related mortality, sub-lethal effects
may result in demographic declines at the population
level. Although increasing awareness of TDC has
resulted in increased monitoring efforts for lake trout
in the Great Lakes (Riley et al. 2011) and for other
species in other systems (Honeyfield et al. 2016),
thresholds for sublethal effects in other species have
never been empirically established. Reliably assessing
the risk of sublethal effects for species other than lake
trout is not currently possible. Establishing lethal and
sublethal effect thresholds for other species would
expand the capacity for more accurate demographic
projections for declining populations potentially
affected by TDC.

Because of the negative relationship described
between egg thiamine concentration and rates of TDC-
related mortality for salmonines, applied studies have
sought to define diagnostic maternal characteristics

that can be used to predict egg thiamine concentra-
tions. For females that are sufficiently thiamine-
depleted to produce offspring with TDC, no relation-
ships have been detected between maternal tissue
thiamine concentrations and egg thiamine concentra-
tion (Fisher et al. 1998; Futia et al. 2017). This absence
of correlation may be common in a heavily impacted
population, as maternal tissue and egg thiamine
concentrations may be uniformly low with insufficient
variation among individuals to describe a relationship
that could be found if a population contained individ-
uals with a wider range of thiamine statuses. Some
data from affected females indicate an inverse rela-
tionship between maternal weight or length and egg
thiamine concentrations (Brown et al. 2005a; Wolg-
amood et al. 2005; Werner et al. 2006; Honeyfield
et al. 2008; Futia et al. 2017), suggesting possible
variation in salmonine diet composition related to age
and size (e.g., older, longer females may consume
alewife in higher proportions than younger females).
However, this hypothesis has not been experimentally
tested, and questions regarding maternal thiamine
allocation priorities and the physiological mechanisms
of egg thiamine deposition still need to be addressed.

Thiamine deficiency in adults

While much research has focused on how develop-
mental outcomes for eggs and fry are affected by TDC,
fewer experiments have examined how thiamine
deficiency directly impacts adult fish health. In
Atlantic salmon sampled for hatchery rearing while
returning to the River Luleédlven from the Baltic Sea,
females exhibiting “wiggling, sideways swimming,
[and] a lack of coordination” were found to have
significantly lower ovarian thiamine concentrations
than returning females with normal behavior (Amcoff
et al. 1998). Of 103 females displaying abnormal
swimming behavior, 27 died before being spawned,
with mortality attributed to TDC (Amcoff et al. 1998).
While severe thiamine deficiency can directly lead to
adult mortality (Amcoff et al. 1998; Brown et al.
2005¢; Fitzsimons et al. 2005a), sublethal effects of
deficiency may also reduce the fitness of affected
populations. In 2-year-old (subadult) Atlantic salmon,
individuals fed a high-thiaminase I diet for 8 months
exhibited decreased tissue thiamine (as measured in
red blood cells, white muscle, and liver), pronounced
changes in body morphology and pigmentation, and
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decreased swimming performance (Houde et al.
2015). Although the experimental thiaminase I diet
did not impact survival over the course of the study,
the traits that were affected by the thiaminase I diet
have previously been shown to impact Atlantic salmon
survival. Thiamine deficiency can also impact the
ability of migrating salmonines to ascend cascades
(Ketola et al. 2005) and decrease the number of
attempts an individual fish will make to traverse
challenging river reaches (Harbicht et al. 2018).

Thiamine deficiency in non-salmonine species

It may be particularly difficult to forecast demographic
effects of reduced tissue thiamine concentrations for
non-salmonine species that have not been frequent
subjects of thiamine deficiency research, such as
anguillids. An assessment of the Lake Ontario-upper
St. Lawrence River population of American eels
indicated that for some individuals, muscle thiamine
concentrations approached thresholds associated with
TDC-induced behaviors in Japanese eels (Hashimoto
et al. 1970; Fitzsimons et al. 2013). However,
thresholds may differ interspecifically for anguillids,
as they do for salmonines, making direct comparisons
between American and Japanese eels challenging.
Resolving thresholds for American eels might be
particularly important given that adult eels cease
feeding and assimilating nutrients prior to migration
(Pankhurst and Sorensen 1984) as do many salmoni-
nes (Quinn 2005). Migratory individuals must there-
fore rely on endogenous energy stores throughout
most of migration and spawning—two metabolically
demanding activities—and evidence suggests that
swimming endurance is reduced in thiamine deficient
American yellow eels (Balk et al. 2016). The quantity
of thiamine required for a migrating individual to
successfully reproduce is unknown, but determination
of species specific thresholds could help predict
overall spawning rates for populations affected by
thiamine deficiency.

Conservation and management of fishes in TDC
affected systems

Evolutionary rescue

In some systems, the introduction of a prey species
known to cause TDC in consumers may threaten
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native populations or interfere with native species
reintroduction efforts (Fisher et al. 1996; Marsden and
Hauser 2009; Riley et al. 2011; but see Marsden et al.
2018). In these scenarios, it could be helpful to
ascertain whether populations could evolve to tolerate
low dietary thiamine availability (i.e., prey with
thiaminase I activity or with low thiamine:lipid ratios).
Susceptibility to TDC is known to vary across
salmonine species, with adult Chinook salmon
remaining asymptomatic at lower muscle thiamine
concentrations (Honeyfield et al. 2008) than coho
salmon, lake trout, and steelhead trout (Brown et al.
2005¢). Egg thiamine thresholds for fry thiamine
deficiency are also lower in Chinook than in coho
salmon and lake trout (Fitzsimons et al. 2007), further
suggesting that some species may be genetically
adapted to require less thiamine than other species.
Recent empirical evidence from a comparison of three
Atlantic salmon strains fed diets high in thiaminase I
suggests that some locally adapted salmon populations
may be able to tolerate lower thiamine concentrations
than populations with less exposure to thiaminase
I-containing prey (Houde et al. 2015). Two landlocked
strains that typically consume thiaminase I-containing
prey in their native habitats experienced smaller
reductions in tissue thiamine than an anadromous
strain with a more diverse diet lacking thiaminase I
(Houde et al. 2015). This result indicates that adap-
tation to low available thiamine may be possible at the
population level.

One mechanism by which populations could adapt
to low thiamine conditions is by responding to
selection on genes associated with thiamine-depen-
dent biochemical pathways. Sequence variation in the
genes encoding the four TDP-dependent enzymes
necessary for carbohydrate and branched-chain amino
acid metabolism (Fig. 1) (Depeint et al. 2006) could
result in enzymes with differing binding affinities for
TDP. This variation could be subject to selection if
altered cofactor affinities facilitate more efficient
exploitation of limited thiamine resources. For exam-
ple, genetic mutations in one thiamine-dependent
enzyme complex (branched-chain a-ketoacid dehy-
drogenase, BCKDH; Fig. 1) results in maple syrup
urine disease in humans, with symptoms including
ataxia, neurologic impairments, and blindness (Ames
etal. 2002). A missense mutation in the gene encoding
one subunit of the BCKDH complex decreases the
complex’s affinity for TDP and, in turn, increases
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cellular requirement for TDP and thiamine (Chuang
et al. 1982; Fisher et al. 1991; Ames et al. 2002).
Variation in protein coding sequences (exons) of genes
encoding TDP-dependent enzymes could therefore
correspond to variation in thiamine requirements
among individuals, populations, or species.

Non-protein coding (intronic) variation in thi-
amine-related genes could also contribute to differing
patterns of thiamine use among individuals. For
example, specific point mutations in an intron of the
gene encoding thiamine pyrophosphokinase (TPK)—
the enzyme that converts thiamine to TDP (Jurgenson
et al. 2009)—are associated with variation in human
birth weight (Fradin and Bougneres 2007). This
relationship may be due to the ability of intron
sequences to affect gene expression (Nott et al.
2003). Variation in TPK intron sequence could lead
to varying patterns of TPK expression, altered avail-
ability of TDP, and metabolic shifts related to TDP
abundance. Thiamine transporters, which are respon-
sible for cellular and mitochondrial thiamine uptake
(Bettendorff 2013), could also be subject to selection.
In humans, the SLC23A1 gene encodes an active
transporter protein that facilitates the absorption of
L-ascorbic acid (vitamin C, an essential vitamin) in the
intestine and kidneys. A single missense mutation in
one SLC23A1 exon is associated with decreased blood
concentrations of vitamin C. This effect is hypothe-
sized to result from a conformational change in the
transporter protein that impairs uptake of vitamin C
(Timpson et al. 2010). The efficacy of thiamine
transporters could be similarly affected by mutations
in corresponding genes.

Genes associated with gut microbiome composition
could also play a role in host thiamine intake
requirements. Host genotypes that promote the pres-
ence of beneficial microbes are plausible targets of
positive selection if those microbes perform tasks
(e.g., vitamin synthesis) that increase host fitness
(Goodrich et al. 2016). If fishes exploit thiamine
produced by the gut microbiome (Ji et al. 1998), fish
genotypes associated with increased abundance of
thiamine-producing microbial taxa could reasonably
be subject to positive selection in ecosystems where
thiamine uptake via piscivory is limited by the
presence of thiaminase I-containing prey. The major-
ity of microbiome thiamine production occurs in the
lower intestine in fishes (Ji et al. 1998), but the upper
intestine is the primary site of thiamine absorption

(Bettendorff 2013). Although epithelial cells in the
human lower intestine are known to express thiamine
transporter proteins and are capable of absorbing
thiamine (Said et al. 2001; Nabokina and Said 2012),
the degree to which fishes can absorb thiamine at the
site of production in the lower intestine is unknown.
Coprophagy may also provide fishes with access to
thiamine produced in the lower intestine, and has been
observed in Atlantic salmon smolts (Nylund et al.
1994), but the prevalence of this behavior among
salmonine species and developmental stages is also
unknown. Nevertheless, research dedicated to identi-
fying associations between host genotype, diet, and
microbiome composition (e.g., Goodrich et al. 2014;
Carmody et al. 2015) could open promising avenues of
research for investigating thiamine-related genetic
adaptations in fishes.

In scenarios of evolutionary rescue, genetic adap-
tation allows for the recovery of a declining population
that would have otherwise been extirpated due to
environmental factors (Carlson et al. 2014). If indi-
viduals that can tolerate low available thiamine
successfully reproduce at rates higher than those that
cannot tolerate low thiamine, this process could lead to
an increase in the proportion of individuals adapted to
low available thiamine. The strength of the response to
selection would depend on the degree to which low
thiamine tolerance has a heritable, genetic basis. If
selection on thiamine requirement is possible, man-
agement efforts for an affected population should
prioritize conservation of adaptive genetic variation in
that population. In natural populations, this could be
achieved by maximizing effective population sizes
(Waples 1990), limiting additional sources of mortal-
ity (e.g., fishing pressure) and maximizing spawning
and rearing opportunities (e.g., increasing or improv-
ing spawning habitat). Facilitating genetic adaptation
to low available thiamine could be achieved in
hatchery-dependent populations by modifying exist-
ing egg thiamine treatment regimes. For example,
withholding supplemental thiamine from a portion of
each family of eggs would allow for differential
survival among untreated individuals with varying
tolerances to low thiamine conditions. Over several
generations, this approach could result in an increase
in the proportion of the population capable of toler-
ating low thiamine availability. However, adaptation
to low thiamine may not be possible for all populations
and species and this procedure would likely result in
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Table 1 Example tissue thiamine concentrations in fishes
captured in the wild from populations without apparent

concentrations as reported for wild caught fishes in the US
Department of Agriculture (USDA) National Nutrient Data-

thiamine  deficiency complex and tissue thiamine base
Species N Sex Tissue Total thiamine concentration Waterbody References
type nmol/g tissue
Wild caught fishes
Alewife 403 N/A  Whole 15.5 £ 0.4* Lake Michigan Tillitt et al. (2005)
fish

Atlantic 65 M Whole 7.7 £0.7% Baltic Sea Keindnen et al. (2012)
herring fish

Chinook 2 F Eggs 11.9 £ 2.2* Harrison River/Pacific Ocean Welch et al. (2018)
salmon

Chum 10 F Eggs 15.6 + 1.0° Harrison River/Pacific Ocean Welch et al. (2018)
salmon

Lake trout 8 F Eggs 22.9 4+ 3.2% Gull Island/Lake Superior Fitzsimons and Brown

(1998)

Lake 20 F Eggs 11.4 + 1.4° Lake Huron Riley et al. (2011)
whitefish

Pink salmon 20 F Eggs 19.5 £+ 0.5° Seton River/Pacific Ocean Welch et al. (2018)

Rainbow 125 N/A Whole 8.8 £ 0.6* Lake Michigan Tillitt et al. (2005)
smelt fish

Sockeye 5 F Eggs 10.9 &+ 0.5% Harrison River/Pacific Ocean Welch et al. (2018)
salmon

Sockeye 10 F Muscle 12.2 £ 1.2% Harrison and Adams Rivers/ Welch et al. (2018)
salmon Pacific Ocean

USDA National Nutrient Database

Atlantic 43 N/A Muscle 35+£03 N/A USDA (2018)
herring

Atlantic 11 N/A Muscle 85+14 N/A USDA (2018)
salmon

Coho 3 N/A Muscle 43+£1.1 N/A USDA (2018)
salmon

Rainbow 5 N/A Muscle 4.6+0.5 N/A USDA (2018)
trout

Total thiamine concentration is the sum of thiamine vitamer concentrations i.e., free thiamine, thiamine monophosphate, and
thiamine pyrophosphate. Total thiamine concentrations are supplied as means + standard error. For wild caught samples, the method

used to quantify thiamine is cited for each value
“Brown et al. (1998), bZajicck et al. (2005)

an unintentional response to selection for other
differences between the hatchery and wild environ-
ments (Christie et al. 2014). Thus, in most cases, it will
be important to first identify the proximate cause of
thiamine deficiency in the population.

Diagnosis and mitigation of TDC in fish populations
In some systems, identifying the root cause of TDC

may be straightforward. In Lake Champlain, for
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example, TDC was not observed in lake trout or
landlocked Atlantic salmon until after the introduction
and establishment of alewife (Ladago et al. 2016), a
species that had already been associated with occur-
rences of TDC in lake trout and Atlantic salmon in the
Great Lakes. In other cases, the identification of TDC
may not be as clear cut. The signs of severe thiamine
deficiency described for salmonines seem to be
consistent among other fishes but may also be initially
interpreted as evidence of a novel pathogen or
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Table 2 Research questions and needs relevant to understanding the molecular mechanisms and ecology of thiamine deficiency
(TD) in fishes

1. Thiamine production
What is the variability in thiamine content among thiamine-producing species?
Are rates of thiamine production changing in thiamine producers within aquatic ecosystems?
How does production of thiamine vary within aquatic ecosystems, spatially and temporally?
What environmental factors influence rates of thiamine production?

How can thiamine concentrations be efficiently measured in abiotic environments (water and benthic substrate) in aquatic
ecosystems?

2. Trophic transfer of thiamine
What proportion of thiamine present in a prey item can be incorporated by a consumer?

Do factors other than thiaminase inhibit transfer of thiamine from prey to consumer (e.g., transport competition by thiamine
analogs)?

3. Fishes

What are the pharmacokinetics (uptake, distribution, metabolism, storage, and elimination) of thiamine in fishes? What
molecular mechanisms (e.g., thiamine transport proteins) control thiamine allocation within a fish?

What role do microbial flora within the gut (i.e., microbiome) play in thiamine availability within a fish? To what extent do
microbes in the fish gut influence production or degradation of thiamine?

Can fishes obtain thiamine directly from the water? If so, what is the mechanism (passive or active) of thiamine transport? In
what tissues does uptake occur?

3a. Planktivorous fishes exhibiting thiaminase activity
Do planktivorous fishes modify feeding preferences or behaviors to compensate for changes in thiamine availability?

Do any fish species produce thiaminase de novo? If so, what is the function of thiaminase production in fishes? How is de novo
thiaminase production in fishes regulated?

What is the tissue-specific and subcellular localization of thiaminase in fishes?
How do fish species with high thiaminase activity protect their own thiamine stores?
3b. Piscivorous fishes affected by TD
Are natural populations of fishes other than salmonines and anguillids currently affected by TD?
What life history characteristics (physiological, behavioral, ecological) of a species predict its vulnerability to TD?
How much thiamine is required for successful migration and spawning of diadromous species?
Where and how does thiaminase break down thiamine in the consumer? How is thiaminase released from items in the diet?
How long does thiaminase activity from a prey species persist within the gut of a predator fish species after consumption?

What proportion of thiaminase in the diets of piscivorous fishes is of bacterial origin? What proportion is produced
endogenously by prey fishes?

What are the sublethal effects associated with TD? How do they ultimately affect success of a fish species or population?
What are sufficient blood and tissue levels of thiamine vitamers?
Does prey lipid content affect its consumer’s tissue thiamine concentrations?
4. Energy production
How does TD affect energy production and efficiencies of energy production in fish?
‘What molecular tools or reagents are required to evaluate energy production in fish as affected by TD?
5. Thiamine allocation to eggs in TD-affected fishes
How do thiamine-deficient females allocate thiamine during egg production? What are the mechanisms and controls?
Do fish have specific thiamine transport proteins in eggs that regulate uptake during egg development and maturation?
Do genetic or environmental factors influence thiamine allocation (including egg deposition) within fish?
6. Eggs produced by TD-affected fishes
What factors influence the observed variation in egg thiamine thresholds for normal development vary among species?
7. Disposition of thiamine in eggs/fry/juveniles during early development
What factors control thiamine pharmacokinetics during early development in fishes?
Can eggs acquire thiamine from the water during incubation? At what rate?
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Table 2 continued

Do rates of thiamine metabolism or usage during development vary among species?

What environmental factors influence thiamine uptake, distribution, metabolism, and elimination in developing fish?

8. Emerging fry produced by TD-affected fishes

How does TD affect fry under natural environmental conditions? Are observations of TD in hatchery-reared fry predictive of

expected outcomes in the wild, under natural conditions?

Can fry hatched from thiamine deficient eggs avoid the lethal and sublethal effects of deficiency through early feeding?

What is the role of TD in limiting recruitment of salmonine fishes in wild populations?

Numbered headings (1-8) correspond to the numbered processes and trophic levels in Fig. 3

contaminant in a previously unaffected system. In less
severe cases, sublethal effects of TDC may be
influencing demographic trends in the population,
but could easily remain undetected or be misat-
tributed, at least in part, to any co-occurring biotic or
abiotic change (e.g., eutrophication, temperature
shifts, changes in prey species demographics).

Once TDC has been identified as the most likely
cause of observed signs or population decline, estab-
lishing the proximate cause(s) of the deficiency can
guide management approaches. For example, in
systems where establishment of an introduced species
has led to TDC emergence, as with alewife in the Great
Lakes and Lake Champlain, suppression of the exotic
species would be expected to relieve the deficiency.
Managing for diverse forage fish communities that
include fishes with no or low thiaminase I activity may
help to displace thiaminase [-containing prey from the
affected species’ diet, but as in the Great Lakes, such
decisions are often complex and occur in the context of
a wide range of economic and social issues (Dettmers
et al. 2012).

Research questions and needs

The ability to detect TDC in aquatic organisms as
early as possible would give managers and researchers
greater capacity to identify and mitigate the proximate
cause. However, detection of mild to moderate TDC is
a challenging task, as “normal” tissue thiamine
concentrations for fishes remain undefined (but see
Table 1 for examples of tissue thiamine concentra-
tions in wild caught fishes without apparent TDC).
Thiamine deficiency research in fish culture environ-
ments has allowed for the determination of thresholds
for detrimental effects of TDC at the population level
using thiamine levels in eggs but has not produced
analytical approaches for determining where an

@ Springer

individual falls on a continuum from thiamine replete
to thiamine deficient. Other research needs relevant to
management include identification of environmental
variables affecting thiaminase I production in forage
species and descriptions of thiamine deficient fry in
natural environments (Table 2).

Several other research questions related to the
molecular mechanisms and ecology of TDC are
outlined in Fig. 3 and Table 2. For some topics, little
to no research has been conducted in fishes. For
example, changes in TDP-dependent enzyme activi-
ties following induction and reversal of thiamine
deficiency have been documented in brown rats
(Rattus norvegicus) (Gibson et al. 1984; Butterworth
and Héroux 1989); similar experiments in fishes could
help understand the mechanisms underlying sublethal
effects in deficient fry and adults. Additional research
needs, such as an efficient method of assessing
thiamine concentrations in open water, are critical
for understanding how rates of thiamine production
impact nutritional status of species in higher trophic
levels. Although not an exhaustive list, we present
these questions as an outline for understanding
ecological processes responsible for the development
of TDC.

Despite extensive observational and experimental
evidence of low thiamine in eggs of feral salmonines
and TDC in fry derived from feral adults, the linkage
of TDC to population-level effects in the wild is
primarily supported by correlations between abun-
dance of thiaminase I-containing prey, egg thiamine
data, and recruitment of wild salmonines (e.g., Fitzsi-
mons et al. 2010; Riley et al. 2011; He et al. 2012). For
example, lake trout egg thiamine concentrations in
Lake Huron have been negatively correlated with
alewife abundance, and increasing thiamine concen-
trations (Riley et al. 2011) and natural lake trout
recruitment (Riley et al. 2007) were observed
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following the 2002-2004 collapse of the Lake Huron
alewife population. After 2004, Lake Huron lake trout
diets were no longer alewife-dominated, and this
shift—rather than reduced alewife predation on lake
trout fry—seems to be responsible for the increase in
lake trout recruitment (Fitzsimons et al. 2010). How-
ever, testing causal relationships between ecological
variables and rates of TDC in the field is more
challenging because causal relationships cannot be
evaluated by collecting correlational data. Capture or
in situ observation of larval fishes and fry in the wild is
difficult and biased—the individuals most susceptible
to TDC are least likely to be caught or observable due
to early life stage mortality. Consequently, studies of
thiamine-deficient populations are conducted on eggs
and fry in culture, and results are often extrapolated to
wild environments (e.g., Fisher et al. 1996). Influence
of TDC on mortality of wild fish is likely to be a result
of a complex interaction of factors, including avail-
ability of thiamine-rich food, fat content of diet,
density of predators, and availability of refuge
(Czesny et al. 2009; Fitzsimons et al. 2009; Ladago
et al. 2016). Continued research is needed to define the
effect of TDC in wild populations and to determine
whether TDC-related mortality is sufficient to affect
recruitment and abundance of yearling and older year
classes.

Conclusion

A recent horizon scan (a method designed to identify
emerging issues in conservation) included thiamine
deficiency in wildlife populations as a potential threat
to multiple taxonomic groups (Sutherland et al. 2018),
indicating a need for increased research and aware-
ness. Although extensive data support thiaminase I
consumption as a causative factor for TDC in fishes,
research is still needed to identify and describe other
ecological and environmental factors that may influ-
ence the manifestation of TDC. Although viable
treatment options are available for mitigating existing
thiamine deficiency in hatcheries, investigating why
thiamine deficiency occurs in natural systems will
allow development of predictive and preventative
management strategies in situ. Increasing awareness
of the potential causes of thiamine deficiency and of
available treatment and management options
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represents a first step toward diminishing demographic
losses in systems in which TDC occurs.
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